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Background: Biomarker-targeted molecular imaging holds promise for early detection of pancreatic cancer. The
aim of this study was to design and evaluate a plectin-1 targeted multi-functional nanoparticle probe for pancre-
atic cancer imaging.

Methods: 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-amino(polyethylene glycol) (DSPE-PEG-NH2)-
modified superparamagnetic iron oxide (Fe304) nanoparticles (SPION) were conjugated with plectin-1 antibody
and/or Cy7 to create the multi-functional targeted nanoparticle targeted probe (Plectin-SPION-Cy7) or non-

Keywords: . . . . . .
Pajr:z/reati ¢ cancer targeted probe (SPION-Cy7). Pancreatic carcinoma cell lines expressing plectin-1 were cultured with the targeted
Plectin-1 or control probes and then were imaged using confocal laser scanning microscopy and magnetic resonance im-

aging (MRI). Accumulations of the nanoparticles in pancreatic tumor xenografted mice were determined by MRI
and fluorescence imaging.
Results: In vitro optical imaging and MRI showed that the targeted nanoparticles were highly accumulated in
MIAPaCa2 and XPA-1 carcinoma cells but not in non-carcinoma MING6 cells, which was further confirmed by
Prussian blue staining. In vivo MRI showed a significant T2 signal reduction. Prussian blue staining further con-
firmed that the plectin-1 targeted nanoparticles were highly accumulated in the tumor mass but not in normal
pancreatic tissues, or in the liver and kidney, and few nanoparticles were observed in the tumors of mice injected
with SPION-Cy7.
Conclusions: Our data demonstrate that plectin-1 targeted fluorescence and MR dual-functional nanoparticle can
visualize pancreatic cancer, and it has great potential to be used with various imaging devices for pancreatic can-
cer detection.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Pancreatic cancer is a highly aggressive and rapidly fatal malignancy
with a 5-year survival rate of <5% (Jemal et al., 2008). Surgical resection
of the tumor is the only possible cure but most patients are usually diag-
nosed with unresectable late stage disease (Willett et al., 2005). There-
fore, the prognosis is poor. Early detection at the potentially curable
stage is critical to reduce the mortality of pancreatic cancer. However,
conventional imaging technology, such as ultrasonography, computed
tomography (CT), and magnetic resonance imaging (MRI) have not sig-
nificantly increased our ability to detect early-stage disease or affect
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outcomes of pancreatic cancer patients (Cote et al., 2013). In addition,
conventional imaging is limited in differentiating malignancy from be-
nign lesions. Thus, overtreatment of patients with pancreatic benign
cystic lesions could occur. Therefore, there is an unmet clinical need to
develop agents for early detection. Endoscopic imaging and molecu-
lar-based radiographic tests hold the promise to help precisely identify
pancreatic malignant lesions and their precursors at early stages. Fur-
thermore, molecular imaging could improve our understanding of dis-
ease pathogenesis and identify diagnostic markers and therapeutic
targets.

Recently, targeted molecular imaging has shown an advantage in
early detection of cancer with high specificity and sensitivity in animal
models (Weissleder, 2006). Optical imaging (fluorescence and biolumi-
nescence), MR imaging, ultrasound, and positron emission tomography
have been developed for in vivo molecular imaging (Massoud and
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Gambhir, 2003). Fluorescence imaging is usually used for its low costs of
detection devices, easy use and interpretation, and absence of ionizing
radiation (Ntziachristos, 2010). Near-infrared (NIR) imaging has the ad-
vantage of improved tissue penetration (up to 1 cm) and low tissue
auto-fluorescence (Weissleder and Ntziachristos, 2003; Weissleder,
2006; Houghton et al., 2015). Magnetic nanoparticles (MNPs) can in-
duce changes in T2-or T2*-weight MR images and have been considered
as good carriers for targeted molecules with high biocompatibility and
low toxicity (Vuong et al., 2012). Optical imaging and/or MR imaging
has been applied for pancreatic cancer imaging in previous studies
(Yang et al,, 2009; Tong et al.,, 2013; Wang et al., 2016).

Targeted molecules are crucial in the design of molecular imaging
probes. Targeted molecules should be highly expressed in cancer cells
but absent or under-expressed in normal adjacent tissues (Yang et al.,
2009). To find such target molecules, CA19.9 (Houghton et al., 2015),
urokinase plasminogen activator (Yang et al., 2009), claudin-4 (Neesse
et al., 2013), surviving(Tong et al., 2013; Wang et al., 2016), insulin-
like growth factor-1 receptor (IGF-1R) (Park et al., 2016; England et
al.,, 2016), integrin avp36 (Liu et al., 2014), integrin acvB3 (Trajkovic-
Arsic et al., 2014) and galectin-1 (Rosenberger et al., 2015) have been
tested in pancreatic cancer imaging. Kelly et al. (2008) first identified
that plectin-1 is highly expressed in invasive pancreatic cancer.
Bausch et al. (2011) further showed that 93% of pancreatic ductal ade-
nocarcinoma cases are plectin-1 positive, and the specificity and sensi-
tivity of plectin-1 in distinguishing malignant from benign lesions are
83% and 84%, respectively. Konkalmatt et al. (2013) further showed
that plectin-1 peptide targeted adeno-associated virus (AAV) vector
could be selectively delivered to pancreatic carcinoma cells in vivo,
which suggests applicability for early detection and treatment of pan-
creatic cancer. Wang et al. (2014) also showed that plectin-1 targeted
dye bovine serum albumin (BSA)-superparamagnetic iron oxide nano-
particles (SPION)- monoclonal antibody (mAb) bioconjugates, but not
the non-targeted bioconjugates could bind to the Panc-1 cells. Findings
of these studies suggest that plectin-1 has the potential to be a molecu-
lar target for pancreatic cancer imaging. However, Konkalmatt et al.
(2013) used AAV targeting peptide as the target molecule, and they
only showed the optical imaging. Kelly et al. (2008) also used plectin-
1 targeting peptide and only showed the MRI data of agar-embedded
specimen. Wang et al. (2014) used the BSA-modified nanoparticles
and only showed the efficiency of the probe in in vitro study. Further
studies are required due to the limited number of imaging investiga-
tions using plectin-1 as a target.

In the present study, we designed a fluorescence and MR dual-mo-
dality magnetic nanoprobe targeting plectin-1 and evaluated its ability
for pancreatic cancer imaging in both in vitro and in vivo experiments.

2. Materials and Methods
2.1. Detection of Plectin-1 Expression in Cell Lines

Plectin-1 protein expressions in four pancreatic cancer cell lines,
MIAPaCa2, Panc-1, BxPC-3, XPA-1 and one pancreatic beta cell line
MIN6 were determined using Western blot. Briefly, cellular protein
was obtained using radioimmunoprecipitation assay (RIPA) lysis buffer.
Thirty microgram of proteins was separated on a 7% Bis-Tris NuPAGE gel
(Invitrogen) for 3 to 4 h at 60 v and blotted onto polyvinylidene
difluoride (PVDF) membranes. The PVDF membrane was blocked with
5% (w/v) skim milk for 1 h at room temperature and then incubated
with an anti-plectin-1 primary monoclonal antibody diluted as recom-
mended by the manufacturer (Abcam, Cat# ab32528, MA, USA) at 4 °C
overnight. The membrane was washed in TBST for three times, and
then incubated with a secondary antibody conjugated with horseradish
peroxidase at room temperature for 1 h. After washing, the bands were
visualized using enhanced chemiluminescence. 3-Actin was used as a
loading control. Two independent experiments were performed.

2.2. Design and Synthesis of Plectin-SPION-Cy7 (Cyanine 7)

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-amino(poly-
ethylene glycol) was dispersed in chloroform and mixed with the
superparamagnetic iron oxide (Fe304) nanoparticles (obtained as a gen-
eral gift from Southeast University, Nanjing China) and deionized water.
The mixture was then rotated and evaporated at 65 °C for 13 min to ob-
tain NH2-PEG-SPIONs (NP-SPION). The oil-dispersible iron oxide nano-
particles can be modified with amphiphilic polymers by the
hydrophobic interaction. The hydrophobic ligand of SPIONs binds with
the hydrophobic end of amphiphilic polymers by the hydrophobic in-
teraction. The hydrophilic group at the outer surface made the NP-
SPION soluble. The solution was centrifuged (3000 rpm/min) for
5 min and dispersed in deionized water by using ultrasonic oscillation.
The mixture was filtrated with a 0.22 um filter several times before stor-
age. The synthesized NP-SPION was mixed with 2-(N-Morpholino)
ethanesulfonic acid buffer, and then carbodiimide hydrochloride
(EDC) and sulfo- N-hydroxysulfosuccinimide (NHS) solutions. The mix-
ture was shaken in a swing bed (150 rpm) for 30 min, centrifuged at
3000 rpm/min for 3 min, and then washed twice with borate buffer.
Then, 20 pg of anti-plectin-1 monoclonal antibody (0.5 mg/ml, Abcam,
MA, USA) and/or 700 g of Cy7 NHS (Near infrared fluorescent, NIRF;
Sigma-Aldrich, MO, USA) were added to get Plectin-SPION-Cy7 or
SPION-Cy7. The Plectin-SPION-Cy7 was purified by gel chromatography.
For SPION-Cy7, the unbound Cy7 was removed by centrifugation. The
final solution was shaken in a swing bed for 12 h, and then stored
away from light at 4 °C.

2.3. Characterizations of the Targeted Probe

The size of the targeted magnetic probe was determined using a
transmission electron microscope (Joel, JEM-200CX, Japan). Briefly, the
samples were dispersed in alcohol (25 pg Fe/ml), then deposited onto
the double copper grids, carbon coated (Electron Microscopy Sciences,
PA, USA) and left until the excess liquid volatilized, and then were
dried under infrared light. Samples were imaged at an acceleration volt-
age of 180 kV. Then, the samples were diluted with deionized water. The
hydrodynamic sizes and zeta potential of SPION, SPION-Cy7, and
Plectin-SPION-Cy7 were measured using a Zetasizer (Beckman, Delsa
440SX, Germany) at pH of 7.0-7.2. The relaxivity values of r1 and r2
were calculated by fitting the 1/T1 and 1/T2 relaxation time (s~ !) versus
Fe>* concentration (mM) curves by using an NMR Analyzer(Bruker
Optik GmbH, Ettlingen, Germany). The T2-weighted images were ac-
quired using a T2-weighted spin echo pulse sequence with TR =
1200 ms, TE = 110 ms, field of view (FOV) = 100 x 120 mm?, data ma-
trix = 280 x 216, slice thickness = 2 mm by using 1.5 T MRI (AChieva
1.5 T, Philips, the Netherland). The precipitated solid was dried at 40 °C
after washing three times. Magnetic properties were analyzed using vi-
brating sample magnetometry (VSM, Lakeshore 7407, USA) with a sat-
urating field of 1.0 Tesla. The stability of SPION in sodium chloride (0 to
1.0 mM) solution (contain 5% BSA) and in the solutions of varying pH
values (3 to 11) were also observed for 7 days. In addition, we analyzed
the particle size and polydispersity index (PDI) via dynamic light scat-
tering (DLS) using a Zetasizer at 1st and 7th days in phosphate-buffered
saline (PBS) and 20% serum solution. The results are expressed as mean
+ standard deviation (n = 3). Two independent characterizations were
performed.

2.4. In Vitro Optical and MRI Imaging and Prussian Blue Staining

The MIAPaCa2, XPA-1 and MING cells (1.0 x 10° cells/well) were
plated in 6-well plates and cultured in Iscove's Modified Dulbecco's Me-
dium (IMDM) or Dulbecco's modified Eagle's medium (DMEM) contain-
ing 10% fetal bovine serum (FBS; Sigma, USA), 100 U/ml penicillin and
100 pg/ml streptomycin at 37 °C in a humidified atmosphere of 95% air
and 5% CO, with medium change every 2 days. Upon reaching 50-60%
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confluences, SPION-Cy7 and Plectin-SPION-Cy7 were added, and the
cells were cultured for 24 h. Control cells did not receive any nanoparti-
cles. The harvested cells were washed 3 times with PBS and fixed in
4% polyoxymethylene, stained using Hoechst Kit according to the manu-
facturer's instruction (Hoechst at 5 pg/ml), and then imaged using the
confocal laser scanning microscope (Nikon C2 Plus, Japan). Part of the
cells was fixed as described above for Prussian blue staining (1:1 mixture
of 1 mol/I hydrochloric acid and potassium ferrocyanide). For MR, the
cells were harvested, washed, and resuspended in 1% agarose. T2 relaxa-
tion times were calculated using a T2-multi-echos pulse sequence with
TR = 3000 ms, TE = 22-352 ms (16TE), FOV = 100x 120 mm?, data ma-
trix = 280 x 216, slice thickness = 5 mm, slice gap = 1 mm. We also in-
vestigated the association between plectin-1 expression and fluorescent
signal (Image J) or T2 relaxation times. Three independent experiments
were performed.

2.5. Pharmacokinetic Study

The pharmacokinetic behavior of SPION-Cy7 and Plectin-SPION-Cy7
were evaluated as follows. Eight-week-old nude mice weighing 21-24 g
were kept in specific pathogen-free facilities (21 + 1 °C, 50-80% relative
humidity; a 12 h light-12 h dark cycle) and randomly divided into 2
groups (n = 3). They had access to water and feed freely. The two
types of nanoparticles (at the dose of 100 pg Fe) were intravenously
injected via tail vein. Blood (200 pl) were collected at 0.2 h, 1 h, 4 h,
8 h, 12 h,24 h, 48 h and 72 h post-injection, respectively. The nanopar-
ticles in serum samples were quantified by measuring the concentration
of Fe with inductively coupled plasma mass spectrometry (ICP-MS,
NexION 350, PerkinElmer, USA). The basic levels of Fe were also mea-
sured. The Fe concentration-time profile was plotted. The following pa-
rameters, half-life (T, ), clearance, and area under the curve (AUC) from
0 to t (AUCy_,) were calculated using PKSolver. Two independent exper-
iments were performed. All experiments were carried out according to
the National Institutes of Health guide for the Care and Use of Labora-
tory animals (NIH Publications No. 8023, revised 1978) and were ap-
proved by the Animal Use Committee of the Affiliated Hospital of
Nanjing University of Chinese Medicine.

2.6. Orthotropic Human Pancreatic Tumor Xenograft Model

The pancreatic tumor xenograft model was established as previ-
ously described (Wang et al., 2016). Briefly, twenty-seven 8-week-
old nude mice weighing 20-25 g were kept in specific pathogen-
free facilities and maintained under conventional conditions (21
+ 1 °C, 50-80% relative humidity) in a 12 h light-12 h dark cycle.
They had access to water and feed freely. Approximately 5 x 10°
of red fluorescent protein (RFP)-expressing XPA-1 cells (AntiCancer
Inc., San Diego, USA) were subcutaneously injected into the flank of
three mice. Three weeks later, tumors were resected aseptically
when the tumor grew to 1.0 cm in diameter. Then the solid tumor
tissues were cut into 1.0 x 1.0 x 1.0 mm sections and surgically
transplanted into the pancreas of 24 mice. A fluorescence stereo mi-
croscope model MZ650 (Nanjing Optic Instrument Inc. China)
equipped with D510 long-pass and HQ600/50 band-pass emission
filters (Chroma Technology, Brattleboro, VT, USA) with a cooled col-
our charge-coupled device camera (Qimaging, BC, Canada) was
used to monitor the tumor growth. When the tumors reached to 5
to 10 mm in diameter, they were suitable for MR targeted imaging.
They were randomly divided into six groups (n = 4). All experi-
ments were carried out according to the National Institutes of
Health Guide for the Care and Use of Laboratory animals (NIH Pub-
lications No. 8023, revised 1978) and were approved by the Animal
Use Committee of the Affiliated Hospital of Nanjing University of
Chinese Medicine.

2.7. In Vivo MR Imaging

Scanning of tumor-bearing mice was performed on a 3.0 Tesla MR
scanner (Siemens Magnetom Trio Tim, Germany) using an animal
coil as described in our previous study (Wang et al., 2016). Briefly,
mice were anesthetized using ketamine (4.0 mg/100 g), and were
scanned prior to, and 8 h, 24 h and 48 h after injection with the
SPION-Cy7 (n = 12) or Plectin-SPION-Cy7 (n = 12) probes through
the tail vein. T1- and T2-weighted imaging were performed: TR of
1040 ms and TE of 14 ms were used for TIWI and TR of 4000 ms
and TE of 75 ms were used for T2-weighted fast spin echo imaging,
a FOV of 52 mm x 52 mm, slice thickness of 1 mm with a 0.1 mm
slice gap. The imaging sequences of the multi-T2 map were de-
scribed as follows: TR/TE 2000 ms/8.0-110 ms (8 TE), contrast 12,
slices with 1.5 mm. T2 values of each tumor in mice were obtained
from T2 map at the Siemens Syngo workplace.

2.8. In Vivo Optical Imaging

After MR imaging, optical imaging was performed using the IVIS
Spectrum pre-clinical in vivo imaging system (PerkinElmer, MA, USA).
A 590-nm excitation and 610-nm emission filter set with a 40-s expo-
sure time were adopted for tumor detection (red fluorescence). For
the detection of Plectin-SPION-Cy7, A 750 nm excitation and 773 nm
emission filter set with a 60-s exposure time were adopted. Then the
two images detected by different fluorescence methods were overlaid,
and the overlapping images indicated the distribution of the targeted
nanoparticles in the tumor.

2.9. Histological Examination

Tumors and normal adjacent tissues of the pancreas as well as nor-
mal tissues of the liver, spleen, and kidney were collected, fixed in form-
aldehyde solution at 4 °C for 24 h, and embedded in paraffin. Tissue
sections were stained with hematoxylin and eosin (H&E) or Prussian
blue solution. Prussian blue positive cells per high magnification field
(x100) of vision were counted. Five fields with the maximum blue-pos-
itive cells were counted in each image.

2.10. Statistical Analysis

SPSS 16.0 (SPSS Inc., Chicago, USA) was applied for data manage-
ment and statistical analysis. Data are expressed as mean 4 standard
deviation (SD) and analyzed by one-way analysis of variance
(ANOVA), where P values below 0.05 were considered as statistically
significant.

3. Results
3.1. Plectin-1 Protein Expression

Western blot shows that plectin-1 is expressed in pancreatic carci-
noma cell lines MIAPaCa2, BxPC-3, Panc-1, and XPA-1 (Fig. 1), but the
expression level was very low in MING beta cells. MIAPaCa2 and XPA-
1 cells, which had the highest and moderate levels of plectin-1 expres-
sion, were used in later experiments. Similar trends were observed in
the two independent detections.

3.2. Characterization of the Targeted Magnetic Probe

The characteristics of the targeted magnetic probe are shown in Fig.
2. The SPION has a core size of 12 nm (9-15 nm, Fig. 2B). The sizes of
SPION-Cy7 and Plectin-SPION-Cy7 are shown in Fig. 2C. The T2WI sig-
nals of SPION decreased in a dose-dependent manner (Fig. 2D). The
SPIONs had a short T2 relaxation time and high r2/r1 ratio with an r2
value of 116.0 mM~! s~ and r1 values of 7.6 mM~' s~ (Fig. 2D).
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Fig. 1. Plectin-1 expression in four pancreatic cancer cell lines (MIA PaCa2, BXPC-3, Panc-1, XPA-1) as detected by Western blot. MIA PaCa2 and Panc-1 show higher expression levels than
BxPC-3 and XPA-1 cells. Very low level of expression is observed in normal pancreatic beta cell line MIN6.

The hysteresis curve of VSM shown in Fig. 2E demonstrates that SPION
have good superparamagnetism property. The diameter of hydrody-
namic size of SPION, SPION-Cy7 and Plectin-SPION-Cy7 were 28.9 +
3.8 nm, 55.8 + 10.4 nm and 84.3 4 15.3 nm, respectively (Fig. 2F).
The potentials of SPION, SPION-Cy7 and Plectin-SPION-Cy7 were 15.9
+ 53 mV, —24.8 + 6.2 mV and —11.3 4+ 5.6 mV, respectively (Fig.
2G). No significant differences were observed in the hydrodynamic
size and PDI of Plectin-SPION-Cy7 at 1 and 7 days in PBS and 20%
serum solution (Fig. 2H) and no obvious deposition was observed in
NP-SPION solution (Supplemental Fig. 1), which indicates that the
NH,-PEG-SPION was stable. We also determined the Fourier transform
infrared (FTIR) features of NH,-PEG and NH,-PEG-SPIONs (NP-SPION)
as shown in Supplementary Fig. 2. Similar results were observed in
the two independent detections.

3.3. The Specific Accumulation of Targeted Nanoparticles In Vitro

The accumulations of Plectin-SPION-Cy7 in pancreatic cancer cells
and normal MING cells were detected as a red fluorescent signal by op-
tical imaging. No obvious fluorescent signals were detected in MING
cells after 20 h of culture with SPION-Cy7 or Plectin-SPION-Cy7 (Fig.
3). A weaker fluorescent signal was detected in MIAPaCa2 and XPA-1
cells cultured with SPION-Cy7. A stronger red fluorescent signal was
observed in the membrane and cytoplasm of MIAPaCa2 and XPA-1
cells cultured with Plectin-SPION-Cy7 (Fig. 3). Plectin-1 expression
was positively correlated with the fluorescent signal (r = 0.91, p <
0.01) (Supplemental Fig. 3). Similar results were observed in the two in-
dependent detections.

The accumulation of Plectin-SPION-Cy7 in carcinoma cells was also
confirmed by MR imaging and Prussian blue staining. The reduction of
T2 values (deltaT2) in MIAPaCa2 and XPA-1 cells cultured with
Plectin-SPION-Cy7 was significantly (p < 0.01) higher than those cul-
tured with SPION-Cy7 (19.2 + 6.3 vs. 6.0 4 2.6 ms and 9.6 4 3.8 vs.
2.2 + 3.3 ms, respectively) (Fig. 4B). In addition, the deltaT2 in
MIAPaCa2 was higher than that of XPA-1(p < 0.05, Fig. 4B), and the T2
signal in MIAPaCa2 was lower than that of XPA-1, which indicated
that the accumulation of Plectin-SPION-Cy7 was correlated with the
plectin-1 expression (r = — 0.87. p < 0.01) (Supplemental Fig. 3). Sim-
ilar results were observed in the two independent detections. The

control cells that were not exposed to the probes had the values of
38.0 + 13.2 ms, 36.3 £ 9.4 ms, and 40.2 + 11.2 ms. No obvious differ-
ence in T2 signal was observed in MING6 cells cultured with SPION-Cy7
or Plectin-SPION-Cy7 (29.8 4 8.6 vs 32.3 £ 10.7 ms). The frequency of
iron positive cells in the carcinoma cell lines were higher than that in
MING cells when cells were cultured with Plectin-SPION-Cy7 (Fig. 5).
In addition, the number of positive iron staining cells in the carcinoma
cell lines was greater in cells incubated with Plectin-SPION-Cy7 than
those incubated with SPION-Cy7 (Fig. 5).

3.4. The Specific Accumulation of Targeted Nanoparticles in Pancreatic
Tumors

The half-life (t1/2), clearance and AUCy_ were 18.9 + 3.3 h, 0.20 +
0.14 ml/h, and 448.61 + 36.7 pg/ml* h for Plectin- SPION-Cy7, and
were 13.6 4+ 2.4 h, 0.34 4 0.13 ml/h and 276.46 + 23.4 pg/ml* h for
SPION-Cy7 in nude mice. The concentration-time curves are shown in
Supplemental Fig. 4.

Fig. 6 shows the MR imaging of tumors pre- or post-injection of
Plectin- SPION-Cy7 or SPION-Cy7. Both T2WI (Fig. 6A) and T2 maps
(Fig. 6B) showed that the T2 signal was decreased in pancreatic tumors
48 h after injection with Plectin-SPION-Cy7 compared to the pre-injec-
tion signal. However, no significant T2 signal decrease was found at 8 h
and 24 h after Plectin-SPION-Cy7 injection. On the contrary, no signifi-
cant changes of T2 signal were detected in tumor-bearing mice admin-
istered with SPION-Cy7 (Fig. 6C and D), which indicated that Plectin-
SPION-Cy7 was preferentially accumulated in the tumor tissues.
Quantitative analysis showed that the T2 values in mice administered
with Plectin-SPION-Cy7 at 48 h was significantly lower than that at
pre-contrast (0 h) or that in mice receiving SPION-Cy7 (Fig. 6E, p <
0.001 and p < 0.05, respectively). T2 values at 48 h after Plectin-
SPION-Cy7 injection was also significantly lower than that at 8 h and
24 h (Fig. 6E, p < 0.05). In addition, T2 signals in the liver (Fig. 6F) and
spleen (Fig. 6G), but not in the kidney, were also decreased after injec-
tion with Plectin-SPION-Cy7 (7H). Optical imaging showed that in
SPION-Cy7 administered tumor-bearing mice, the near infrared fluores-
cent (NIRF) signals were mainly detected in the spleen, not in the tu-
mors at 8 h, 24 h and 48 h and in mice administered with Plectin-
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Fig. 2. Characterization of molecular probe. (A) The schematic representation of plectin-1 targeted fluorescent (Cy7) and MR (SPION) nanoprobe (Plectin-SPION-Cy7). (B) The size of
nanoparticles. The DSPE-PEG-NH2-modified SPION (NP-SPION) has a core size of 12 nm. (C) The size of SPION-Cy7 and Plectin-SPION-Cy7 under transmission electron microscope.
(D) SPION shortens T, relaxation time with an r, value of 116.0 mM~' s~ and r1 values of 7.6 mM ™' s~!, which was examined at a 1.5 Tesla MR scanner. (D) The hysteresis curve
demonstrates that SPION has good property of superparamagnetism. (E) The hydrodynamic sizes of SPION, SPION-Cy7 and Plectin-SPION-Cy7 are 28.9 + 3.8 nm, 55.8 4 10.4 nm and
84.3 £ 15.3 nm, respectively. (F) The zeta-potentials of SPION, SPION-Cy7 and Plectin-SPION-Cy7 are 15.9 4 5.3 mV, —24.8 4+ 6.2 mV and — 11.3 4 5.6 mV, respectively. (G) No
obvious changes in diameters and polydiversity index (PDI) are observed in Plectin-SPION-Cy7 solutions that were stored in phosphate-buffered saline (PBS) or serum at 4 °C for 7 days.

XPA-1 MIAPaCa2 MIN6

Plectin-SPION- SPION-Cy7 Plectin-SPION-  SPION-Cy7 Plectin-SPION- SPION-Cy7
cy7 Cy7 Cy7

Fig. 3. Optical imaging of MIAPaCa2, XPA-1 and MING cells cultured with medium containing SPION-Cy7 or Plectin-SPION-Cy7. Mild red fluorescence is detected in MIA PaCa2 and XPA-1
cells cultured with SPION-Cy7. A stronger red fluorescent signal is detected in the membrane and cytoplasm of MIAPaCa2 and XPA-1 cells cultured with Plectin-SPION-Cy7. No red
fluorescence is observed in MING cells cultured with SPION-Cy7 or Plectin-SPION-Cy?7.
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Fig. 4. SPION in MIAPaCa2, XPA-1 and MING cells as detected by magnetic resonance imaging (MRI). Cells were cultured with medium containing SPION-Cy7 or Plectin-SPION-Cy7. The
harvested cells were suspended in 1% agarose for MRI. Panel A shows decreased T2 signals in MIAPaCa2 and XPA-1 cells cultured with Plectin-SPION-Cy7 compared with that cultured with
SPION-Cy7 or control. Panel B shows quantitative differences in delatT2 of MIAPaCa2 and XPA-1 cells but not MING cells cultured with Plectin-SPION-Cy7 compared to those cultured with
SPION-Cy7 or controls. In addition, the delatT2 of MIAPaCaz2 is higher than XPA-1. *p < 0.01 vs control or SPION-Cy7 within same cell lines;#p < 0.05 vs control or SPION-Cy7 within same

cell lines and MIAPaCa cultured with Plectin-SPION-Cy7.

SPION-Cy7, strong NIRF was detected in the pancreatic tumor at 48 h
(Supplemental Fig. 5).

H&E staining and Prussian blue staining of the liver, kidney, spleen,
normal pancreatic tissue, and pancreatic tumor are shown in Fig. 7.
High levels of iron-positive cells were present in the spleen and pancre-
atic tumors, but few were observed in the liver, kidney and normal pan-
creatic tissues 48 h after injection of Plectin-SPION-Cy7 (Figs. 7 and 8).
Iron-positive cells in the spleen and liver reached their peak at 24 h
and then decreased at 48 h. In tumor-bearing mice administered
SPION-Cy?7, iron-positive cells were present in the liver and spleen,
but few were observed in the pancreatic tumor, suggesting that
Plectin-SPION-Cy7 was selectively accumulated in the tumor. At 48 h,
there were far more iron-positive cells in the tumors of mice adminis-
tered Plectin-SPION-Cy7 than in the tumors of the SPION-Cy7-treated
group (Table 1). In addition, we examined the toxic effects of Plectin-
SPION-Cy7 (0.25-1.0 mg/ml) on several organs by using histological
methods. No tissue damage was observed. Only mild inflammation
was observed (Supplemental Fig. 6).

MIAPaCa2

MING

SPION-Cy7

Plectin-SPION-Cy7

Fig. 5. SPION in MIAPaCa2, XPA-1 and MING cells as detected by histological analysis.
Prussian blue staining shows much more iron positive cells in cancer cells cultured with
Plectin-SPION-Cy7 compare with that incubated with SPION-Cy7. Low number of iron
positive cells and no difference is observed between the Plectin-SPION-Cy7 or SPION-
Cy7 cultured MING cells.

4. Discussion

Molecular imaging is an important approach for the early detection
of cancer. In this study, we designed dual-functional plectin-1 targeted
nanoparticles and demonstrated that these nanoparticles were specifi-
cally internalized by pancreatic cancer cells in vitro and selectively accu-
mulated in orthotopic tumors in vivo using optical imaging and MRI
approaches. Our findings suggest that plectin-1 targeted nanoparticles
have a potential value for pancreatic cancer detection.

Traditional imaging technology such as CT and MRI often cannot de-
tect pancreatic cancer at an early and potentially curable stage. The re-
cent advances in molecular imaging offer a promising opportunity for
early cancer detection, disease progression monitoring, and as well as
targeted cancer therapy (Bogdanov et al., 2011; Kelly et al., 2008;
Weissleder, 2006).

Identifying a tumor-specific biomarker is a critical step in molecular
imaging. Among the many biomarkers that have been tested in molec-
ular imaging of pancreatic cancer (Bergmann et al., 1995; Chen et al.,
2007; Foygel et al., 2013; Lee et al., 2005; Nichols et al., 2004), plectin-
1 has been recognized as an attractive target (Bausch et al., 2011;
Kelly et al., 2008; Konkalmatt et al., 2013; Wang et al., 2014). Plectin-1
is a giant protein that links the three main components of the cytoskel-
eton (microtubules, microfilaments, and intermediate filaments)
(Sonnenberg and Liem, 2007; Folli et al., 1994). These studies demon-
strate that plectin-1 is an excellent molecular target for pancreatic can-
cer imaging. In this study, we designed a dual-functional probe which
could be detected by optical imaging and MRI. In addition, we showed
that the targeted probe was successfully applied in in vitro imaging of
pancreatic cancer cells and in vivo imaging of pancreatic tumor xeno-
grafts. Our data provide further supporting evidence that plectin-1
could serve as a molecular target in pancreatic cancer detection.

Most previous studies on pancreatic cancer imaging have used
plectin-1 targeted peptide as the target (Bausch et al., 2011; Kelly et
al., 2008; Konkalmatt et al., 2013). A recent study successfully used
plectin-1 mAb in the synthesis of optomagnetic SPIONs for targeted im-
aging of pancreatic cancer cells (Wang et al., 2016). Our data are consis-
tent with the report that Plectin-SPION-Cy7 probe was easy to create,
stable, and has excellent targeting capability. Magnetic nanoparticles
have shown a great promise in malignant tumor imaging and therapy
(Wankhede et al., 2012). The nanoparticles can be conjugated with mol-
ecules, such as peptides, antibodies, or ligands to create the targeted
probe. The characteristics of the targeted probe determined the biolog-
ical distribution of nanoparticles. Usually, the SPIONs were modified
with surfactant, such as PEG to prolong the blood circulation time
(Pernia Leal et al., 2015) [32]. PEG also inhibits the separation of NIRF
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Fig. 6. MR imaging (MRI) of tumor-bearing mice injected with Plectin-SPION-Cy7 or SPION-Cy7. (A) Coronal (upper) and axial (lower) MRI images of mice received Plectin-SPION-Cy7. A
T, signal reduction is found in tumor area 48 h after administration of the probe through tail vein. (B) Significant reduction of T, values in postcontrast tumors (at 48 h) compared with
precontrast tumor. (C) No obvious MRI signal changes in mice injected with SPION-Cy7. (D) No reduction of T values in postcontrast tumor (48 h) compared with precontrast tumor. (E)
Significantly lower T, Values in postcontrast (48 h) versus precontrast images (*, p < 0.001) and at 48 h versus at 8 h and 24 h in mice received Plectin-SPION-Cy7 (*, p <0.01) (n = 4) but
not in those received SPION-Cy7 (n = 4). (F) Reduced signal in the liver (white long arrow) of mice post-injection with the Plectin-SPION-Cy7 (right panel) compared with the pre-
injection images (left panel). (G) Reduced signal in the spleen (white arrow) of mice post-injection with the Plectin-SPION-Cy7 (right panel) compared with the pre-injection images
(left panel). (H) No obvious signal change is observed in the kidney (white short arrow) of mice post-injection with the Plectin-SPION-Cy7 (right panel) compared with the pre-

injection images (left panel).

dyes from the probe. The hydrodynamic size is one of the important
characteristics of targeted nanoparticles. Nanoparticles with a hydrody-
namic size between 10 and 100 nm have a prolonged blood-circulation
time and are small enough to cross the leaky vasculatures inside tumors
(Gupta and Wells, 2004). In addition, nanoparticles of these sizes can es-
cape uptake by the liver and easily reach to the target cells (Longmire et
al., 2008; Wong et al., 2012). In the present study, the hydrodynamic
size of the targeted nanoparticles was 84.35 nm, which allows them to
pass through the leaky vasculatures inside tumors and reach the target
tumor cells. The potentials of nanoparticles are related to their clear-
ance by Kupffer cells in reticuloendothelial system and to the non-
specific binding of cells (Chao et al., 2013). Nanoparticles without
optimal potentials are not suitable for in vivo imaging. The potentials
of our SPION, NP-SPION-Cy7, and Plectin-SPION-Cy7 were 15.9 mV,
—24.8 mV, and —11.3 mV, respectively, which are suitable for in vivo
application. The pharmacokinetic study also showed that the clearance
of Plectin-SPION-Cy7 was lower and half-life time was longer than
those of NP-SPION-Cy7. The modification with anti-plectin-1 antibody
also prolong the blood circulation time. In addition, the potential differ-
ences between these three types of nanoparticles indicate the success-
ful binding of plectin-1 antibody and/or Cy7 with the SPION. The
magnetic properties and stability of our nanoparticles are acceptable.
Among the many molecular imaging approaches, such as optical
imaging (fluorescence and bioluminescence), MR imaging, ultra-
sound and positron emission tomography, the first two are the
most widely used. Fluorescent imaging usually has a high sensitivity,

but it could not display the anatomical information and has a very
limited tissue penetration depth (Key et al., 2012). MR imaging has
relatively low sensitivity, but it could provide the anatomical infor-
mation together with a high spatial resolution (Taylor et al., 2012).
Multi-modality imaging approaches have been used in some studies
(Key et al., 2012; Yang et al., 2009). In our study, RFP-expressing
XPA-1 cells were used to establish the pancreatic cancer model.
Therefore, the tumor could be directly visualized using specific in-
struments based on red fluorescence, while the NIRF was also de-
tected. Overlapping of the two types of fluorescence indicates the
presence of the targeted probes. Optical imaging used in our study
also allowed non-invasive whole body imaging of the live experi-
mental animals. Moreover, our targeted probes contains SPION
which can shorten T2 and T2*relaxation times, resulting in a signal
decrease in MR (Shen et al., 2010). The MR imaging further con-
firmed that the targeted probes were truly present in the tumor.
Thus, the optical and MR imaging are complementary to each other
and the multi-modality imaging approaches can cross validate each
other.

Although the MR T2 signal was obviously decreased in the liver of
mice administered with nanoparticles, Prussian blue staining detected
very few iron-positive cells. This could be explained by the blood-rich
nature of the liver/spleen and the distribution of the MNPs in the
blood. For histological analysis, most of the blood was lost in the tissues
sections (<5 pm thickness). Therefore, the nanoparticles in blood could
not be observed in histological analysis. Only MNPs that accumulated in
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Fig. 7. Hematoxylin and eosin (H&E) and Prussian blue staining of the liver, spleen, kidney, normal pancreatic tissues and pancreatic tumor tissues at 8 h, 24 h and 48 h after the injection of
Plectin-SPION-Cy?7. A few blue iron particles are found in the liver and tumor tissues at 8 h, 24 h, and much more in the tumor tissues at 48 h. A high number of blue iron particles is found in
the spleen at 24 h but was decreased at 48 h. For mice received SPION-Cy7, iron-positive cells are observed in the liver and spleen but very few iron-positive cells were found in the kidney

and in the tumors at 48 h.

the Kupffer cells were visible in the liver, in particular at 24 h. In addi-
tion, a great number of iron-positive cells were observed in the spleen
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Fig. 8. Prussian blue (+) cells in the normal and cancer tissues. Quantitative data show
that Prussian blue (+) cells are mainly distributed in spleen and tumor after
administrated with Plectin-SPION-Cy7 or SPION-Cy7 at 8 h, 24 h and 48 h. Prussian blue
(+) cells are significantly increased in tumor of mice received Plectin-SPION-Cy7 for
48 h. The number of Prussian blue (+) cells in tumors of mice administrated with
Plectin-SPION-Cy7 is significantly higher compared with SPION-Cy7 at 48 h (p < 0.001).
*p < 0.01 vs SPION-Cy7; #p < 0.05 vs 24 h.

at 24 h and the number decreased at 48 h, which may suggest a non-
specific iron accumulation in the spleen.

There were several limitations in our study. For example, the Cy7 la-
beled Plectin-SPION could be detected in tumor tissue sections under
fluorescence microscopy but we did not conduct such analysis. Second,
the size of the xenograft tumors reached to 5 to 10 mm, and it is not
clear whether our targeted nanoparticles are suitable for the detection
of earlier lesions, such as Panlns I-IIL Third, we did not determine the
Fe content in cells or tissues using quantitative methods, such as induc-
tively coupled plasma mass spectrometry. Moreover, tissue volume may
limit the NIR imaging approach in humans. A probe with an isotopic
tracer, such as °>mTc, ®3Ga or '8F may be more feasible for clinical appli-
cations. We are now exploring the feasibility of linking our probe with
isotopic tracers.

In conclusion, we designed a dual-functional plectin-1 targeted
nanoparticle probe and showed its preferential accumulation in pancre-
atic tumors as detected by fluorescent imaging and MRI in a preclinical
model. The in vitro and in vivo imaging results suggest that a plectin-1-
targeting molecular probe could be adopted to detect pancreatic cancer.
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