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Despite the variety of approaches that have been improved to achieve a good understanding of pancreatic cancer (PC), the prognosis
of PC remains poor, and the survival rates are dismal. The lack of early detection and effective interventions is the main reason.
Therefore, considerable ongoing efforts aimed at identifying early PC are currently being pursued using a variety of methods. In
recent years, the development of molecular imaging has made the specific targeting of PC in the early stage possible. Molecular
imaging seeks to directly visualize, characterize, and measure biological processes at the molecular and cellular levels. Among
different imaging technologies, the magnetic resonance (MR) molecular imaging has potential in this regard because it facilitates
noninvasive, target-specific imaging of PC. This topic is reviewed in terms of the contrast agents for MR molecular imaging, the
biomarkers related to PC, targeted molecular probes for MRI, and the application of MRI in the diagnosis of PC.

1. Introduction

Pancreatic cancer (PC) is a serious threat to human health,
due to malignant tumors with concealed onset, rapid devel-
opment, and poor prognosis. PC is the fourth leading cause
of death among all cancers in the USA, with a dismal 5-
year survival rate of less than 5% [1]. These dismal out-
comes can be attributed to the lack of early diagnoses and
the inability to detect precancerous lesions [2]. Therefore,
the detection and diagnosis of PC in the early stage are
extremely urgent. At present, the methods used to diagnosis
PC include tumor marker detection and imaging diagnosis.
The traditional tumor markers that have been used for the
early diagnosis of PC have high sensitivity in clinical use,
but the specificities are not high, and these markers are
thus prone to false positives [3]. Computed tomography
(CT) and magnetic resonance imaging (MRI) have been
used to diagnose and stage the majority of PCs with tumor
detection limits of 5–8mm, when the earliest precursor
lesions are in the microscopic range [4, 5]. Nevertheless,
the development of molecular imaging technology enabled
the effective resolution of this difficulty. Molecular imaging
is a medical imaging technique that combines molecular

biology, chemistry, material science, radiation medicine, and
computer science and has created a profile for the diagnosis
and treatment of this disease that exhibits wide application
prospects from the bench to the clinic [6–9]. In contrast
with traditional imaging techniques that are primarily based
on gross anatomy structures, molecular imaging can identify
pathological changes at the molecular and cellular level,
determine the qualitative properties of the diseases, enable
objective monitoring of the efficacy of treatment, and predict
disease development. Molecular imaging research primarily
includes two aspects, the first of which is the choice of imag-
ing equipment. Molecular MR imaging has become a novel
technique for assessing specific cellular or subcellular events
and is becoming one of the core integrative technologies
in biomedicine because many of the parameters that are
used to produce contrast, such as the spin-lattice relaxation
(𝑇
1
) and spin-spin relaxation (𝑇

2
) times, are dependent on

the local chemical structure of the molecules being imaged
[10]. In most situations, near-infrared optical fluorescence
(NIRF) imaging is combined with MRI, which enables the
direct visualization of the enriched area of the tumor in the
visible range [11]. The second aspect is the preparation of the
targeting probes of the equipment. Molecules or cells with
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reporter genes or imaging agent are introduced into the body
and used to observe changes at the molecular and cellular
levels based on the identifying agent [12, 13]. The present
study reviews the contrast agents for MRmolecular imaging,
related biomarkers for PC, targeted molecular probes for
MRI, and their applications in the diagnosis of PC.

2. Contrast Agents for MR Molecular Imaging

At present, there are two main types of MR contrast agent.
The first are Gd3 + paramagnetic compounds, which can
produce 𝑇

1
-weighted imaging (𝑇

1
WI) positive contrasts.

Currently, small gadolinium-containing contrast agents, such
as gadopentetate dimeglumine (Gd-DTPA, Magnevist), are
among the most widely used in MR molecular imaging.
BecauseGd-DTPAhas a lowmolecular weight, after injection
into the body, it can travel through the capillary into the
intercellular space and be distributed nonspecifically. Because
Gd-DTPA cannot pass through the blood-brain barrier, the
contrast agent concentration achieves equilibrium rapidly
in normal tissues and lesion areas [14]. The known adverse
reactions to the use of DTPA include nausea, urticaria, and
taste disorder. Among these reactions, the most serious is
nephrogenic systemic fibrosis (NSF). This type of adverse
reaction results when macrophages engulf free gadolinium
and subsequently release cytokines that promote fibrosis
or when gadolinium complexes are engulfed by peripheral
blood mononuclear cells, which then release proinflamma-
tory cytokines that eventually lead to tissue fibrosis [15, 16].

Another type of contrast agent is superparamagnetic iron
oxide (SPIO) nanoparticles, such as Fe

2
O
3
and Fe

3
O
4
, which

mainly produce 𝑇
2
-weighted imaging (𝑇

2
WI) with negative

contrast. Compared with the Gd-DTPA, SPIO elicits lower
contrast medium toxicity because the SPIO nanoparticles
that are released from dying cells can be degraded in the
normal iron recycling pathways [17]. Simultaneously, SPIO
improves the biocompatibility and the blood retention time
and increases the contrast intensity [18]. To our knowledge,
the value of SPIO for targeted imaging lies in the fact
that the SPIO surface can be packaged and subsequently
combined with appropriate targeting ligands. In recent years,
some scholars [19–23] have studied the design scheme and
biological characteristics of the molecular imaging appli-
cation of SPIO and believe that to ensure that SPIO has
hydrophobic and certain toxic properties and is uniformly
distributed in the ferrofluid the selection of the surface
package material is critical. The material used for the surface
coating of the magnetic particles not only must be nontoxic
and biocompatible but alsomust allow the targetable delivery
with particle localization within a specific area. In recent
studies, inorganic silicon materials [24–27], polyacrylic acid
[28, 29], dextran [30, 31], dopamine [32], deferoxamine [33–
35], and other organic polymers have been used for the
surface packaging of SPIO.

Manganese is a nonlanthanide paramagnetic metal that
possesses good relaxation enhancement effects, due to the
five unpaired electrons of bivalent manganese. Because man-
ganese not only plays essential roles in cell biology but also
is minimally toxic in vivo, large doses can be used in MRI.

Manganese-based contrast agents include a variety of forms,
such as small organic chelates [36], macromolecule chelates
[37], and oxide nanoparticles.

In general, after the contrast agent is packaged, appro-
priate targeting ligands need to be selected based on the
research target or a specific type of cell. Pancreatic cancer
is well known to express a variety of biomarkers; therefore,
increasing the sensitivity and specificity of markers and
their corresponding ligands is the main goal of research in
pancreatic cancer-targeted imaging.

3. Related Biomarkers for PC

The increasing study of pancreatic cancer has established
that pancreatic cancer is a highly heterogeneous disease
involving extremely complex tumor microenvironments that
express a variety of antigens and receptors within the tumor
cells and surrounding stroma. These related proteins and
highly expressed genes in malignant tumors are the design
foundation of functionally targeted nanoparticles.

3.1. Related Serum Biomarkers for PC. Among the numerous
biomarkers that have been tested for PC detection, serum
CA19-9 is the most commonly used. CA19-9 is a type of
carbohydrate antigen that exists at the cell surface and is
associated with a variety of digestive tract tumors. However,
CA19-9 lacks the sensitivity needed to detect early-stage PC
[38] and to monitor responses to therapy, because of its
poor sensitivity (41%–86%) and specificity (33%–100%) [39].
Furthermore, CA19-9 can also arise in some benign lesions,
such as bile duct inflammation, chronic pancreatitis, and
other gastrointestinal cancers [40], and tends to arise only
after tumor metastasis [3]. Kim et al. [41] used CA19-9 to
screen for PC in 70,940 asymptomatic patients. Among the
1,063 patients with elevated levels, only 4 had pancreas cancer,
and only 2 had resectable disease. Therefore, in some special
conditions, the accuracy and specificity of the use of CA19-9
as a target are also controversial views.

Muc-1 is a transmembrane mucin glycoprotein and is
another biomarker that is associated with the most invasive
forms of PC [42]. Muc-1 levels are elevated in the majority
of patients with PC, and Muc-1 plays a key role that affects
oncogenesis and the motility, metastasis, metabolism, and
growth of cancer cells [43, 44]. Gold et al. [45] proved that
Muc-1 is overexpressed in PC both in the cytoplasm and in
the cell membrane, compared with most chronic pancreatitis
tissues and normal pancreatic tissues in which Muc-1 is
only expressed in the cell membrane with no cytoplasm
expression. Thus, there is a direct relationship between high
invasiveness and poor PC prognosis [46, 47]. The PAM4
antibody against Muc-1 is more specific for pancreatic cancer
than antibodies to the otherMuc-1 antigens that are observed
in other tumors. In a recent study [48], the authors found
that the PAM4-reactive Muc-1 epitope was not detected
in the normal pancreas but was expressed in 87% (48 of
55) of invasive pancreatic adenocarcinomas. Additionally,
Muc-1 acts as a master regulator of the metabolic program
that can also help tumor cells survive and proliferate in
hypoxic environments [43]. Many studies [42, 49–51] have
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demonstrated that Muc-1 can be used as an ideal target in the
diagnosis and treatment of pancreatic cancer.

Survivin is a newly identified member of the apoptosis
inhibitory protein family and has highly specific tissue
distribution and powerful antiapoptotic function. Ren et al.
[52] analyzed the serum levels of survivin in patients with
pancreatic ductal adenocarcinoma (PDAC) (𝑛 = 80) and
age-matched healthy volunteers (𝑛 = 80) and found that the
serum survivin concentrations were significantly elevated in
the sera of PDAC patients compared with healthy sera (𝑝 =
0). Dong et al. [53] performed a similar study and reached
similar conclusions. Thus, the expression of the survivin
protein is closely related to the biological characteristics of
pancreatic tissue.

Currently, the receptors known to be related to PCmainly
consist of chemokine epidermal growth factor receptor
4 (CXCR-4), vascular endothelial growth factor (VEGF),
epidermal growth factor receptor (EGFR), and urokinase
plasminogen activator receptor (UPAR).

CXCR-4 is the specific receptor of chemotactic factor
CXCL12. Many lines of evidence indicate that the CXCL12/
CXCR-4 biological axis plays an important role in the
proliferation, invasion, and metastasis of PC [54–56] and is
a suitable target for therapy and imaging [55, 57, 58].

EGFR is a member of the HER family, which is partic-
ularly highly expressed in malignant tumors with epithelial
tissue sources. In pancreatic cancer tissue, the expressions of
the differentiation of different statuses are also different.

Currently, VEGF is the most potent and specific angio-
genic factor that directly affects vascular endothelial cells.
In most situations, VEGFR is expressed in new vascular
endothelial cells within the tumor. PC is associated with a
lack of blood supply.Nonetheless, VEGFRhas been foundnot
only in blood vessels but also in blood vessel cells [59]. Fur-
thermore, Karayiannakis et al. [60] reported that PC patients
have significantly higher VEGF levels than healthy controls
and that serum VEGF levels are significantly associated with
disease stage and the presence of both lymphnode anddistant
metastases.

UPAR is a versatile signaling orchestrator of cellular
differentiation, proliferation, andmigration [61]. Researchers
recently discovered that UPAR is expressed in PC tissues
at rates not less than 86%, whereas UPAR is not found in
pancreatic tissues obtained from healthy subjects or patients
with chronic pancreatitis [62–64]. A recent study revealed
that, among the 27 genes that are commonly used in PC
tissues, the level of UPAR exhibited the highest accuracy
in the differential diagnosis of pancreatic ductal carcinoma
and chronic pancreatitis [64]. Additionally, desmoplasia and
hypovascularity are the pathological hallmarks of pancreatic
tumors [65]. One study found that UPAR is highly expressed
in tumor and stroma cells [66, 67]. Thus, UPAR may have
very broad application prospects in PC molecular imaging
research.

Additionally, some protein markers have newly been dis-
covered. CEACAM-1 [68, 69], CEACAM-6 [70–72], CD133
[73–75], S100A4 [76–80], and midkine [81] have been shown
to be biomarkers that are also expressed in PC and are
significantly associated with invasion and metastasis in PC

and PC prognosis. Therefore, these markers also have the
potential to become the imaging and therapy targets for PC.

3.2. RelatedmiRNA for PC. Currently, more than 20miRNAs
have been proven to be associated with PC [82]. miRNA-21
has been considered to be the miRNAmost closely related to
cell proliferation, metastatic ability, and poor overall survival
[83–86]. Moreover, miRNA-21 has been demonstrated to be
significantly overexpressed in both PC cell lines and tissues
relative to normal pancreatic tissue [87]. Additionally, some
other miRNAs (130b [88, 89], 196a [90, 91], 92a [92, 93], 198
[94], 221 [95, 96], 23b [97], and 29a [98]) have also been
shown to have important roles in PC. In a recent study,
Nagano et al. [99] established 7 miRNA-based biomarker
models (miR-20a, miR-21, miR-24, miR-25, miR-99a, miR-
185, and miR-191) for PDAC diagnosis and found that these
biomarkers exhibited high sensitivity and specificity in the
discrimination of PC and chronic pancreatitis patients (AUC
= 0.993).Therefore, the identification of themiRNAs suggests
that they can also be used as potential tools for the screening
of early-stage PC.

3.3. Genes Related to PC. Currently, many differentially
expressed genes related to signal transduction are known
to play roles in the development of PC that include the
stimulation of protooncogenes, such as K-ras [100, 101], HER-
2/neu [102, 103], and BRCA [104, 105], and the inactivation of
tumor suppressor genes, such as SMAD4 [106], APC [107],
P53 [108, 109], and CDKN2A [110, 111]. The associated genes
that have been identified as being involved in these processes
have potential as imaging markers for PC.

Although, at present, a wide variety of tumor markers
have been associated with PC, these markers cannot fully
meet the requirements of imaging targets of PC, primarily
because the sensitivity, specificity, and expression quantities
are not homogenous. Nonetheless, additional exploration
and in-depth study are needed to select the appropriate
molecular imaging targets for PC.

4. MR Target Molecular Imaging for PC

In the MR molecular imaging of PC, the key step is the
preparation of the appropriate targeted molecular probes
for MRI. First, an MRI molecular probe must have high
specificity which can distinguish the PC from the surround-
ing tissues. Second, an MRI molecular probe must exhibit
a high sensitivity for identifying the subtle changes in the
early stage of PC (Figure 1). Additionally, an MRI molecular
probe must also exhibit excellent biological compatibility
that can overcome a variety of physiological barriers in
the body and minimize side effects to the greatest possible
extent (Figure 2). Thus, the selection of imaging probes with
the above-mentioned characteristics is the primary focus
and most difficult aspect of the research field of MR target
molecular imaging.

4.1. Molecular Imaging Probes Targeting the Muc Protein. In
2006,Medarova et al. [112] prepared a dual-modality imaging
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EGFR: targeted ScFvEGFR (single-chain epidermal 
growth factor receptor) [114]

UPAR: targeted ATF peptide [116, 117]

Plectin1: targeted PTP peptide [110, 111]

CXCR-4: targeted anti-human CXCR-4 monoclonal 
antibody [113]

Muc-4: targeted Muc-4 antibody [109]
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Survivin gene: targeted ASODN (5󳰀-COOH-

CXCR-4, and
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Figure 1: As PC progresses from PanINs to PDAC, each stage is well characterized by multiple molecular alternations. However, the
identification of specific lesions using uniquemolecularmarkers as early as possible throughmolecular imagingwill lead to the early detection
of this deadly disease. The right illustrates the target materials that correspond to different PC biomarkers.
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Figure 2: Targeted molecular MRI probes for the early diagnosis of pancreatic cancer (PC). Superparamagnetic iron oxide (SPIO) or
paramagnetic metal complexes (Gd- or Mn-based 𝑇

1
contrast agents) are loaded in biocompatible nanoparticles that molecularly target

the surface and are suitable at the nanoscale levels (d = 10∼100 nm). The nanocomposites can reach the tumor tissue through tumor blood
vessel clearance and target and bind tumor cells to alter the signal intensity of the tumor tissue on MRI.
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probe that specifically targeted the underglycosylatedmucin-
1 tumor-specific antigen (uMuc-1).This probe is comprised of
cross-linked superparamagnetic iron oxide (CLIO) nanopar-
ticles and peptides (EPPT) that specifically recognize uMuc-
1, which is attached to the nanoparticles’ dextran coats.
After the injection of CLIO-EPPT in orthotopic pancreatic
cancer mice, the average 𝑇

2
relaxation rate of the PC tissues

significantly decreased, whereas that of themuscle tissues was
unaffected. These authors concluded that the CLIO-EPPT
contrast agent could be targeted to PC tissues and result in
dramatic signal changes, and related iron oxides are already
in clinical use [113]. In the mucin family, another membrane-
bound mucin gene, Muc-4, is expressed at a high level in
PC and has not yet been found in chronic pancreatitis or
normal pancreatic tissues [114]. Wu et al. [115] developed
the Muc-4-targeting SPIO contrast agent MnMEIO-silane-
NH
2
-(Muc-4)-mPEG NPs, which exhibited better negative

contrast enhancement and did not interfere with the MR
images. In animal experiments, a 𝑇

2
-weighted MR study

revealed that this novel contrast agent could specifically
and effectively target mucin-4-expressing pancreatic tumors
in nude mice. In the 𝑇

2
-weighted imaging study by these

authors, they demonstrated that the intensity of negative
contrast enhancement was marked in the HPAC tumor cells
in which Muc-4 was expressed at a high level compared
with the Panc-1 tumor cells, which exhibited significantly
lower negative contrast enhancement due to lower Muc-4
expression.

4.2.TheMolecular Imaging Probe Targeting Plectin1. Plectin1
exhibits distinct cytoplasmic and nuclear localization in
normal fibroblasts but exhibits aberrant expression on the cell
membrane in pancreatic ductal adenocarcinoma (PDAC).
In one study [116], Plectin1 targeted peptides (PTP) were
conjugated to the surface of magnetofluorescent nanopar-
ticles, and the results revealed that the targeted imaging
agent PTP-NP permitted imaging of PDAC against the
background of normal and ductal metaplasia of the pancreas.
In intravital MRI, these nanoparticles enabled the detection
of small PDACs and precursor lesions in engineered mouse
models that exhibited a reduction in MR signal in the
PDAC regions. Furthermore, the results were confirmed by
histological analysis, and fluorescence microscopy indicated
that the loss of signal associated with PTP-NP uptake
occurred primarily in the regions of PDAC and not in the
normal regions or regions of ductal metaplasia. In another
study, Wang et al. [117] developed the novel targeted imag-
ing contrast agent dyeBSA⋅SPIONs-mAb. Panc-1 cell MR
scanning was performed following incubation with Plec-1-
targeted dyeBSA⋅SPIONs-mAb.This study demonstrated that
a significant reduction in 𝑇

2
reduction occurred compared

with the nontargeted dyeBSA⋅SPIONs group at the same
concentration. These studies that reported the development
of a specific imaging probe and the discovery of Plectin1 as a
novel biomarker may have clinical utility in the diagnosis of
PDAC in humans.

4.3. The Molecular Imaging Probe Targeting the Survivin
Gene. More recently, the survivin gene, which is a potential

marker of PC, has been regarded as a targeting gene,
and chitosan-coated magnetic iron oxide particles (MNPs)
have been regarded as imaging probes for the detection of
PC [19]. Chitosan-coated MNPs (cs@MNPs) and antisense
oligodeoxynucleotides of the survivin gene were conjugated
toMNPs to produce Sur-MNPs.Themagnetic resonance sig-
nal intensities of the pancreatic cells labeled with cs@MNPs,
MNPs, and Sur-MNPs were compared on 𝑇

2
-weighted

images. Ultimately, these authors found that the Sur-MNPs
exhibited a proper size, high stability, not cytotoxicity, and
gooddispersion comparedwith the others.More importantly,
the Sur-MNPs did not accumulate in healthy lung fibroblast
cells (in the control group) but were taken up by BxPC-3
cells (expressing the survivin gene) and exhibited low signal
due to the 𝑇

2
-weighted effect. Thus, our research not only

demonstrated that the survivin gene of PC was detectable
by Sur-MNPs but also indicated that Sur-MNPs may become
good negative molecular contrast agents in the diagnosis of
PC. Further studies evaluating the selective uptake of Sur-
MNPs in PC xenografts in vivo are extremely urgent.

4.4.TheMolecular Imaging Probe Targeting CXCR-4. In 2012,
He et al. [118] reported a study of the anti-CXCR-4 mono-
clonal antibody conjugated to ultrasmall superparamagnetic
iron oxide nanoparticles (CXCR-4-USPIO) in an application
of MR molecular imaging of PC cells. The results indicated
that the CXCR-4-USPIO group not only exhibited lower
𝑇
2
values compared with the BSA-USPIO group but also

exhibited a high affinity with the PC cells according to the
MR imaging. Additionally, the𝑇

2
enhancement ratio andΔ𝑅2

values of the CXCR-4-USPIO nanoparticles were useful for
semiquantitatively assessing the cellular CXCR-4 expression
levels. However, the defect of this study was the lack of an
orthotopic human pancreatic cancer xenograft animal model
to evaluate the in vivo contrast enhancement imaging efficacy
of the CXCR-4-USPIO probe, and this issue will be our
research direction in the future.

4.5. The Molecular Imaging Probe Targeting EGFR. EGFR
is a member of the HER family. In a recent study [119],
single-chain epidermal growth factor receptor antibody-
(ScFvEGFR-) conjugated quantum dots (QDs) or magnetic
iron oxide (IO) nanoparticles were used for tumor target
imaging in vivo. This study revealed that the uptake of
targeted IO nanoparticles selectively occurred in PC cells, a
finding confirmed by positive Prussian blue staining results,
whereas the normal pancreatic ductal epithelial cells and
other normal cell types were negative for this staining. In
an in vivo experiment, after the EGFR-targeted MRI of
human pancreatic cancer orthotopically implanted into the
pancreas of nude mice, it was shown that the ScFvEGFR-IO
nanoparticles selectively accumulated within the pancreatic
tumors in 𝑇

2
-weighted fast spin echo imaging, as evidenced

by a decrease in the MRI signal in the area of the tumor.
In a similar study [120], Yang et al. conjugated ScFvEGFR
fragments with magnetic iron oxide (IO) NPs to obtain
ScFvEGFR-IOs and investigated their binding and internal-
ization by EGFR-expressing cancer cells. Using the MRI
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technique, these investigators demonstrated that ScFvEGFR-
IO specifically bound to and was internalized by EGFR-
expressing cancer cells. Additionally, the use of ScFvEGFR-IO
as a molecular imaging agent was demonstrated with MRI in
an orthotropic human pancreatic cancer mouse xenografted
model.

4.6. The Molecular Imaging Probe Targeting UPAR. More
recently, attempts have beenmade to identify potential imag-
ing probes for the active targeting of the pancreatic stroma.
UPAR is a biomarker of PC that is highly expressed in tumor
and stroma cells, and the active retention of these nanoparti-
cles is increased in many target cells in tumormasses. Yang et
al. [121] designed a dual mode of molecularly targeted agents
that involved Fe

2
O
3
nanoparticles conjugated with near-

infrared dyes and uPA at the same times. The MR imaging
results indicate that the systemic delivery of the UPAR-
targeted nanoparticles led to their selective accumulation in
the orthotopically xenografted human PC tumors in nude
mice, and MRI signal reduction was detected in the UPAR-
expressing cells. The probe binds to and is subsequently
internalized by UPAR-expressing tumor cells and tumor-
associated stroma cells. In 2013, Lee et al. [122] engineered
urokinase plasminogen activator receptor- (UPAR-) targeted
magnetic iron oxide nanoparticles (IONPs) that carry the
chemotherapy drug gemcitabine (Gem) for targeted delivery
into UPAR-expressing tumor and stroma cells in MRI. The
results revealed that UPAR can act not only as the imaging
probe but also as the therapy carrier for PC.

4.7. The Molecular Imaging Probe Targeting Some Antibod-
ies and Receptors. Pirollo et al. [123] designed a tumor-
targeting, liposomal nanodelivery platform to improve the
early detection of tumors with MRI. These authors used Gd-
DTPA in an anti-transferring receptor single-chain antibody
(TfRscFv) liposomal complex and injected this complex
into an animal model of PC. The results revealed that this
compound significantly increased the signal of the lesion area
and improved the contrast between the lesion and normal
tissues, which aided the localization and qualitative diagnosis
of PC. In 2006, Montet et al. [124] designed a nanoparticle-
conjugate targeted to the bombesin (BN) receptors present
on the normal acinar cells of the pancreas. In this study, the
authors found that the BN-CLIO nanoparticles decreased the
𝑇
2
signal of the normal pancreas and enhanced the ability to

visualize the tumor on MRI in a model of pancreatic cancer.
Additionally, some contrast agents, such as the GO-IONP,
exhibited powerful abilities for the dual-modality mapping of
the regional lymphatic system by MRI [125].

5. Summary

MR molecular imaging appears to be a promising imaging
modality for the early detection of PC.This imagingmodality
also facilitates the study of the pathological changes associ-
ated with PC at the molecular and cellular levels. Regarding
this topic, we summarize the applications of MR molecular
imaging in the diagnosis of PC. As a noninvasive, target-
specific imaging modality, MR molecular imaging can not

only improve the early detection of PC but also be modified
for the targeted selectivity of tumor cells to increase imaging
resolution. At present, many studies have conducted in vivo
experiments and provided evidence of the feasibility of these
targeted contrast agents. However, there are still some studies
that have not conducted in vivo experiments. Therefore, this
issue is worthy of extensive research because these issues have
great significance for targetedmolecular imaging and therapy
of PC. Currently, the research related to the MR molecular
imaging of PC is still in its infancy phase; however, in view
of the existing achievement, we believe that these studies will
have a far-reaching influence on the diagnosis and treatment
of PC.
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[9] Y.-X. J. Wáng, Y. Choi, Z. Chen, S. Laurent, and S. L. Gibbs,
“Molecular imaging: from bench to clinic,” BioMed Research
International, vol. 2014, Article ID 357258, 3 pages, 2014.

[10] M. Hoehn, U. Himmelreich, K. Kruttwig, and D. Wiedermann,
“Molecular and cellular MR imaging: potentials and challenges



BioMed Research International 7

for neurological applications,” Journal of Magnetic Resonance
Imaging, vol. 27, no. 5, pp. 941–954, 2008.

[11] C.-H. Tung, “Colorful lighting in the operating room,” Quanti-
tative Imaging inMedicine and Surgery, vol. 3, no. 4, pp. 186–188,
2013.

[12] C. Zhang, M. Jugold, E. C. Woenne et al., “Specific targeting of
tumor angiogenesis by RGD-conjugated ultrasmall superpara-
magnetic iron oxide particles using a clinical 1.5-T magnetic
resonance scanner,” Cancer Research, vol. 67, no. 4, pp. 1555–
1562, 2007.

[13] T. A. Yap, D. Olmos, L. R. Molife, and J. S. de Bono, “Targeting
the insulin-like growth factor signaling pathway: figitumumab
and other novel anticancer strategies,” Expert Opinion on
Investigational Drugs, vol. 20, no. 9, pp. 1293–1304, 2011.

[14] A. Bumb,M.W.Brechbiel, andP.Choyke, “Macromolecular and
dendrimer-based magnetic resonance contrast agents,” Acta
Radiologica, vol. 51, no. 7, pp. 751–767, 2010.

[15] T. Chopra, K. Kandukurti, S. Shah, R. Ahmed, and M. Panesar,
“Understanding nephrogenic systemic fibrosis,” International
Journal of Nephrology, vol. 2012, Article ID 912189, 14 pages,
2012.

[16] T. Chopra, K. Kandukurti, S. Shah, R. Ahmed, and M. Panesar,
“Understanding nephrogenic systemic fibrosis,” International
Journal of Nephrology, vol. 2012, Article ID 912189, 4 pages, 2012.

[17] D. A. Kedziorek and D. L. Kraitchman, “Superparamagnetic
iron oxide labeling of stem cells forMRI tracking and delivery in
cardiovascular disease,”Methods in Molecular Biology, vol. 660,
pp. 171–183, 2010.

[18] N. Nasongkla, E. Bey, J. Ren et al., “Multifunctional polymeric
micelles as cancer-targeted, MRI-ultrasensitive drug delivery
systems,” Nano Letters, vol. 6, no. 11, pp. 2427–2430, 2006.

[19] M. Tong, F. Xiong, Y. Shi et al., “In vitro study of SPIO-labeled
human pancreatic cancer cell line BxPC-3,” Contrast Media and
Molecular Imaging, vol. 8, no. 2, pp. 101–107, 2013.

[20] A. Figuerola, R. Di Corato, L. Manna, and T. Pellegrino, “From
iron oxide nanoparticles towards advanced iron-based inor-
ganic materials designed for biomedical applications,” Pharma-
cological Research, vol. 62, no. 2, pp. 126–143, 2010.

[21] A. K. Gupta, R. R. Naregalkar, V. D. Vaidya, and M.
Gupta, “Recent advances on surface engineering of magnetic
iron oxide nanoparticles and their biomedical applications,”
Nanomedicine, vol. 2, no. 1, pp. 23–39, 2007.

[22] N. K. Banda, G. Mehta, Y. Chao et al., “Mechanisms of
complement activation by dextran-coated superparamagnetic
iron oxide (SPIO) nanoworms in mouse versus human serum,”
Particle and Fibre Toxicology, vol. 11, no. 1, article 64, 2014.

[23] A. S. Arbab, L. B. Wilson, P. Ashari, E. K. Jordan, B. K. Lewis,
and J. A. Frank, “A model of lysosomal metabolism of dextran
coated superparamagnetic iron oxide (SPIO) nanoparticles:
implications for cellular magnetic resonance imaging,” NMR in
Biomedicine, vol. 18, no. 6, pp. 383–389, 2005.

[24] Y.-H. Lien and T.-M. Wu, “Preparation and characterization of
thermosensitive polymers grafted onto silica-coated iron oxide
nanoparticles,” Journal of Colloid and Interface Science, vol. 326,
no. 2, pp. 517–521, 2008.

[25] F. Momenbeik and E. Yazdani, “Application of methyl silane
coated iron oxide magnetic nanoparticles for solid-phase
extraction and determination of fat-soluble vitamins by high
performance liquid chromatography,” Journal of AOAC Interna-
tional, vol. 98, no. 2, pp. 336–344, 2015.

[26] I. Tsiapa, E. K. Efthimiadou, E. Fragogeorgi et al., “(99m)Tc-
labeled aminosilane-coated iron oxide nanoparticles for molec-
ular imaging of 𝛼V𝛽3-mediated tumor expression and feasibility
for hyperthermia treatment,” Journal of Colloid and Interface
Science, vol. 433, pp. 163–175, 2014.

[27] S. Xue, Y. Wang, M. Wang et al., “Iodinated oil-loaded,
fluorescent mesoporous silica-coated iron oxide nanopar-
ticles for magnetic resonance imaging/computed tomogra-
phy/fluorescence trimodal imaging,” International Journal of
Nanomedicine, vol. 9, no. 1, pp. 2527–2538, 2014.

[28] D. Couto, M. Freitas, G. Porto et al., “Polyacrylic acid-coated
and non-coated iron oxide nanoparticles induce cytokine acti-
vation in humanblood cells throughTAK1, p38MAPKand JNK
pro-inflammatory pathways,”Archives of Toxicology, vol. 89, no.
10, pp. 1759–1769, 2015.

[29] D. Couto, R. Sousa, L. Andrade et al., “Polyacrylic acid coated
and non-coated iron oxide nanoparticles are not genotoxic to
human T lymphocytes,” Toxicology Letters, vol. 234, no. 2, pp.
67–73, 2015.

[30] R. Borny, T. Lechleitner, T. Schmiedinger et al., “Nucleophilic
cross-linked, dextran coated iron oxide nanoparticles as basis
for molecular imaging: synthesis, characterization, visualiza-
tion and comparison with previous product,” Contrast Media
and Molecular Imaging, vol. 10, no. 1, pp. 18–27, 2015.

[31] D. Barbaro, L. Di Bari, V. Gandin et al., “Glucose-coated
superparamagnetic iron oxide nanoparticles prepared by metal
vapour synthesis are electively internalized in a pancreatic
adenocarcinoma cell line expressing GLUT1 transporter,” PLOS
ONE, vol. 10, no. 4, Article ID e0123159, 2015.

[32] M.Wu, D. Zhang, Y. Zeng, L.Wu, X. Liu, and J. Liu, “Nanoclus-
ter of superparamagnetic iron oxide nanoparticles coated with
poly (dopamine) for magnetic field-targeting, highly sensitive
MRI and photothermal cancer therapy,” Nanotechnology, vol.
26, no. 11, Article ID 115102, 2015.

[33] K. C.-F. Leung, C.-H. Wong, X.-M. Zhu et al., “Ternary hybrid
nanocomposites for gene delivery and magnetic resonance
imaging of hepatocellular carcinoma cells,” Quantitative Imag-
ing in Medicine and Surgery, vol. 3, no. 6, pp. 302–307, 2013.

[34] K. C.-F. Leung, C.-P. Chak, S.-F. Lee et al., “Enhanced cellular
uptake and gene delivery of glioblastoma with deferoxamine-
coated nanoparticle/plasmid DNA/branched polyethylenimine
composites,” Chemical Communications, vol. 49, no. 6, pp. 549–
551, 2013.

[35] K. C.-F. Leung, C.-P. Chak, S.-F. Lee et al., “Increased efficacies
in magnetofection and gene delivery to hepatocellular carci-
noma cells with ternary organic-inorganic hybrid nanocompos-
ites,” Chemistry, vol. 8, no. 8, pp. 1760–1764, 2013.

[36] A. Bertin, J. Steibel, A.-I. Michou-Gallani, J.-L. Gallani, and
D. Felder-Flesch, “Development of a dendritic manganese-en-
hanced magnetic resonance imaging (MEMRI) contrast agent:
synthesis, toxicity (in vitro) and relaxivity (in vitro, in vivo)
studies,” Bioconjugate Chemistry, vol. 20, no. 4, pp. 760–767,
2009.

[37] E. Unger, T. Fritz, DeKang Shen, andG.Wu, “Manganese-based
liposomes. Comparative approaches,” Investigative Radiology,
vol. 28, no. 10, pp. 933–938, 1993.

[38] M. Goggins, “Molecular markers of early pancreatic cancer,”
Journal of Clinical Oncology, vol. 23, no. 20, pp. 4524–4531, 2005.

[39] S. Chakraborty, M. J. Baine, A. R. Sasson, and S. K. Batra,
“Current status of molecular markers for early detection of
sporadic pancreatic cancer,” Biochimica et Biophysica Acta, vol.
1815, no. 1, pp. 44–64, 2011.



8 BioMed Research International

[40] M. J. Duffy, C. Sturgeon, R. Lamerz et al., “Tumor markers
in pancreatic cancer: a European Group on Tumor Markers
(EGTM) status report,” Annals of Oncology, vol. 21, no. 3, pp.
441–447, 2010.

[41] J.-E. Kim, K. T. Lee, J. K. Lee, S. W. Paik, J. C. Rhee, and
K. W. Choi, “Clinical usefulness of carbohydrate antigen 19-9
as a screening test for pancreatic cancer in an asymptomatic
population,” Journal of Gastroenterology andHepatology, vol. 19,
no. 2, pp. 182–186, 2004.

[42] L. D. Roy, M. Sahraei, D. B. Subramani et al., “MUC1 enhances
invasiveness of pancreatic cancer cells by inducing epithelial to
mesenchymal transition,” Oncogene, vol. 30, no. 12, pp. 1449–
1459, 2011.

[43] N. V. Chaika, T. Gebregiworgis, M. E. Lewallen et al., “MUC1
mucin stabilizes and activates hypoxia-inducible factor 1 alpha
to regulate metabolism in pancreatic cancer,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 109, no. 34, pp. 13787–13792, 2012.

[44] M. Sahraei, L. D. Roy, J. M. Curry et al., “MUC1 regulates
PDGFA expression during pancreatic cancer progression,”
Oncogene, vol. 31, no. 47, pp. 4935–4945, 2012.

[45] D. V. Gold, D. E.Modrak, Z. Ying, T.M. Cardillo, R.M. Sharkey,
and D. M. Goldenberg, “New MUC1 serum immunoassay
differentiates pancreatic cancer from pancreatitis,” Journal of
Clinical Oncology, vol. 24, no. 2, pp. 252–258, 2006.

[46] T. L. Tinder, D. B. Subramani, G.D. Basu et al., “MUC1 enhances
tumor progression and contributes toward immunosuppression
in a mouse model of spontaneous pancreatic adenocarcinoma,”
The Journal of Immunology, vol. 181, no. 5, pp. 3116–3125, 2008.

[47] M.Osako, S. Yonezawa, B. Siddiki et al., “Immunohistochemical
study of mucin carbohydrates and core proteins in human
pancreatic tumors,” Cancer, vol. 71, no. 7, pp. 2191–2199, 1993.

[48] D. V. Gold, Z. Karanjawala, D. E. Modrak, D. M. Goldenberg,
and R. H. Hruban, “PAM4-reactive MUC1 is a biomarker for
early pancreatic adenocarcinoma,” Clinical Cancer Research,
vol. 13, no. 24, pp. 7380–7387, 2007.

[49] J. Y. Park, Y. Hiroshima, J. Y. Lee et al., “MUC1 selectively targets
human pancreatic cancer in orthotopic nude mouse models,”
PLoS ONE, vol. 10, no. 3, Article ID e0122100, 2015.

[50] J. M. Curry, K. J. Thompson, S. G. Rao et al., “The use of a novel
MUC1 antibody to identify cancer stem cells and circulating
MUC1 in mice and patients with pancreatic cancer,” Journal of
Surgical Oncology, vol. 107, no. 7, pp. 713–722, 2013.

[51] P. R. Konkalmatt, D. Deng, S. Thomas et al., “Plectin-1 targeted
AAV vector for the molecular imaging of pancreatic cancer,”
Frontiers in Oncology, vol. 3, article 84, 2013.

[52] Y.-Q. Ren, H.-Y. Zhang, T. Su, X.-H. Wang, and L. Zhang,
“Clinical significance of serum survivin in patients with pancre-
atic ductal adenocarcinoma,” European Review for Medical and
Pharmacological Sciences, vol. 18, no. 20, pp. 3063–3068, 2014.

[53] H. Dong, D. Qian, Y. Wang et al., “Survivin expression and
serum levels in pancreatic cancer,” World Journal of Surgical
Oncology, vol. 13, no. 1, article 189, 2015.

[54] B. Shen, M.-Q. Zheng, J.-W. Lu, Q. Jiang, T.-H.Wang, and X.-E.
Huang, “CXCL12-CXCR4 promotes proliferation and invasion
of pancreatic cancer cells,” Asian Pacific Journal of Cancer
Prevention, vol. 14, no. 9, pp. 5403–5408, 2013.

[55] W. Zhong,W.Chen,D. Zhang et al., “CXCL12/CXCR4 axis plays
pivotal roles in the organ-specific metastasis of pancreatic ade-
nocarcinoma: a clinical study,” Experimental and Therapeutic
Medicine, vol. 4, no. 3, pp. 363–369, 2012.

[56] Y.-M. Jiang, G. Li, B.-C. Sun, X.-L. Zhao, and Z.-K. Zhou, “Study
on the relationship between CXCR4 expression and perineural
invasion in pancreatic cancer,” Asian Pacific Journal of Cancer
Prevention, vol. 15, no. 12, pp. 4893–4896, 2014.

[57] M. Shakir, D. Tang, H. J. Zeh et al., “The chemokine recep-
tors CXCR4/CXCR7 and their primary heterodimeric ligands
CXCL12 and CXCL12/high mobility group box 1 in pancreatic
cancer growth and development,” Pancreas, vol. 44, no. 4, pp.
528–534, 2015.

[58] Q. Xu, Z. Wang, X. Chen et al., “Stromal-derived factor-
1𝛼/CXCL12-CXCR4 chemotactic pathway promotes perineural
invasion in pancreatic cancer,”Oncotarget, vol. 6, no. 7, pp. 4717–
4732, 2015.
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