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Noninvasive assessment of pancreatic b-cell mass
would tremendously aid in managing type 1 diabetes
(T1D). Toward this goal, we synthesized an exendin-4
conjugated magnetic iron oxide–based nanoparticle
probe targeting glucagon-like peptide 1 receptor (GLP-
1R), which is highly expressed on the surface of pancre-
atic b-cells. In vitro studies in bTC-6, the b-cell line,
showed specific accumulation of the targeted probe
(termed MN-Ex10-Cy5.5) compared with nontargeted
(termed MN-Cy5.5). In vivo magnetic resonance imaging
showed a significant transverse relaxation time (T2)
shortening in the pancreata of mice injected with the
MN-Ex10-Cy5.5 probe compared with control animals
injected with the nontargeted probe at 7.5 and 24 h after
injection. Furthermore, DT2 of the pancreata of predia-
betic NOD mice was significantly higher than that of di-
abetic NOD mice after the injection of MN-Ex10-Cy5.5,
indicating the decrease of probe accumulation in these
animals due to b-cell loss. Of note, DT2 of prediabetic
and diabetic NOD mice injected with MN-Cy5.5 was not
significantly changed, reflecting the nonspecific mode
of accumulation of nontargeted probe. We believe our
results point to the potential for using this agent for
monitoring the disease development and response of
T1D to therapy.

Diabetes, a metabolic disorder, results from an inadequate
mass of functional b-cells. In type 1 diabetes (T1D),
b-cells are destroyed by the immune system. Type 2

diabetes (T2D) is associated with insulin resistance and
b-cell dysfunction (1). The reduction in b-cell mass is a com-
mon feature of both T1D and T2D (2). Although monitor-
ing autoantibody titers and C-peptide concentrations could
provide useful information for diabetes treatment (3),
a noninvasive method of directly monitoring the disease
progression by quantifying b-cell mass and/or function
would provide unprecedented advantages for disease treat-
ment. Various imaging methods allowing for b-cell visuali-
zation have been developed (4). However, despite intense
research efforts, only one tracer (dihydrotetrabenazine) for
positron emission tomography has been developed and is
currently under clinical evaluation (5). Therefore, there is
an urgent need to develop an imaging probe that would
enable simple, reproducible, and safe in vivo imaging of
islet b-cells.

Glucagon-like peptide 1 (GLP-1) is a peptide hormone
synthesized in the small intestine in response to nutrient
ingestion. GLP-1 binds to the GLP-1 receptor (GLP-1R), which
is expressed on islet b-cells and belongs to a G protein–
coupled receptor family. Among the functional effects
of GLP-1 in pancreatic islet b-cells are augmentation of
glucose-induced insulin secretion, upregulation of insulin
biosynthesis, and antiapoptotic influences of pancreatic
b-cells, known as the “incretin effect.” GLP-1R agonists
have been considered for diabetes therapy, which was
firstly demonstrated in proof-of-concept studies that in-
cluded administration of GLP-1 to T2D patients (6,7).
Because of its short biological half-life due to pipeptidyl
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peptidase IV (DPP IV) cleavage, long-acting analogs have
been developed. Exendin-4, a GLP-1R agonist and GLP-1
analog resistant to DPP IV (8), displays biological proper-
ties similar to human GLP-1, with which it shares 53%
sequence identity. Because of GLP-1R specific expression
on b-cells, GLP-1 and its analogs have been proposed as
targeting ligands for imaging. As such, exendin-4 deriva-
tives have been tested for fluorescence imaging or nuclear
imaging of endogenous b-cells (1,9–12), transplanted
islets (13–15), and insulinomas (16–22).

Compared with fluorescence and nuclear imaging mo-
dalities, magnetic resonance imaging (MRI) has certain
advantages, which include high spatial resolution, true
tomographic capabilities, ease of clinical translation, and
the absence of ionizing radiation. Furthermore, MRI
probes could be used as theranostic agents that deliver
diagnostic imaging probes and therapeutics at the same
time. We see the application of theranostics for diabetes
treatment as an ultimate goal of our research.

The first step in designing agents with image-guided
capabilities is to identify a targeting component that
directs the imaging probe to the tissue of interest. For
targeting pancreatic b-cells, we used as an MRI contrast
agent iron oxide–based magnetic nanoparticles (MN) con-
jugated to exendin-4 (targeting ligand). In the current
study, we describe the synthesis, characterization, and
testing of magnetic conjugates that mediate their accu-
mulation in pancreatic b-cells through receptor-mediated
endocytosis (23,24). The results of our studies demon-
strated preferential uptake of the MN–exendin-4 conju-
gate by a b-cell cell line in vitro and by pancreatic b-cells
in vivo after an intravenous injection. Furthermore, accu-
mulation of this probe in the pancreas of diabetic NOD
mice was significantly reduced, as reflected by the changes
of transverse relaxation time (DT2) on MRIs, presumably
due to reduced b-cell mass in these animals. We believe
our findings will serve as a building block in creating
a theranostic approach for treating the diabetic pancreas.

RESEARCH DESIGN AND METHODS

Animals, Cells Lines, and Mouse Islet Isolation
All animal experiments were performed in compliance
with institutional guidelines and approved by the Massa-
chusetts General Hospital (MGH) Institutional Animal
Care and Use Committee. Female mice (Balb/c, 6–10 weeks
old; A/J, 10 weeks old; and NOD, 5 and 15 weeks old) were
purchased from The Jackson Laboratories (Bar Harbor,
ME). Mice with a serum glucose concentration above 250
mg/dL on two consecutive measurements were considered
diabetic.

The mouse insulinoma b-cell line bTC6, purchased from
American Type Culture Collection (Manassas, VA), was grown
in Dulbecco’s modified Eagle’s medium supplemented with
15% (vol/vol) FBS and 1% penicillin-streptomycin. The
mouse pancreatic ductal adenocarcinoma cell line Ptf1-
Cre (non–b-cell line; a gift from Dr. Nabeel Bardeesy,
MGH) was used as the control. GLP-1R expression in

pancreatic islets has been shown previously (25). To use
bTC6 cells for targeting, we confirmed GLP-1R expression
in these cells by staining with rabbit anti–GLP-1R anti-
body (Abcam, Cambridge, MA), followed by fluorescein
isothiocyanate (FITC)-conjugated anti-rabbit IgG (H+L)
secondary antibody (Vector Laboratories, Burlingame,
CA). After incubation, cover slips were mounted with
DAPI-containing mounting medium (Vectashield; Vector
Laboratories). GLP-1R expression was clearly visualized
using fluorescence microscopy (Eclipse 50i; Nikon Metrol-
ogy, Brighton, MI) (Supplementary Fig. 1).

Murine islets were isolated by collagenase P (Roche
Applied Science, Indianapolis, IN) digestion (26), followed
by purification using Histopaque-1077 (Sigma-Aldrich,
St. Louis, MO) density centrifugation, as described (27).
Islets were cultured in CMRL-1066 medium (Gibco, Grand
Island, NY) supplemented with 10% FBS and 1% penicillin-
streptomycin.

Probe Synthesis and Characterization
In this current project, we synthesized a nanoparticle
probe carrying exendin-4 for selective targeting of pan-
creatic b-cells. Briefly, the N-terminus of exendin-4 (1 mg,
239 nmol; AnaSpec, Inc., San Jose, CA) was protected by
the Fmoc group through the conjugation with Fmoc-
NHS (121 mg in 100 mL DMSO, 1.5 equiv.) in PBS
(50 mmol/L, pH 6.5) for 24 h. To introduce the thiol
group, N-succinimidyl-S-acetylthioacetate hydrochlo-
ride (SATA; 0.11 mg, 2 equiv.), after deacetylation by
hydroxylamine, was introduced to the side chain of lysine
in Fmoc-protected exendin-4 in PBS buffer (pH 8.5) for
24 h. The Fmoc group was then deprotected by 20% pi-
peridine in dimethylformamide for 30 min. Exendin-4
derivatives in each step were purified by high-performance
liquid chromatography–photo-diode array. Iron oxide
nanoparticles were synthesized in our laboratory, as de-
scribed previously (28), and labeled with Cy5.5 (Amersham
Biosciences, Piscataway, NJ), followed by modification with
N-[g-maleimidobutyryloxy] succinimide ester (GMBS).
SATA-conjugated exendin-4 was loaded on GMBS-modified
iron nanoparticles through thioether formation. Surface
modified MNs were purified by size exclusion column
(PD-10, GE Healthcare) in each conjugation step. Conju-
gated nanoparticles were termed MN-Ex5-Cy5.5 or MN-
Ex10-Cy5.5, reflecting the number of exendin-4 molecules
per nanoparticle.

The size of the conjugated nanoparticles was measured
using dynamic light scattering (Zetasizer Nano ZS; Malvern
Instruments Ltd., Worcestershire, U.K.). Nanoparticle relax-
ivity was measured using a 20-MHz nuclear MR spectrom-
eter (Bruker MiniSpec). The nontargeted control MN-Cy5.5
probe was synthesized and characterized as well.

In Vitro Cell Viability, Insulin Secretion, Uptake, and
Competitive Inhibition Assays
Cell viability was determined by colorimetric assay using
the CellTiter 96 nonradioactive cell proliferation assay kit
(Promega, Madison, WI) according to the manufacturer’s
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manual. Cells were seeded into 96-well plates and incubated
with experimental and control probes for 3 h, followed by
addition of a tetrazolium dye solution. After overnight
incubation with solubilization solution/stop mix, the plate
was read on a SpectraMax M2 spectrophotometer (l test =
570 nm; Molecular Devices, Sunnyvale, CA).

Glucose-stimulated insulin secretion in bTC-6 cells was
evaluated using a rodent insulin ELISA kit (Mercodia,
Uppsala, Sweden) according to the manufacturer’s instruc-
tions. Cells were seeded into 12-well plates (2 3 105/well)
and incubated with MN-Ex10-Cy5.5 or with control
probes (50 mg iron/well) at low (1.7 mmol/L) and high
(20 mmol/L) glucose concentrations. Insulin concentrations
in supernatants and the insulin content in cells were mea-
sured. A stimulation index was calculated as the ratio of
glucose-stimulated insulin secretion to basal insulin secre-
tion normalized by the insulin content (29,30).

For the uptake assay, two cell lines were seeded into
96-well plates and incubated with MN-Ex5-Cy5.5 and
MN-Ex10-Cy5.5 at various concentrations for 1.5 or 3 h
at 378C. After incubation, fluorescence levels were measured
using the IVIS Spectrum imaging system (PerkinElmer/
Caliper LifeSciences, Hopkinton, MA), at lex = 675 nm
and lem = 720 nm, and normalized to total cell protein
determined by bicinchoninic acid protein assay (Pierce,
Thermo Fisher Scientific, Inc., Rockford, IL).

For competitive inhibition assay, cell lines were seeded
into 96-well plates and incubated with MN-Ex10-Cy5.5
(50 mg iron/well) for 1.5 h alone or with increasing doses
of exendin-4 (0–4,330 nmol/L) added 1 h before incuba-
tion with the probe. After incubation, cells were washed
three times with PBS, and fluorescence intensities were
read and normalized to total cell protein, as described above.

Fluorescence microscopy was performed using bTC-6
cells or isolated murine islets after incubation with MN-
Ex10-Cy5.5 probe. Additional confirmation of probe accu-
mulation in bTC-6 cells was obtained by fluorescence
microscopy by colocalizing the Cy5.5 signal from the
probe with the staining for GLP-1R, as described above.

Biodistribution Studies
For biodistribution studies, MN-Ex10-Cy5.5 or control
MN-Cy5.5 probe (10 mg Fe/kg) was injected intrave-
nously in Balb/c mice (n = six). Ex vivo fluorescence
images of isolated organs were obtained 7.5 or 24 h after
intravenous probe injection. Spleen, kidney, liver, lung,
heart, intestine, muscle, brain, and pancreas were excised,
scanned, and analyzed using an IVIS Spectrum animal
imaging system (PerkinElmer/Caliper LifeSciences). Image
analysis was conducted using LivingImage 4.2 software
(PerkinElmer/Caliper LifeSciences). To evaluate imaging
results, a region of interest (ROI) was drawn around the
selected tissue. Average signal efficiency, which is defined
as fluorescence emission normalized to the incident exci-
tation intensity (radiance of the subject/illumination
intensity), was used for quantification. Data were also
normalized to the organ weights.

Ex Vivo MRI of Pancreatic Tissue From Healthy Mice
Six-week-old Balb/c mice were injected intravenously with
MN-Ex10-Cy5.5 or with control MN-Cy5.5 probe (10 mg
Fe/kg, n = four in each group) and sacrificed 7.5 or 24 h
after injection. The pancreatic tissues were excised and
fixed for ex vivo MRI performed using a Magnex/Agilent
13-cm horizontal bore scanner operating at 15 T inter-
faced to a Siemens clinical MR console. T2 maps were
acquired (pulse sequences are described in detail in
the Supplementary Materials). T2 maps were analyzed
voxel-by-voxel by fitting the T2 measurements to a stan-
dard exponential decay curve, defined by the following
equation: [y = A(–t/ T2)]. T2 times in ROIs surrounding
the pancreas were calculated using Marevisi 3.5 soft-
ware (Institute for Biodiagnostics, National Research
Council Canada).

In Vivo MRI of Pancreata in Healthy and Diabetic Mice
To evaluate probe accumulation in vivo, we performed
MRI in healthy and diabetic mice. Six-week-old Balb/c
mice and 10-week-old A/J mice were intravenously
injected with MN-Ex10-Cy5.5 or with control MN-Cy5.5
probe (10 mg Fe/kg, n = six in each group). In vivo MRI
was performed 1.5, 3, 7.5, and 24 h later using a 9.4T
Bruker horizontal bore scanner equipped with a home-
built radio frequency transmit and receive 3 3 4 cm ellip-
tical surface coils. The imaging protocol consisted of
multislice multiecho T2-weighted map and T2*-weighted
three-dimensional (3D) sequences (described in detail in
the Supplementary Materials). T2 map images were ana-
lyzed using a similar procedure described above. Two
investigators blinded to sample identity analyzed the
obtained results independently. Female NOD mice
(5-week-old prediabetic and 15-week-old diabetic, n =
three in each group) were imaged before and 7.5 h after
an intravenous injection of MN-Ex10-Cy5.5 or MN-Cy5.5.
T2 relaxation times derived from ROIs surrounding the
pancreas were analyzed as described above. DT2 was cal-
culated according to the equation DT2 = (T2preinjection 2
T2postinjection).

Ex Vivo Histology, Immunostaining, and Fluorescence
Microscopy
Histology was performed on pancreatic frozen sections
from healthy mice by staining for insulin and colocalizing
it with Cy5.5 signal derived from the probe 1.5, 7.5, and
24 h after injection. Sections were stained with anti-
insulin antibody (Santa Cruz Biotechnology, Santa Cruz,
CA), followed by incubation with FITC-labeled secondary
goat anti-rabbit IgG (Vector Laboratories, Inc., Burlingame,
CA) and counterstained with DAPI (Vectashield; Vector
Laboratories). Pancreatic frozen sections from prediabetic
and diabetic NOD mice were also stained using anti–
GLP-1R antibody (Abcam) or anti-insulin antibody (Santa
Cruz Biotechnology) and colocalized with Cy5.5 signal.
Observers blinded to the treatments evaluated all tissue
sections.
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Statistical Analysis
Data are presented as mean 6 SD. Statistical comparisons
between two groups were evaluated by Student t test and
corrected by the repeated two-way ANOVA for the time
course analysis using GraphPad Prism 5 software (GraphPad
Software, Inc., La Jolla, CA). A value of P ,0.05 was con-
sidered statistically significant.

RESULTS

Characterizations of the Probes
A schematic representation of GLP-1R-specific probes is
shown in Supplementary Fig. 2. Exendin-4 was conjugated
to iron nanoparticles using the side chain of Lys27, which
was the dominant reaction site on the peptide for conju-
gation to nanoparticles. The second potential reaction site
on Lys12 side chain is hindered and could not serve as the
major reaction site (31,32). The ratio of Cy5.5:exendin-4:
nanoparticles was determined as 2.5:5:1 or 2.5:10:1 by
spectrophotometric analysis and bicinchoninic acid protein
assay. The core size of the control probe was 22.31 6 0.54
nm, whereas the core size of the exendin-4–conjugated
nanoparticles was 32.65 6 1.09 nm. R2 relaxivity deter-
mined at 20 MHz was 103.04 mmol/L21 $ s21.

Cell Viability, Insulin Secretion, Probe Uptake, and
Competition Inhibition Assay
To evaluate toxicity associated with the probes, we per-
formed a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay on bTC-6 cells incubated with dif-
ferent concentrations of the probes. The results showed
that treatment with the probes did not have any signifi-
cant effect on cell viability in vitro (Supplementary Fig. 3).
The insulin-secretion assay showed that the presence of
exendin-4 on the nanoparticles did not change glucose-
stimulated insulin secretion in the b-cell line as charged
by the stimulation index (Supplementary Fig. 4). Our in
vitro studies also demonstrated a concentration-dependent
uptake of MN–exendin-4 conjugated probes by bTC-6
cells and a background signal with control MN-Cy5.5
probe. The uptake of the probe that contained 10 exendin-
4 molecules/nanoparticle showed higher accumulation and
was therefore selected for subsequent in vivo studies. The
intensity of a background signal observed in control Ptf1-Cre
ductal pancreatic carcinoma cells was an order of magnitude
lower than in the b-cell line (Fig. 1A). A competition assay
using free exendin-4 peptide as a blocking agent showed
specific binding to bTC-6 cells and no competition with
control cells (Fig. 1B). Concentration-dependent internal-
ization of the probe in the bTC-6 cells and intact murine
islets was confirmed by fluorescence microscopy (Fig. 1C
and D) and showed colocalization with GLP-1R (Supple-
mentary Fig. 5).

Biodistribution of Systemically Delivered
MN-Ex10-Cy5.5 Probe
Biodistribution study in vivo was performed in BALB/c
mice after an intravenous injection of the MN-Ex10-Cy5.5

or control probe. We observed preferential accumulation
of the MN-Ex10-Cy5.5 probe in the pancreas at 24 h after
injection compared with the control probe (Fig. 2 and
Supplementary Fig. 6). The higher accumulation of both
probes in the pancreas at 7.5 h after injection compared
with the accumulation at 24 h reflects the persistence of
long-circulated nanoparticles in the blood pool at this
earlier time and is in accordance with their known kinet-
ics (33). Prototype nanoparticles (;5% injected dose/g)
have been shown to be excreted by the urinary and fecal
route at 7.5 h (33). Note that the accumulation of the
MN-Ex10-Cy5.5 probe was overall higher than that of the
control probe at 24 h but did not reach statistical significance
using this method (Fig. 2B and Supplementary Fig. 6A).
However, accumulation of MN-Ex10-Cy5.5 at 24 h was
3.29 times higher than that of the control probe (1.373
109 vs. 4.17 3 108 as normalized Cy5.5 fluorescence in-
tensity), presumably due to the retention of the former
and the clearance of the later (Fig. 2C and Supplementary
Fig. 6B and D). The rest of the organs showed accumula-
tion consistent with the literature on related iron oxide
nanoparticles (34,35), which could be taken up by macro-
phages, mostly in liver, spleen, and lymph nodes, within
24 h after a bolus injection and undergo progressive me-
tabolism (36). Studies showed that several other tissues,
including heart, intestine, and the central nervous system,
also expressed GLP-1R (37–39), which might be the rea-
son the accumulation of the probes was also observed in
other organs in our biodistribution studies. Although this
would not play a role in MRI studies, it could potentially
result in off-target effects if these probes were used for
drug-delivery purposes.

Ex Vivo and In Vivo MRI of Murine Pancreata
Ex vivo imaging of mouse pancreata was performed on
excised organs from healthy mice injected with experi-
mental or control probes using a 15-T MRI scanner. The
T2 relaxation times of the pancreatic tissues at 7.5 h or 24 h
after injection are summarized in Fig. 3A and B. The
results showed the significant decrease of T2 in the pan-
creata of the animals injected with MN-Ex10-Cy5.5 at
both time points compared with pancreatic tissues from
the animals injected with the control probe.

Next, we performed experiments demonstrating that
the MN-Ex10-Cy5.5 probe could be used for in vivo
imaging of pancreatic b-cells. Quantitative analysis of T2
relaxation times of the pancreata of mice intravenously
injected with the MN-Ex10-Cy5.5 or control probe showed
that a drop occurred in T2 of the pancreata starting at 1.5 h
after injection in both groups. In the control group, the
drop was most pronounced between 1.5 and 3 h after
injection, followed by a gradual T2 increase, consistent
with contrast agent washout. In the MN-Ex10-Cy5.5 group,
the drop reached its lowest point at 3 h after injection.
The signal remained at that level up to 7 h after injection,
followed by a much slower T2 increase compared with the
control group.
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T2 map analysis demonstrated a significant difference
in T2 of the pancreata in the animals injected with the
MN-Ex10-Cy5.5 or control probes at 7.5 h (20.25 6 2.24
ms vs. 26.42 6 1.02 ms, respectively) and 24 h (22.45 6
3.59 ms vs. 28.81 6 1.31 ms, respectively) after injection,
reflecting a stronger retention of the MN-Ex10-Cy5.5
probe (Fig. 3C and D). It is noteworthy that we observed
a nonsignificant change in signal intensity at 7.5 h after
injection by fluorescence imaging, whereas significance
was achieved between two groups by MRI at the same
time point. The seeming discrepancy between the two
imaging modalities could be attributed to different sen-
sitivities of these modalities. It is also possible that fac-
tors such as quenching of the fluorescent dye, limited
tissue penetration of the light, the ex vivo scanning po-
sition, and surface weighting influenced optical imaging
results.

To confirm the binding specificity of the MN-Ex10-
Cy5.5 probe in islet cells, we performed ex vivo histolog-
ical analysis of pancreatic sections removed 1.5, 7.5, and
24 h after injection. As shown in Fig. 3E, ex vivo histology
revealed significant accumulation of MN-Ex10-Cy5.5 in
pancreatic b-cells. By contrast, the Cy5.5 signal in the islets
of mice injected with the control probe was negligible.

The suitability and specificity of the probe for imaging
changes in b-cell mass was next demonstrated in NOD
mice. We used prediabetic (5-week-old) and diabetic (15-
week-old) animals injected with the MN-Ex10-Cy5.5 or
MN-Cy5.5 probe. The 3D T2*-weighted MRI (Fig. 4A
and Supplementary Movie 1) shows the area defining
the pancreas that was used for analysis. Analysis of in
vivo imaging data revealed a significant decrease in DT2
of the pancreatic area (defined as preinjection T2 2 post
injection T2) of 15-week-old mice compared with 5-week-
old NOD mice as well as with healthy mice (Fig. 4B). The
DT2 in animals injected with the MN-Ex10-Cy5.5 probe
was significantly higher for both ages compared with ani-
mals injected with the control probe, pointing to the spec-
ificity of the former to the pancreatic b-cell. As expected,
there was no significant difference in DT2 in the pan-
creata of the animals of both ages injected with MN-
Cy5.5 probe, indicating the nonspecific nature of this
accumulation.

We also performed ex vivo histological analysis of
pancreatic sections from prediabeitc and diabetic NOD
mice. As shown in Fig. 4C and D, ex vivo histology
revealed a significant accumulation of MN-Ex10-Cy5.5
(Cy5.5 signal) in prediabetic pancreatic b-cells, as indi-
cated by anti–GLP-1R and anti-insulin staining compared
with control probe. Probe accumulation decreased in di-
abetic animals along with the reduction in GLP-1R and
insulin staining.

DISCUSSION

The availability of pancreatic b-cell–specific imaging
agents, which has been an elusive goal in the field of
imaging, is of critical importance for the advancement

Figure 1—In vitro testing of the MN-Ex10-Cy5.5 probe. A: Cell-
binding assays showed concentration-dependent preferential up-
take of experimental MN-Ex5-Cy5.5 and MN-Ex10-Cy5.5 probes
by the b-cell line compared with the control probe. There was no
difference in uptake between the experimental and control probes
by the pancreatic carcinoma cell line (control). B: Competition
assays showed that accumulation of the experimental probes was
dose-dependently blocked by free exendin-4 peptide. Fluorescence
microscopy demonstrated concentration-dependent internalization
of experimental probe in the bTC-6 cells (C) and in intact murine
islets (D). Accumulation of the control probe was negligible in both
cells and isolated islets (red, Cy5.5 dye; blue, DAPI nuclear stain).
Magnification bar = 50 mm.
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of our understanding of pathophysiology and treatment
of T1D (40). So far, approaches that have been explored for
developing b-cell–specific MRI probes included manganese-
enhanced MRI (41) and zinc-responsive gadolinium agent
(42). An attempt to target GLP-1R in vivo has been lim-
ited to cancer imaging (22). Iron oxide nanoparticles tar-
geting insulinoma in this study were not multimodal and
contained a limited number of peptides conjugated to the
nanoparticles through the polyethylene glycol linker,
which might significantly affect their ability to be en-
docytosed by islet cells. Here, we report a molecularly
targeted contrast agent that consists of iron oxide nano-
particles conjugated to exendin-4, which is a full agonist
with high affinity and potency for the GLP-1R. The spe-
cific interaction between the GLP-1R and exendin-4 is
known to induce intracellular internalization by endocy-
tosis, which is a fundamental process used by the cells to
accumulate molecules and macromolecules through defor-
mation of the membrane and generation of membrane-
bound carriers. Many nanoparticle formulations used
in nanomedicine have been customized to enter cells by

receptor-mediated endocytosis for cargo delivery (43).
The amount of accumulated particles depends on the li-
gand density on the surface of the nanoparticles (44). In
our current study, we synthesized iron oxide nanopar-
ticles decorated with a different number of targeting pep-
tide exendin-4 molecules (the molar ratio of MN to
exendin-4 was 1:5 or 1:10). In agreement with ligand
density dependence, the in vitro assay showed that nano-
particles with a 1:10 ratio displayed higher accumulation
in target cells than nanoparticles with a 1:5 ratio. Prepa-
ration with 10 exendin-4 molecules/nanoparticle was con-
sequentially chosen for in vivo studies.

To demonstrate specificity of the synthesized probes
toward pancreatic b-cells, we performed in vivo imaging
in healthy animals. Our study demonstrated a significant
difference in T2 relaxation times of pancreatic tissue
of experimental (injected with MN-Ex10-Cy5.5) and con-
trol (injected with MN-Cy5.5) animals, confirming target-
specific accumulation of the agent. It is important to note
that MRI is intrinsically a low-sensitivity technique and is
not capable of resolving a single islet. In our previous

Figure 2—A: Ex vivo fluorescence imaging of murine pancreas at 7.5 and 24 h after an intravenous injection of MN-Ex10-Cy5.5 or control
MN-Cy5.5 probes (10 mg Fe/kg). Note the higher accumulation of MN-Ex10-Cy5.5 in the pancreata of experimental animals compared with
controls at both times after injection. sec, seconds. B: Ex vivo quantification of normalized Cy5.5 fluorescence 7.5 h after the intravenous
injection of MN-Ex10-Cy5.5 and MN-Cy5.5 probes. C: Ex vivo quantification of normalized Cy5.5 fluorescence 24 h after the intravenous
injection of MN-Ex10-Cy5.5 and MN-Cy5.5 probes. *P < 0.05 indicates significant difference between fluorescence intensities of pancre-
atic tissues of the animals injected with MN-Ex10-Cy5.5 or control probes.
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studies on in vivo imaging of transplanted islets labeled
with nonspecific iron oxide nanoparticles, we observed an
overall shortening of T2 but were not able to separate
a single islet structure (45,46). This task became even
more challenging when iron oxide–labeled islet grafts
were transplanted in nonhuman primates and imaging
was performed using low-field clinical scanners (47). In
the current study, we observed significant heterogeneities
of the signal were especially pronounced on color-coded
T2-weighted and T2*-weighted 3D images, reflecting scatter-
like distribution of the islets in the pancreas.

The mechanism of nanoparticle accumulation in the
pancreas reflects active (target-specific) and passive (vas-
cular) passage. Pancreatic islets are known for their high
vascular supply and increased gaps in the endothelium
(48), which become significantly more leaky with diabetes
development. As suggested by the prior literature, iron
oxide nanoparticles were used to detect vascular leakage
in association with insulitis in murine models and in
patients with T1D (49–51). These studies implied that
these particles could migrate from the leaky vessels into
the surrounding tissue where they were phagocytosed by

Figure 3—T2-weighted MRI of MN-Ex10-Cy5.5 accumulation in healthy pancreata. A: Color-coded T2 map images of the pancreata from
mice injected with MN-Ex10-Cy5.5 or control probes. B: Quantitative analysis of T2 maps shows significant differences in T2 relaxation
times of the pancreata of animals injected with MN-Ex10-Cy5.5 or control probes at 7.5 h (*P< 0.05) and 24 h (**P< 0.05) after injection. C:
Coronal T2 maps of healthy mice obtained before and at 1.5, 3, 7.5, and 24 h after injection of MN-Ex10-Cy5.5 or control probes (10 mg
Fe/kg). The ROIs of pancreata were color-coded by their T2 relaxation times. Note the decrease in signal intensity after injection of the
contrast agent. D: Time course quantitative analysis of T2 in the pancreata of mice injected with MN-Ex10-Cy5.5 or control probes. There
was a significant difference in T2 relaxation times of the pancreata of animals injected with MN-Ex10-Cy5.5 or control probes at 7.5 h (*P <
0.05) and 24 h (**P< 0.05) after injection. E: Histochemical immunostaining of the pancreata. MN-Ex-Cy5.5 probe accumulated in b-cells at
1.5, 7.5, and 24 h after intravenous injection. Control MN-Cy5.5 probe showed negligible accumulation in the islets. Cy5.5 (red), insulin
(green), and DAPI (blue); magnification bar = 40 mm.
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inflammatory cells. Indeed, our competition assay results
showed that the peptide could not fully abolish the uptake
of the probe, indicating the existence of passive phago/
macropinocytosis in cultured cells. The results of in vivo
MRI also indicate that the tendency for DT2 increase with
diabetes development in mice injected with the control
probe implies the existence of passive uptake in the in-
flamed tissue. However, the differences in DT2 between
diabetic mice and prediabetic or healthy mice injected
with the control probe were not statistically significant
(Fig. 4B). In mice injected with MN-Ex-Cy5.5, active targeting
by endocytosis was the dominant uptake process and

resulted in significant DT2 decrease due to the loss of
b-cells (Fig. 4B). Several studies also showed that GLP-
1R expression in b-cells would decrease during hypergly-
cemia condition (52), which might also contribute to the
decrease in DT2 between prediabetic and diabetic mice.
We need to emphasize that unlike the control probe,
MN-Ex10-Cy5.5 resolved the difference in b-cell mass in
these animals, pointing to the potential for using this
agent for monitoring the disease development and re-
sponse to therapy.

Iron oxide nanoparticles are a class of medical materials
that are particularly well suited for biomedical applications.

Figure 4—T2-weighted MRI in NOD mice. A: Representative 3D T2*-weighted MRI of a 5-week-old NOD mouse shows pancreatic area
used for analysis. B: The DT2 of the pancreata of 15-week-old mice injected with MN-Ex10-Cy5.5 was significantly decreased (*P < 0.05)
compared with that of 5-week-old NOD mice. C: Anti–GLP-1R immunostaining of the pancreata from prediabetic and diabetic NOD mice
injected with MN-Ex-Cy5.5 or control probes. Cy5.5 (red), GLP-1R (green), DAPI nuclear stain (blue); magnification bar = 20 mm. D: Anti-
insulin immunostaining of the pancreata from prediabetic and diabetic NOD mice injected with MN-Ex-Cy5.5 or control probes. Cy5.5 (red),
insulin (green), and DAPI nuclear stain (blue); magnification bar = 20 mm. wks, weeks.
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They are sized between 10 and 100 nm, and their
biodegradable and biocompatible nature makes them
suitable for a wide variety of clinical contexts. Currently,
several iron oxide nanoparticle–based agents are on the
market as MRI contrast probes or for iron supplementa-
tion. The key advantage of using nanoparticles is the possi-
bility of loading them with multiple copies of ligand
molecules for the targeting of specific tissues (53). More
important, these nanoparticles are capable of carrying
therapeutic cargo, which makes them even more attrac-
tive for theranostic imaging applications. We have already
demonstrated suitability of prototype nanoparticles for
nucleic acid–based therapy in cancer (54–56) and in the
context of islet transplantation (29,30,57). Our intention
is to apply similar strategies in the future for therapeutic
targeted delivery to endogenous pancreatic islets.
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