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ABSTRACT: Development of novel imaging probes for
cancer diagnostics remains critical for early detection of
disease, yet most imaging agents are hindered by suboptimal
tumor accumulation. To overcome these limitations, research-
ers have adapted antibodies for imaging purposes. As
cancerous malignancies express atypical patterns of cell surface
proteins in comparison to noncancerous tissues, novel
antibody-based imaging agents can be constructed to target
individual cancer cells or surrounding vasculature. Using
molecular imaging techniques, these agents may be utilized for
detection of malignancies and monitoring of therapeutic response. Currently, there are several imaging modalities commonly
employed for molecular imaging. These imaging modalities include positron emission tomography (PET), single-photon
emission computed tomography (SPECT), magnetic resonance (MR) imaging, optical imaging (fluorescence and
bioluminescence), and photoacoustic (PA) imaging. While antibody-based imaging agents may be employed for a broad
range of diseases, this review focuses on the molecular imaging of pancreatic cancer, as there are limited resources for imaging
and treatment of pancreatic malignancies. Additionally, pancreatic cancer remains the most lethal cancer with an overall 5-year
survival rate of approximately 7%, despite significant advances in the imaging and treatment of many other cancers. In this review,
we discuss recent advances in molecular imaging of pancreatic cancer using antibody-based imaging agents. This task is
accomplished by summarizing the current progress in each type of molecular imaging modality described above. Also, several
considerations for designing and synthesizing novel antibody-based imaging agents are discussed. Lastly, the future directions of
antibody-based imaging agents are discussed, emphasizing the potential applications for personalized medicine.
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1. INTRODUCTION

Despite significant advances in early detection and treatment of
many malignancies, pancreatic cancer remains the most lethal
form of cancer with an overall 5-year survival rate of
approximately 7%.1 This dismal survival rate is attributed to
several factors, including the lack of effective treatment
regimens and inefficient screening technologies for detecting
the disease during early stages. However, the overall 5-year
survival rate is significantly improved (26%) for patients
diagnosed during initial disease stages, when the primary tumor
is localized with no metastatic lesions.1 In addition to inefficient
screening techniques, treatment of pancreatic cancer remains
elusive as these highly heterogeneous and aggressive tumors
swiftly develop resistance to available chemotherapeutics and
radiation therapy.2 While surgical resection offers the best
survival rate and only potential cure, only 15−20% of patients
are candidates for surgical intervention at the time of
diagnosis.2 For patients presenting with advanced stage disease,
treatment options are limited to chemotherapy and radiation
therapy, both minimally effective.

In 2015, an estimated 48,960 patients will be diagnosed with
pancreatic cancer in the United States, along with 40,560
attributed deaths.1 For comparison, pancreatic cancer is the
fourth leading cause of cancer-related death worldwide, yet the
Pancreatic Cancer Action Network predicts that pancreatic
malignancies will become the second leading cause of cancer-
related death by 2020.3 Most patients are asymptomatic during
initial disease stages, attributing to the high percentage of
patients diagnosed with advanced disease.4 Currently, there is
active research in discovering novel methods for enhancing the
early detection of pancreatic malignancies, yet no reliable tools
exist at this time. Screening of high-risk patients (e.g., cigarette
smokers, family history of pancreatic cancer, personal history of
chronic pancreatitis) could potentially lower the number of late
diagnoses, yet high cost and limited known risk factors have
hindered this approach.5,6 The purpose of this review article is
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to examine the recent advancements in molecular imaging of
pancreatic cancer for early disease detection and therapeutic
monitoring with antibody-based imaging agents.

2. ANTIBODIES FOR CANCER IMAGING
Effective imaging techniques facilitate early detection of
malignancies and allow for noninvasive monitoring of
therapeutic response in real time. Both early detection and
therapeutic surveillance are essential for improving patient
survival. Thus, there is a dire need for novel imaging contrast
agents in the clinic. Researchers have applied several strategies
for the development of new imaging agents, effectively targeting
tumor tissue using small proteins, peptides, viruses, and
antibodies, among other targeting entities.7 Historically, the
first radiolabeled antibody utilized for cancer imaging was
approved by the FDA in 1993 for imaging of prostate cancer.8

Highly specific imaging contrast agents are required for
noninvasive visualization of biomolecular processes through
molecular imaging. Traditionally, ex vivo and in vitro techniques
have been utilized for assessing protein expression, yet
molecular imaging can provide similar details without requiring
animal euthanasia or complex cell-based studies.9 While
researchers have designed hundreds of imaging contrast agents
for both cancer diagnostics and therapeutic surveillance, many
of these novel probes are limited by suboptimal tumor
accumulation.10 Antibodies are employed to improve upon
these limitations as molecular imaging probes. There are several
properties that make antibodies suitable molecular imaging
probe candidates, including their high specificity for specific
antigens, potentially low immunogenicity, and high clinical
relevance. Currently, there are several FDA-approved ther-
apeutic antibodies for cancer treatment, and several other
antibody-based treatments are seeking approval.11 Also, anti-
bodies are less likely to cause the off-target toxicity often
associated with common chemotherapeutics, due to their high
specificity for the protein of interest.12

While full antibodies are commonly adapted as molecular
imaging probes, many studies have noted long blood circulation
times and slow tumor accumulation as limiting factors in their
potential clinical application.13 The serum half-life of different
immunoglobulin isotypes ranges from 2.5 days for IgE to 23
days for IgG in humans.14 For this reason, construction of
imaging probes using smaller antibody fragments (e.g., Fab′,
scFv, and F(ab′)2) has become common practice (Figure 1). In
addition, combinations of smaller antibody fragments have
been constructed for optimized pharmacokinetic profiles. These
include diabodies (divalent sc(Fv)2 or trivalent [sc(Fv)2]2),
minibodies that consists of two scFv fragments genetically
linked to a CH3 domain, and triabodies created through
genetically linking two scFv to an Fc fragment.15,16 Antibody
fragments often display enhanced pharmacokinetics profiles in
comparison to full antibodies, attributed to their shortened
serum half-life and faster tumor accumulation.17 A previous
study using a murine antibody clearly displayed the different
pharmacokinetic profiles of antibody fragments and full
antibodies.17 It was shown that Fab (0.2 days) cleared
circulation faster than F(ab′)2 (0.5 days), which were both
significantly faster than the whole antibody (8.5 days). In
humans, whole antibodies display circulation times ranging
from days to weeks, resulting in optimal tumor accumulation
between 2 and 5 days postinjection.18 While whole antibodies
normally result in higher tumor accumulation as compared to
fragmented antibodies, the time frame is not optimal for clinical

purposes, as nuclear imaging would require multiple patient
visits. In general, fragmented antibodies display shorter blood
circulation times with maximum tumor accumulation normally
occurring between 2 to 24 h.18,19 Lastly, several researchers
have investigated methods for improving the pharmacokinetics
of antibody-based imaging agents, including the development of
recombinant bispecific antibody fusion molecules. These
imaging agents contain an antibody fragment fused to a
protein (e.g., albumin) or two antibody fragments chemically
conjugated together. These antibody constructs can display
prolonged circulation times in vivo, increased accumulation in
tumor tissue, and potentially decreased immunogenicity.20

Several factors regarding the type of antibody (i.e.,
monoclonal, polyclonal, bispecific) and antibody class (i.e.,
IgG1, IgG2) should be considered before designing an antibody-
based imaging agent. Monoclonal antibodies are more
commonly employed as molecular imaging agents as they are
highly monospecific, recognizing a single epitope of an antigen.
In comparison, polyclonal antibodies are more rapidly
produced, yet lack the purity levels obtained with monoclonal
antibodies. Also, polyclonal antibodies do not meet the
regulatory guidelines set forth for human use.21 Several other
molecular constructs of antibodies are used to enhance the
pharmacokinetic properties of the antibodies in vivo, including
bispecific antibodies, tetrabodies, and diabodies.22 Also, the
class of antibody can alter its biodistribution and metabolism in
vivo.
Several characteristics must be considered when designing

novel antibody-based imaging agents. First, the antibody should
be human monoclonal or humanized to reduce possible
immunogenicity. This is accomplished through the transfer of
complementarity-determining region residues from the donor
mouse antibody to the human antibody template.23 The
binding properties of humanized antibodies are determined
through affinity measurements, competitive binding assays, and
biosensor analysis methods. Antibodies that fail to meet the
required binding properties are modified or eliminated, while
antibodies that display unaltered binding properties are
examined for their biological activity.23 Second, the antibody
should display optimal kinetic profiles for targeting and

Figure 1. Construction of an antibody-based molecular imaging probe
requires a contrast agent specific for the imaging modality. Full and
fragmented antibodies may be employed as targeting agents. Some
examples of antibody fragments include F(ab′)2, Fab, single-chain
variable fragment (ScFv), and nanobody (sdAb). Radioisotopes are
employed for positron emission tomography (PET) and single-photon
emission computed tomography (SPECT) imaging. Fluorescent dyes
and quantum dots are utilized for optical and photoacoustic (PA)
imaging. Magnetic (e.g., iron oxide) nanoparticles are commonly used
in magnetic resonance imaging (MRI).
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clearance. This may be achieved by using fragmented antibodies
or through enhanced neonatal Fc receptor (FcRn) binding.24

Also, the antibody should remain highly stable in serum.
Antibody stability is often modified through stability engineer-
ing of constant or variable domains and the addition of charged
fusion tags.25 Lastly, the antibody should be bivalent to assist in
tissue targeting and retention, if possible.26,27 While the
characteristics listed above specifically apply to antibody-
based imaging agents, there are several general considerations
applicable to designing any molecular imaging probe. Some
features of optimized molecular imaging probes include rapid
clearance from the blood to reduce background signal, high
tissue permeability, increased selectivity and specificity for
targeted tissues, fast clearance from nontargeted tissues, high
reproducibility for clinical purposes, and simple pharmacoki-
netic profiles to allow for quantitative modeling.28

In addition to antibodies, there are several other classes of
ligands commonly employed for targeting cancer. Some
examples include viruses, peptides, low molecular weight
proteins, and nanoparticles.29 For example, several cytokines
have been investigated as potential imaging agents, as they are
small and undergo rapid clearance from circulation.29 Also,
peptides and aptamers are commonly employed as targeting
ligands for imaging agents, yet glomerular transit and
proteolysis often limit their use in preclinical applications.30

Most other targeting ligands are constrained by lower binding
affinity and specificity, in comparison to antibodies. Lastly,
antibody-based imaging agents offer another advantage, as they
can be used to help deliver cytotoxic radionuclides to
malignancies.31

Currently, there are over 35 antibody-based treatment
options approved for use in various cancer types, with a
growth market around 20−30 billion dollars each year.32−34

The safety profiles of these antibodies have been evaluated at
pharmacological doses by the Food and Drug Administration
(FDA). For this reason, FDA-approved antibodies are expected
to function as suitable imaging agents, as doses required for
molecular imaging are much lower than therapeutic doses.

3. MOLECULAR IMAGING OF PANCREATIC CANCER
Molecular imaging is the noninvasive examination of the
cellular function and monitoring of molecular processes in vivo
using specialized imaging agents. Nuclear medicine evolved
during the late 1950s with a predominant shift from anatomical
imaging, using plain films and scintigraphy, to functional and
hybrid imaging modalities.35 For molecular imaging, specific
molecular pathways are targeted for visualization using
molecular imaging contrast agents. This allows for the
noninvasive characterization and monitoring of disease
progression, investigation of cellular processes occurring in
real time, assessment of drug/receptor interactions, and
evaluation of the biodistribution of various compounds.36

Also, molecular imaging may lessen the burden of identifying
patients that may benefit from specific antibody treatment
regimens, as invasive biopsies are currently used to identify
patients.
Molecular imaging requires the use of specialized imaging

contrast agents with enhanced targeting capabilities to ensure
optimal tissue contrast. There are two key components of
molecular imaging constructs, including a contrast agent for
visualization and a tissue-specific ligand for actively targeting
the tumor or diseased tissue of interest (Figure 1).37 The
composition of contrast agents vary based upon the imaging

modality, yet some common examples include positron-
emitting isotopes, fluorescent dyes, and various nanoparticle
platforms.9 In most situations, these imaging agents are targeted
to cell surface receptors upregulated in the disease of interest.
In this review, we discuss the molecular imaging of pancreatic
malignancies with antibody-based imaging constructs (e.g.,
radiolabeled antibodies, antibody-targeted nanoparticles, and
fluorescent-labeled antibodies).
There are several targets currently being explored for

targeting of pancreatic cancer. For example, mesothelin is a
membrane glycoprotein expressed in more than 90% of
pancreatic cancers.38 Also, cholecystokinin, gastrin, and
progastrin have also been shown to be expressed in more
than 90% of pancreatic cancers. PD-L1 is another target
recently explored for imaging purposes, as it is highly expressed
in pancreatic tumor cells and the microenvironment.39 Some
imaging agents have been targeted to signaling pathways in the
epithelial layer of pancreatic cancer, including the epidermal
growth factor receptor (EGFR) and insulin-like growth factor 1
receptor (IGF1R).38 Targeting to the tumor stroma has also
been accomplished through vascular endothelial growth factor
(VEGFR), cyclooxygenase-2 (COX-2), matrix metalloprotei-
nases (MMPs), and hedgehog signaling (through the tumor
suppressor patched and oncogenic protein smoothened).38

Other potential targets previously investigated in pancreatic
cancer include urokinase-type plasminogen activator receptor
(uPAR), Plectin-1, and MUC1.38,40 Several of these targets and
others will be discussed in more detail later in this section. For
more information regarding potential biological targets in
pancreatic cancer, readers are directed to more detailed reviews
on this topic.38,41

Imaging of pancreatic cancer is crucial for improving patient
survival, as most patients are diagnosed after the disease has
metastasized to other organs. While antibody-based imaging
agents may enhance early detection, their use in identifying
patients more likely to respond to certain therapeutics and
monitoring treatment response will significantly enhance the
current survival rate. Molecular imaging utilizes specialized
instrumentation for the diagnosis and therapeutic monitoring of
disease progression including PET, single photon emission
computed tomography (SPECT), MRI, optical imaging (e.g.,
bioluminescence and fluorescence), and photoacoustic (PA)
imaging (Figure 2).42 While this review focuses on detection of
pancreatic malignancies, these versatile imaging modalities are
commonly utilized for detection of most solid tumors and other
diseases.

3.1. PET Imaging of Pancreatic Cancer. In PET imaging,
the administered contrast agent is radiolabeled with an isotope
that decays by positron emission. PET detection is based on the
coincidence detection of two antiparallel 511 keV gamma
photons resulting from the positron−electron annihilation in
tissue. A tomographic reconstruction of all detected lines of
response is then performed to obtain an image of the three-
dimensional distribution of the tracer.43 PET imaging provides
high sensitivity and excellent tissue penetration, which allows
for quantitative detection of PET tracers in the picomolar
range.44 Several positron-emitting isotopes have been evaluated
as potential radiosynthons for imaging pancreatic malignancies,
including 15O, 11C, 18F, 61Cu, 64Cu, and 89Zr.45−48 PET tracers
are typically generated through covalent attachment of the
isotope to an electrophilic group present in the biological
molecule of interest, or via coordination with a suitable
chelator.
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Targeting of cell surface receptors upregulated in cancer
remains the most promising strategy for designing molecular
imaging probes. For example, Wang et al. constructed an
antibody targeting the cell surface protein, known as GRP78.49

Overexpression of GRP78 is linked to increased tumor growth,
rapid drug resistance, and the development of highly metastatic
disease. While GRP78 is overexpressed in most pancreatic
cancers, it is expressed at low levels in normal pancreatic tissue
and precancerous pancreatic lesions.50 The novel antibody
(MAb159) was conjugated to 64Cu using the chelator 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA).48

MAb159 was raised against the glucose-related immunoglobu-
lin heavy-chain binding protein (GRP78) and used for specific
targeting of GRP78-expressing BxPC-3 pancreatic subcuta-
neous xenograft tumors. Peak intratumoral accumulation of
18.3 ± 1.0% ID/g was obtained at 48 h postinjection (Figure
3), as shown by PET imaging (Figure 3A) and biodistribution
(Figure 3B). For comparison, nontargeted radiolabeled human
IgG was injected as control and displayed a tumor
accumulation of only 7.5 ± 0.7% ID/g (Figure 3C). Similar
upregulated proteins have been investigated as potential targets

for PET imaging of therapeutic response. For example,
mesothelin is a small glycoprotein highly expressed in the
majority of pancreatic adenocarcinomas, yet not expressed in
most precancerous lesions. Kobayashi et al. developed an anti-
mesothelin antibody (11-25) as a novel agent for PET imaging
of subcutaneous xenograft tumor-bearing mice with three
pancreatic cancer cell lines (BxPC-3high, CFPAC-1medium, and
PANC-1low), with varying levels of mesothelin expression.51

The mAb 11-25 was produced in hybridoma cells previously
generated by immunizing mice with a recombinant mesothelin
protein. Cell binding assays showed that DOTA-11-25 mAb
and the native antibody displayed similar antigen reactivity, and
PET imaging revealed that 64Cu-DOTA-11-25 mAb accumu-
lated higher in mesothelin-expressing BxPC-3 and CFPAC-1
subcutaneous xenograft tumors.

89Zr is a relatively new radionuclide that has been employed
for PET imaging of multiple cancers, as the isotope has become
widely accessible during the past decade with several available
chelating agents.52 This unique isotope was utilized by Sugyo et
al. to image the transferrin receptor in transferrin-positive
tumor-bearing mice using the monoclonal antibody TSP-A01.46

The antibody was radiolabeled with 89Zr, using p-isothiocya-
natobenzyl-desferrioxamine (DFO) as the chelator, and the
biodistribution and specificity were determined by PET. The
transferrin receptor-positive tumor subcutaneous xenograft
tumor model (MiaPaCa-2) was accurately identified using the
89Zr-labeled antibody with a peak uptake of 12.5 ± 2.3% ID/g
obtained at 2 days postinjection. This study demonstrated the
potential use of this imaging probe for selecting patients that
may benefit from anti-transferrin therapy. In addition, Sugyo et
al. employed 89Zr for imaging of CD147-expressing pancreatic
tumors in tumor-bearing mice using an antibody targeting
CD147 called 059-053.53 CD147, also called EMMPRIN, is an
immunoglobulin transmembrane protein highly expressed in
malignant pancreatic cancer and expressed at low levels in
precancerous lesions and pancreatitis.54 It is involved in
lymphocyte activation, induction of monocarboxylate trans-
porters, and induction of several metalloproteinases (MMPs).55

The antibody 059-053 was obtained from a large-scale human
antibody library constructed using phage-display and was
shown to inhibit the proliferation of pancreatic cancer cells.53

MiaPaCa-2 subcutaneous xenograft tumors, shown to highly
express CD147, displayed an uptake of 11.0 ± 1.3% ID/g at 24

Figure 2. Five molecular imaging modalities employed for cancer
screening and therapeutic monitoring include positron emission
tomography (PET), single-photon emission computed tomography
(SPECT), magnetic resonance (MR), optical, and photoacoustic (PA)
imaging. Reprinted with permission from refs 208−211. Copyright
2014 Macmillan Publishers Limited,208 2014 American Chemical
Society,209 2014 Macmillan Publishers Limited,210 and 2011 American
Society of Gene & Cell Therapy.211

Figure 3. PET imaging of GRP78 overexpression in pancreatic cancer xenograft model. (A) PET images were decay corrected, with 3 time points
shown at 1, 17, and 48 h postinjection of 64Cu-DOTA-MAb159 (targeting GRP78) or 64Cu-DOTA-IgG (control). (B) Biodistribution of 64Cu-
DOTA-MAb159 and 64Cu-DOTA-IgG, through direct tissue sampling, at 48 h postinjection. (C) PET quantification of 64Cu-DOTA-MAb159 and
64Cu-DOTA-IgG in major organs at three imaging time points (1, 17, and 48 h). Reprinted with permission from ref 49. Copyright 2015 Society of
Nuclear Medicine and Molecular Imagining, Inc.
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h postinjection, with a peak uptake of 16.9 ± 3.2% ID/g
occurring 6 days postinjection. Also, an orthotopic mouse
model of MiaPaCa-2 was established and displayed an uptake
of 8.6% ID/g at 6 days postinjection.
Antibodies are widely employed for the treatment of several

other types of cancer and diseases.56−59 These FDA-approved
antibodies are excellent candidates for molecular imaging as
they may be used for concurrent treatment and imaging of
disease. For example, Boyle et al. examined the potential
utilization of panitumumab, an FDA-approved human anti-
EGFR antibody, for imaging of patient-derived pancreatic
cancer xenograft and orthotopic tumors.60 Pancreatic cancer,
precancerous lesions, and chronic pancreatitis often overexpress
EGFR, making it a suitable marker for early disease detection
and therapeutic monitoring.61 To accomplish this task, F(ab′)2
fragments of panitumumab were produced through proteolytic
digestion, before labeling with 64Cu. At 48 h postinjection,
tumor uptake values of 64Cu-NOTA-panitumumab-F(ab′)2
were 12.0 ± 0.9% ID/g and 11.8 ± 0.9% ID/g in xenograft
and orthotopic tumor models, respectively.
In another study, Viola-Villegas et al. modified an antibody

targeting the tumor-associated cancer antigen 19-9 (CA19.9),
known as 5B1.62 The antibody 5B1 was previously generated
and characterized from blood lymphocytes of patients immu-
nized with the sLEa-KLH vaccine. In this study, 5B1 was
radiolabeled with 89Zr using DFO as the chelator and evaluated
for the detection and staging of pancreatic cancer.63 PET
imaging revealed that 89Zr-5B1 displayed significantly higher
uptake in orthotopically implanted BxPC-3 tumors in
comparison to 18F-FDG, with tumor uptake values of 30.7 ±
6.6% ID/g and 4.8 ± 1.3% ID/g, respectively, at 48 h
postinjection.62 Also, a diabody of anti-CA19.9 was engineered
by Girgis et al. from the variable regions of the monoclonal
murine antibody 116-NS-19-9 using the NS116.19.9 hybridoma
cell line.64 The diabody was radiolabeled with 124I, and tumor
uptake was compared between pancreatic subcutaneous
xenograft tumors expressing low (MiaPaCa-2 in right shoulder)
and high levels (Capan-2 or BxPC-3 in left shoulder) of
CA19.9. Since the long serum half-life of full antibodies can
potentially hinder the contrast between tumor and blood pools,
this study employed a smaller antibody fragment (∼55 kDa).
The diabody displayed enhanced tumor accumulation with
positive-to-negative tumor ratios of 11:1 and 6:1 for BxPC-2
and Capan-2 tumors at 20 h postinjection, respectively. Also,
there was 5-fold more radioactivity in the tumor as compared to
blood, which was adequate contrast for delineation between
tumor tissue and background. While CA19.9 is overexpressed
in pancreatic cancer and some precursor pancreatic lesions,
overexpression in non-neoplastic conditions, ranging from
benign obstructive jaundice to chronic pancreatitis, has limited
its use as a diagnostic imaging marker.65

Hong et al. utilized the upregulation of tissue factor in
pancreatic cancer as a potential target for molecular imaging.66

Tissue factor is a transmembrane glycoprotein that activates the
clotting cascade in nondiseased states, yet is known to cause
thrombosis, tumor growth, and angiogenesis in cancerous
tissue.67 Tissue factor can be targeted for early detection of
pancreatic lesions and monitoring of therapeutic response as it
is highly expressed in precancerous pancreatic lesions, including
77% of pancreatic intraepithelial neoplasias (PanINs).68

Targeting of tissue factor was accomplished using ALT-836, a
chimeric monoclonal antibody developed by Altor BioSciences,
which is currently in human clinical trials (NCT01325558). In

BxPC-3-derived subcutaneous xenograft tumor-bearing mice,
tumor accumulation of 64Cu-NOTA-ALT-836 reached a peak
of 16.5 ± 2.6% ID/g at 48 h postinjection. As stated by the
authors, this was the first utilization of molecular imaging for
visualizing tissue factor expression in vivo.
Carcinocinoembryonic antigen-related cell adhesion mole-

cule 6 (CEACAM-6) is a cell surface glycoprotein known to be
highly expressed in most cancers, thus researchers have adapted
this antibody as a potential imaging agent for therapeutic
monitoring.69,70 Several studies have demonstrated strong
correlations between high CEACAM-6 expression and
increased rates of tumor metastasis and drug resistance.71,72

Recently, Niu et al. exploited the overexpression of CEACAM-6
for molecular imaging of BxPC-3-derived subcutaneous
xenograft tumors by employing a full-length, heavy chain, and
single domain antibody radiolabeled with 64Cu-DOTA.73 The
heavy chain portion of the antibody was shown to be far
superior to both the whole antibody and single domain
antibody for imaging purposes, with higher tumor uptake and
lower liver uptake of the contrast agent. Similarly, the scFv-Fc
fragment of an antibody targeting (carcinoembryonic antigen)
CEA was investigated by Girgis et al. as a potential PET
imaging agent, since high expression of CEA was found in 84%
of human pancreatic cancer specimens.74 The fragmented
antibody displayed a significantly decreased serum half-life in
comparison to the full antibody at 27 h and 10 days,
respectively. Also, a tumor/blood ratio of 4.0 was achieved,
which is comparable to clinical studies and allowed for the clear
delineation of tumor boundaries.

3.2. SPECT Imaging of Pancreatic Cancer. While PET
imaging relies upon the detection of positron-emitting isotopes,
SPECT imaging detects single γ radiation using an array of
gamma cameras.75 Several 2-D projections of the patient are
acquired at multiple angles and later reconstructed using
tomographic reconstruction algorithms to form a 3-D image of
radiotracer biodistribution.76 While PET/CT imaging tech-
nologies in general offer superior resolution and quantitative
capabilities, SPECT/CT technologies are more accessible in the
clinic at a lower cost for patients.77 Also, there is a wider range
of approved radiotracers for SPECT imaging in comparison to
PET imaging. Some common gamma emitters employed for
SPECT imaging include 99mTc, 111In, 123I, and 201Tl.78−80

Availability of 99Mo/99mTc generators has significantly
improved the accessibility of SPECT in limited access areas
with no previous access to this imaging modality.81

Incorporation of CT with SPECT or PET imaging modalities
enhances disease detection by accounting for attenuation,
resolution effects, and motion artifacts.82,83 Several studies have
revealed synergistic improvements in disease detection and
treatment monitoring with combined imaging modalities, as
compared to single imaging techniques.84−86 Currently,
SPECT/CT is not commonly employed for detection of
pancreatic malignancies in the clinic, yet improved imaging
agents may promote its use in the future.
Recently, clinical imaging of mesothelin-expressing pancre-

atic cancer was monitored in six patients using an 111In-labeled
chimeric monoclonal antibody, known as amatuximab.87 The
antibody-based imaging probe, investigated in four patients
with malignant mesothelioma and two patients with pancreatic
adenocarcinoma, produced a tumor to background ratio ≥1.2,
sufficient for distinguishing between tumor and normal tissue.
Furthermore, this was the first clinical trial examining the safety
and biodistribution of 111In-amatuximab, and the imaging tracer
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displayed a favorable dosimetry profile and was tolerated well in
patients.
AXL receptor tyrosine kinase (RTK)-targeted antibodies

were evaluated by Leconet et al. as a potential treatment option
for pancreatic cancer.88,89AXL RTK is linked to increased
cellular proliferation and invasion of many cancers. Since AXL
RTK is highly expressed in 76% of pancreatic adenocarcinoma
patient samples, development of novel antibody-based therapies
targeting this receptor could significantly advance the treatment
of pancreatic malignancies. The inhibitory effects of these novel
antibodies were evaluated using SPECT/CT imaging with 125I-
labeled antibody in pancreatic subcutaneous and orthotopic
xenograft mouse models. Tumor growth and migration were
significantly hindered by the antibody in vitro, thus demonstrat-
ing that anti-human AXL antibodies could be used for
simultaneous imaging and immunotherapy of pancreatic
malignancies in the future.88

Ferritin is an iron storage protein targeted by Sabbah et al.
for concurrent imaging and treatment of pancreatic tumors.90

AMB8LK, an antibody targeting ferritin, was conjugated with
111In for SPECT/CT imaging using either DOTA or DTPA, as
the chelating agent. SPECT/CT imaging showed high uptake
of 111In-DTPA-AMB8LK in mice with CAPAN-1 subcutaneous
xenograft tumors, with 23.6 ± 3.9% ID/g at 72 h postinjection
(Figure 4). In comparison to 111In-DTPA-AMB8LK, 111In-

DOTA-AMB8LK accumulation peaked at 48 h postinjection
with 12.6 ± 3.9% ID/g (Figure 4).90 While it was shown in vitro
that 111In-DTPA-AMB8LK exhibited higher binding to ferritin
and cells expressing the antigen, in comparison to 111In-DOTA-
AMB8LK, the authors did not provide a reason why the
pharmacokinetics differed between DTPA- and DOTA-labeled
AMB8LK. Sawada et al. further explored the use of 111In for
targeting pancreatic malignancies using a murine/human
chimeric antibody.91 Nd2 is a murine IgG1 antibody produced
against the mucin fractions of SW1990-derived xenograft
tumors. Mucins function by limiting the activation of
inflammatory responses, and mucin inhibitors have been
shown to block the survival and tumorigenicity of human
cancers in mouse models.92 Several mucin proteins are
overexpressed in pancreatic cancers and precancerous pancre-
atic lesions.93 This study employed the mouse/human chimeric
construct of Nd2, known as c-Nd2, to investigate its imaging
and therapeutic potential in human pancreatic cancer. As
expected, specific uptake of c-Nd2 was detected 3 days
postinjection in 12 out of 14 patients, resulting in a sensitivity
of 85.7%. Also, c-Nd2 displayed low immunogenicity with no

cases of human antichimeric antibody (HACA) response in
patients, which is known to alter the pharmacokinetic profile of
antibodies.
In another study, claudin-4 was targeted by Foss et al. using

an antibody conjugated with 125I for SPECT/CT imaging,
which displayed optimal tumor accumulation 5 days post-
injection.94 Claudin-4 is a membrane protein located in the
tight junctions of cells and was shown to be overexpressed in
most pancreatic cancers and many precancerous pancreatic
lesions, making it a suitable biomarker for early disease
detection.95,96 Similarly, an antibody was constructed to
recognize and inhibit the adhesion of tumor cells to
extracellular matrix proteins, with the overall purpose of
inhibiting tumor growth.97,98 The 111In-DOTA radiolabeled
antibody (14C5), targeting αvβ5 integrin, displayed a tumor
uptake of 35.84 ± 8.64% ID/g at 48 h postinjection while being
investigated as a potential SPECT imaging agent in nude mice
with Capan-1-derived subcutaneous xenograft tumors.98

Immunoscintigraphy is an imaging modality similar to
SPECT, using a 2D planar gamma camera.99,100 While this
technique was widely employed before the advent of SPECT,
several studies have utilized immunoscintigraphy for imaging of
pancreatic malignancies using antibody-based imaging agents.
For example, an antibody targeting tumor-associated glyco-
protein-72 (TAG-72), named B72.3, was radiolabeled with 131I
for detection of subcutaneous xenografts of human pancreatic
carcinomas in nude mice.101 While previous studies showed
promising results, this study revealed the insufficient accumu-
lation of the antibody-based probe in tumor tissue. However, a
similar study successfully utilized a novel full and fragmented
antibody (A7) labeled with 125I and 99mTc for imaging of nude
mice bearing human pancreatic cancer subcutaneous xenograft
tumors.102,103 The ratio of radioactivity in tumor tissue, as
compared to blood, was significantly higher than that in normal
tissue, with the full antibody displaying higher tumor uptake as
compared to the antibody fragment.

3.3. MR Imaging of Pancreatic Cancer. Magnetic
resonance imaging (MRI) relies on the ability of the magnetic
dipoles of water protons to align under the influence of a strong
magnetic field.104 Briefly, when a strong magnetic field is
applied, typically in the range of 1−7 T, proton spins tend to
adopt one two orientations, parallel or antiparallel with respect
to the main magnetic field (B0). Given that parallel alignment is
slightly energetically favored, a difference in population and
energy between the two states is created. To produce an MR
signal, the proton ensemble is perturbed from its equilibrium
state through the use of radio frequency (rf) excitation pulses.
Upon termination of the excitation pulse, a proton returns to its
original state by a process called relaxation, in which energy is
released as rf that can be detected by the MR scanner. Two
main relaxation processes are observed in MR: longitudinal or
spin−lattice relaxation that is characterized by a T1 time
constant, and transversal or spin−spin relaxation, described by
a T2 time constant. MR contrast arises from the difference in
relaxation times T1 and T2 between various tissues. Addition-
ally, contrast agents can manipulate the T1 and T2 times,
effectively creating larger contrasts in T1-weighted or T2-
weighted images. Readers are directed to detailed reviews for
more detailed coverage of MR physical principles, image
acquisition, and processing.104,105

A significant advantage of MRI, in comparison to CT, is its
superiority in soft tissue contrast and capability to provide
additional details regarding tissue function, structure, and blood

Figure 4. SPECT imaging of ferritin expression in pancreatic cancer
using the novel antibody AMB8LK. CAPAN-1 xenograft mice were
injected with 111In-DTPA-AMB8LK and imaged at 1, 24, and 72 h
postinjection. Reprinted with permission from ref 90. Copyright 2007
Elsevier.
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perfusion.106−108 MRI is used for diagnosing pancreatic
malignancies when confounding results are obtained from
standard diagnostic techniques (e.g., ultrasound and multi-
detector computed tomography).109 While effective for imaging
pancreatic cancer, the signal-to-noise ratio and presence of
motion artifacts that arise from relatively slow acquisition times
should be improved. More effective targeting strategies that
limit the off-target accumulation of imaging probes will enhance
the sensitivity of MRI. Additionally, improved MR sequences
using respiratory gating can palliate most motion artifacts.110

The amount of contrast agent required for MRI is dependent
upon the tumor model, as orthotopic xenograft models more
closely resemble the biologic characteristics (e.g., hypovascular
tumors) found in human malignancies. Engrafted models tend
to underestimate the dose required for obtaining an adequate
MRI signal, as this hypervascularized model leads to increased
intratumoral accumulation of injected agents. As an example,
preclinical investigations of superparamagnetic iron oxides
nanoparticles (SPIONs) for pancreatic cancer imaging have
required doses ranging from approximately 2.5 g of Fe/kg to
more than 5 g of Fe/kg.111,112

While nanoparticles are commonly utilized in drug delivery,
novel theranostic nanoparticles allow for concurrent imaging
and treatment of disease.113 For example, Deng et al. developed
a multifunctional nanoimmunoliposomal platform for simulta-
neous loading of SPIONs and the anticancer agent doxor-
ubicin.111 This novel theranostic nanoplatform was targeted to
pancreatic malignancies using an anti-mesothelin antibody, and
imaging was evaluated in Panc-1-derived subcutaneous
xenograft tumors. Targeted nanoparticles often displayed an
enhanced transverse relaxivity that results in enhanced T2-
weighted MR contrast. Wang et al. further explored the
application of SPIONs for imaging pancreatic malignancies
using an antibody targeting plectin-1.114 Antibody-modified
SPIONs showed highly specific uptake by Panc-1 cells
expressing plectin-1 with excellent biocompatibility, serum
stability, and high relaxivity in vitro.
Chemokine receptor 4 (CXCR4) plays a vital role in early

embryonic development, yet expression in cancer cells
facilitates the growth and spread of tumors.115,116 Additionally,
CXCR4 expression was shown to be specific for pancreatic
cancer tissue with minimal expression in normal pancreatic
tissue.117 He and colleagues modified ultrasmall SPIONs for
MR imaging of pancreatic cancer using a monoclonal antibody
specific for CXCR4.118 The targeted probe CXCR4-SPIO
displayed enhanced T2 ratio in vitro, allowing for semi-
quantitative assessment of CXCR4 expression in four
pancreatic cancer cell lines (AsPC-1, BxPC-3, CFPAC-1, and
Panc-1). As CXCR-4 is expressed in over 75% of human
PanINs, this imaging probe could be used for early disease
detection and therapeutic monitoring.119

In a similar study, Yang et al. examined the biodistribution
and tumor uptake of iron oxide (IO) nanoparticles modified
with an EGFR-targeted single-chain antibody (ScFvEGFR) in
mice bearing EGFR-positive (MiaPaCa-2) orthotopic xenograft
tumors (Figure 5).120 As EGFR is commonly overexpressed in
most pancreatic malignancies and precursor lesions, EGFR-
targeted probes could be used for both early disease detection
and therapeutic monitoring.121 The single-chain anti-EGFR
antibody, consisting of the heavy and light chain variable
domains linked by a small peptide, was only 20% the size of a
normal antibody (25 kDa), yet the fragment maintained both
high binding specificity and affinity for EGFR.120 ScFvEGFR-

IOs were synthesized by coating 10 nm IO nanoparticles with
amphiphilic copolymers containing short polyethylene glycol
(PEG) chains, before the addition of the fragmented antibody
(Figure 5A). ScFvEGFR-IO accumulation in tumor tissue
resulted in enhanced MRI contrast at 5 and 30 h postinjection,
allowing for delineation of tumor boundaries (Figure 5B). For
comparison, nontargeted nanoparticles did not show any MRI
signal decrease in the tumor after nanoparticle injection (Figure
5B), thus proving that ScFvEGFR-IO uptake was dependent
upon EGFR expression.
Magnevist (gadopentetate dimeglumine), a commonly

utilized paramagnetic imaging agents in cancer diagnostics to
visualize lesions with abnormal vascularity, was employed by
Pirollo et al. in the development of a novel theranostic
liposomal nanoplatform for synchronized MRI and drug
delivery.122 Magnevist was successfully loaded into liposomal
complexes targeted with an anti-transferrin receptor single-
chain antibody (TfRscFv). In Capan-1-derived orthotopic
pancreatic tumor models, TfRscFv-targeted nanoparticles
loaded with Magnevist showed both increased resolution and
image intensity, as compared to freely circulating Magnevist. In
another report, Chen et al. targeted neutrophil gelatinase-
associated lipocalin (NGAL) for imaging and therapy of
pancreatic cancer by encapsulating gold nanoshells in silica
epilayers doped with iron oxide and indocyanine green dye.123

This novel platform, containing two imaging agents, displayed
enhanced contrast for both optical imaging and T2-weighted
MRI with higher tumor contrast in nude mice bearing AsPC-1-
derived subcutaneous xenografts, as compared to nontargeted
nanoparticles. As NGAL is expressed in malignant pancreatic
cancers and early dysplastic lesions of the pancreas, newly
developed NGAL-targeting imaing agents may be employed for
both early disease detection and therapeutic monitoring.124

3.4. Optical (Fluorescence and Bioluminescence)
Imaging of Pancreatic Cancer. Optical imaging has grown
significantly over the past decade as a more cost-efficient
molecular imaging modality that utilizes the excitation
properties of fluorophores.125 Increased spatial resolution and

Figure 5. Targeting iron oxide (IO) nanoparticles with a single-chain
EGFR (ScFvEGFR) antibody for MRI. (A) Nanoparticles were
constructed by coating IO nanoparticles with an amphiphilic
copolymer containing short polyethylene glycol chains. Second,
nanoparticles were functionalized with ScFvEGFR in the presence of
ethyl-3-dimethyl aminopropyl carbodiimide (EDAC). (B) MR images
displayed enhanced pancreatic tumor contrasts (yellow arrow) in mice
5 and 30 h postinjected with ScFvEGFR-IO nanoparticles. Also, ex vivo
confirmation of cancerous lesions within the pancreas is shown (blue
arrow). (C) For comparison, minimal contrasts differences are seen
postinjection of nontargeted IO nanoparticles. Reprinted with
permission from ref 120. Copyright 2009 Wiley.
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real-time imaging are main advantages of optical imaging, in
comparison to PET and SPECT imaging.126 Also, optical
imaging does not require administration of ionizing radiation to
patients, which eliminates unnecessary radiation exposure and
allows for multiple dose administrations. Instead, optical
imaging utilizes the light properties of fluorescent or bio-
luminescent compounds for in vivo imaging. While effective for
preclinical investigation of pancreatic malignancies, a major
drawback for the clinical application of optical imaging is the
limited depth penetration into tissue.127,128 Contrast agents
designed for optical imaging are within the wavelength range
650−1450 nm, commonly termed the optical imaging
window.129 An optical imaging window is a spectral region
where light can penetrate tissue more deeply, yet is not affected
by the autofluorescence of water or other endogenous
chromophores (e.g., hemoglobin, melanin) found between
200 and 650 nm.130 Commonly utilized contrast agents for
fluorescence imaging include near-infrared (NIR) dyes,
quantum dots, and gold nanoparticles.9

While identification of both primary and metastatic disease
significantly impacts patient survival, current imaging modalities
often fail to provide sufficient visualization of tumor margins.
For this reason, pancreatic tumors are often incompletely
resected during surgical procedures and many laparoscopies
result in incorrect disease staging. To improve visualization of
pancreatic malignancies during laparoscopies, many researchers
have employed optical imaging agents for assisting surgeons in
identifying tumor margins and potentially locating metastatic
lesions. For this purpose, Cao and collaborators investigated an
anti-CEA fluorophore-conjugated antibody for detection of
both primary and metastatic BxPC-3-derived orthotopic
pancreatic xenografts in nude mice using fluorescence
laparoscopy (Figure 6).131−133 Tumors could be identified
much faster using fluorescence laparoscopy (FL), as compared
to traditional bright field laparoscopy (BFL) (Figure 6A,B).131

Also, the sensitivity of each platform for detecting metastatic
lesions was compared, with FL displaying higher sensitivity in
comparison to BFL at 96.3% and 40.4%, respectively. While
larger tumors were easily detected by both FL and BFL, FL was
superior in detecting metastatic disease or smaller tumors
deeper in the tissue (Figure 6C), as confirmed by ex vivo
studies.131

In a similar study, Boonstra and colleagues exploited the
overexpression of CEA, found in the majority of pancreatic
cancers, for visualizing pancreatic tumors.134 A novel CEA-
targeted near-infrared fluorescent tracer was established by
attaching a single-chain antibody fragment to 800CW. The
single-chain variable fragment was constructed from the
humanized version of MFE-23, the first single-chain antibody
molecule to be used in clinical trials.135 Single-chain antibody
fragments were utilized in this study for their rapid blood
clearance through the kidneys and uniform tumor penetration,
which allowed for imaging at early time points with high tumor-
to-background ratios.134 They found a peak tumor-to-back-
ground ratio of 5.1 ± 0.6 at 72 h postinjection, noted to be
suitable for discriminating tumor boundaries in mice bearing
BxPC-3-derived orthotopic pancreatic xenografts. Similar
investigated have described the potential use of CEA-targeting
antibodies to improve fluorescence-guided surgical resection of
pancreatic malignancies.136−141

Currently, the tumor marker CA19.9 is used to help
differentiate between pancreatic malignancies and other
diseases (e.g., pancreatitis), for assessing cancer progression,

treatment efficacy, and monitoring cancer recurrence.142,143

Additionally, CA19.9 has been investigated as a potential target
for molecular imaging. In one study, McElroy et al. developed
an antibody targeting CA19.9 conjugated with a green
fluorophore, for enhancing the intraoperative visualization of
primary and metastatic pancreatic lesions in BxPC-3-derived
orthotopic tumor models.144 The fluorescent labeled antibody
allowed for clear visualization of the primary tumor at 24 h
postinjection. Additionally, small metastatic lesions within the
spleen and liver were also visualized. In a similar study,
Hiroshima et al. further evaluated the potential targeting of
CA19.9 for imaging of patient-derived orthotopic xenografts
during fluorescence-guided surgical procedures.145

While CA19.9 functions as a tumor marker found in patient
serum, it suffers from low sensitivity and high false positives.146

For these reasons, newer biomarkers are currently being
investigated for pancreatic cancer. A potential candidate is
MUC1, a membrane-bound glycoprotein expressed in over
90% of pancreatic cancers, commonly associated with increased
lethality.147,148 Park et al. targeted MUC1 using a fluorescent
antibody, by attaching the antibody CT2 to DyLight 550. The
new imaging tracer was successfully employed for optical
imaging of both BxPC-3-derived orthotopic and subcutaneous
xenograft tumors in nude mice.149 Previously, MUC1 was
shown to be expressed at low levels in normal pancreatic
tissues, high levels in primary and metastatic pancreatic ductal
adenocarcinomas, and moderate to high levels in PanINs.93 For
this reason, MUC1-based imaging agents may be potentially
utilized for early disease detection and therapeutic monitoring.

Figure 6. Enhanced visualization of primary and metastatic pancreatic
cancer through fluorescence laparoscopy. (A) During laparoscopy,
malignancies were easily visualized using the fluorescence mode (FL)
with a fluorescent-labeled antibody. The visualization of tumors using
the bright field (BFL) mode was hindered, in comparison to FL. (B)
Time to identify the primary tumor using FL and BFL showed that FL
was a much faster technique. (C) Using FL, both primary and
metastatic lesions were easily visualized in each case. The center image
represents shows six tumors in the abdomen labeled 1−6. The
corresponding images of both primary tumors (4 and 5) and
metastatic disease (1, 2, and 3) are shown individually. Reprinted
with permission from ref 131. Copyright 2012 H.G.E. Update Medical
Publishing Athens.
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Also, quantum dots have been exploited as potential optical
imaging agents for their high quantum yields, in combination
with excellent biostability and photostability.150 For example,
Yong et al. constructed non-cadmium-based quantum dots
modified with anti-claudin 4 for imaging of MiaPaCa-2 cells.151

Non-cadmium-based quantum dots have been shown to be less
toxic than commonly utilized cadmium quantum dots, which
release cadmium and selenium into the biological environment
during degradation.152 They evaluated the toxicity by
incubating varying concentrations of indium phosphide
(core)−zinc sulfide (shell), or InP/ZnS, quantum dots with
MiaPaCa-2 cells and found the quantum dots to be nontoxic at
high concentrations (i.e., 10 and 100 mg/mL).151

In many instances, imaging agents are constructed for use
with multiple imaging modalities. For example, Kobayashi et al.
developed a multimodality contrast agent for PET and optical
imaging using an antibody against mesothelin, cofunctionalized
with 64Cu and Alexa Fluor 750.51 As expected, imaging revealed
significant fluorescence signal in mesothelin-positive pancreatic
subcutaneous xenograft tumors in BALB/c nu/nu mice (Panc-
1, CFPAC-1, and BxPC-3), while those models with low
mesothelin expression exhibited minimal fluorescence signal. In
a similar study, EGFR was targeted by Kampmeier et al. with a
single-chain antibody fragment of cetuximab, constructed using
the SNAP-tag technology, and further functionalized for optical
imaging with an NIR dye (BG-747).153 Rapid and highly
specific accumulation of the tracer was exhibited at 10 h
postinjection, with a tumor to background ratio of 33.2 ± 6.3.
The fragmented antibody showed enhanced tumor uptake and
faster clearance in comparison to the full-length antibody.
3.5. PA Imaging of Pancreatic Cancer. Compared to

other imaging modalities described in this review, PA imaging is
considered to be relatively new, as it was first introduced for
biomedical imaging purposes in 1981 by Theodore Bowen.154

PA imaging is based on the formation of acoustic pressure
waves from electromagnetic energy. Simply, the patient’s tissue
is exposed to short laser pulses at several wavelengths, resulting
in the formation of ultrasound waves detected by an ultrasonic
transducer.155,156 The rapid thermoelastic and thermal
expansion of the tissue caused by the absorbance of laser
photons causes the production of ultrasound waves.157 Similar
to optical imaging, exposure to ionizing X-ray radiation is not
needed, making it possible to image patients multiple times
with no health hazards. There are several advantages to PA
imaging as it combines both optical and ultrasound imaging
into a single instrument. Some of these benefits included high
spatial resolution, high tissue contrast, and enhanced
spectroscopic-based specificity.158 Recent advances in PA
tomography have made whole-body small animal imaging
feasible, allowing for real-time tracking of imaging agents in
vivo.159 PA imaging offers a unique capability in addition to
imaging of nonendogenous imaging agents. There are several
endogenous chromophores in biological tissue capable of
producing PA signals, including hemoglobin, myoglobin,
certain lipids, and melanin.160 For this reason, it is possible
to monitor many biological processes in vivo, including
angiogenesis during tumor formation, development of intra-
tumoral hypoxia, and visualization of blood flow within
tissues.161,162 While endogenous chromophores make it
possible to visualize tumor vasculature, nonendogenous
imaging agents are needed for specifically targeting tumor
cells or surrounding vasculature.

As a dual imaging modality, PA systems do not rely upon the
ballistic photons required for optimal imaging. For this reason,
it is possible to image tissue at greater penetration depths with
high resolution.163 Previous studies have demonstrated that
penetration depths of 4−6 cm are feasible, with the use of
highly efficacious contrast agents within an optimal wavelength
range.164−166 Similar to optical imaging, NIR wavelength range
contrast agents allow for optimal tissue depth penetration, as
tissue absorption is minimized in this wavelength range.167

Examples of previously developed PA imaging agents include
NIR dyes, carbon nanotubes, gold nanoparticles, SPIOs,
methylene blue, and indocyanine green.159 Since few studies
have employed PA imaging for visualization of pancreatic
malignancies, this section includes other targeting ligands
besides antibodies. Recently, Lakshman and Needles described
a methodology for screening and quantifying the tumor
microenvironment of orthotopic pancreatic tumors using the
Vevo PA imaging system.168 In this study, intratumoral
perfusion was investigated using gas-filled microbubbles, with
peripheral regions of the tumor showing high perfusion and
core regions showing minimal perfusion.
In 2012, Homan et al. synthesized antibody-conjugated silver

nanoplates using biocompatible chemical reagents (Figure
7).169 The nanoparticles displayed a maximum peak absorbance

near 900 nm, making them optimal for PA imaging. The edge
length and thickness of the silver nanoplates were shown to be
128 ± 25.9 nm and 18 ± 2.7 nm through transmission electron
microscopy (TEM), respectively (Figure 7A). An EGFR-
targeted antibody was attached via the FC portion to the silver
nanoplates, allowing for optimal targeting capabilities. Dark
field microscopy confirmed the targeting efficiency and high
specificity between the EGFR-nanoplates and pancreatic cancer
cells (MPanc-96 and L3.6pl) in vitro. Cellular uptake of EGFR-

Figure 7. Photoacoustic imaging of pancreatic cancer using antibody-
targeted silver nanoplates. (A) The edge lengths of silver nanoplates
were 218 ± 35.6 nm. (B) Darkfield microscopy showed increased
cellular uptake of antibody-modified nanoplates (left) in comparison
to PEGylated nanoplates (right). (C) Two-dimensional cross sections
of orthotopic tumors allowed for delineation of organs and produced a
photoacoustic signal from antibody-modified silver nanoplates
(yellow), oxygenated blood (red), and deoxygenated blood (blue).
(D) Image reconstruction produced a 3-dimensional representation of
orthotopic pancreatic tumor model with the photoacoustic signal.
Reprinted with permission from ref 169. Copyright 2012 American
Chemical Society.
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targeted silver nanoplates was higher than uptake of poly-
ethylene glycol (PEG)-modified nanoplates. However, this
further confirmed the high specificity of the antibody-based
platform for targeting EGFR (Figure 7B). A combination of
ultrasonography and PA imaging was utilized to acquire images
with laser pulses between 740 and 940 nm (Figure 7C).
Multiplex imaging of nonendogenous and endogenous contrast
agents was accomplished, with EGFR-modified nanoplates
depicted in yellow, oxygenated blood shown as red, and
deoxygenated blood illustrated as blue. Two-dimensional cross
sections and 3-D reconstructions were shown, proving that
nanoplates selectively accumulated in the tumor and were easily
differentiated from endogenous blood components (Figure
7D). While it was visually determined that uptake of EGFR-
targeted silver nanoplates was higher than uptake of poly-
ethylene glycol (PEG)-modified nanoplates in vivo, these data
were not quantified.
Several studies have successfully employed PA imaging for

detecting and monitoring pancreatic malignancies using non-
antibody-based imaging agents. For example, Homan et al.
developed a novel metallodielectric nanoplatform, by entrap-
ping silica cores in silver cage nanoparticles, shown to enhance
PA imaging contrasts in pancreatic tissues.170 Also, protein-
based PA imaging agents have been constructed for targeting
EGFRb171 and sigma-2 receptor172 in pancreatic cancer. In the
future, PA imaging may be employed for examining anticancer
treatment response using theranostic nanoparticles, in combi-
nation with monitoring of the pharmacokinetic properties of
diagnostic and therapeutic agents in vivo.

4. CHALLENGES IN ANTIBODY TARGETING
Molecular imaging agents are constructed from a broad range
of targeting entities. As discussed, the high specificity and small
size of antibodies make them suitable imaging candidates, yet
all imaging agents require optimization before utilization in
animal studies. Several factors have been shown to influence the
pharmacokinetics and targeting efficiency of antibodies for
imaging purposes, including the molecular weight, Fc domains,
valency, and specificity.13 For example, the presence of Fc
domains increases the circulation time of antibody-based
imaging agents in vivo. While this provides more time for the
imaging agent to interact with the target receptor, faster
clearance leads to enhanced contrast and sensitivity for
molecular imaging purposes. Also, antibodies may undergo
binding to nontargeted cells, decreasing the amount of imaging
agent available for tumor binding.
The number of target antigens per cell and the rate of

internalization are additional factors known to influence the
pharmacokinetics of antibody-based imaging agents.8 Addition-
ally, the imaging agent dosage will need to be adjusted if the
target protein is present at low concentrations in the blood, as
this may decrease the blood circulation time of the imaging
probe. Targeting of tumor cells remains difficult for most
antibody-based imaging agents, as the harsh microenvironment
of solid tumors may limit the access and binding of imaging
agents to tumor cells. Previous studies have shown that solid
tumors display limited extravasation of molecules across the
capillary walls, due to high interstitial fluid pressure.173 Some
researchers have attempted to bypass the need for extravasation
by selectively targeting the tumor vasculature (e.g.,
CD105).174,175 Regions of highly heterogeneous pancreatic
tumor tissue display various levels of hypoxia and necrosis,
which may limit the access of imaging agents to portions of the

tumor.176 Also, the highly acidic microenvironment may cause
irreversible damage to antibody conformation and function,
resulting in decreased binding affinity.
In addition to the pharmacokinetic challenges, the high

production cost associated with producing monoclonal anti-
bodies is another factor limiting the use of antibody-based
imaging agents.177 Companies developing antibodies for clinical
applications are required to strictly adhere to several costly
procedures and standards. Manufacturers must harvest the cell
cultures needed for antibody production, before undergoing
several steps to ensure the purification standards required for
FDA approval of monoclonal antibodies.13 Currently, the retail
price of therapeutic antibodies ranges from $700 for
bevacizumab (100 mg) to $1700 for eculizumab.178 While
smaller quantities of the antibody are required for molecular
imaging in comparison to therapy, manufacturers must consider
the expensive production costs associated with radioisotope
production and other requirements.
As pancreatic cancer is a highly heterogeneous and

genetically complex disease, it is difficult to identify potential
biomarker targets for molecular imaging of all pancreatic cancer
patients.179 Many of the biomarkers currently being inves-
tigated are expressed in a portion of pancreatic cancers, making
them unsuitable for the entire population. For this reason, the
discovery of biomarkers expressed in the majority of pancreatic
cancers is critically needed. Also, visualization of pancreatic
metastases requires increased presence of antigen on the
surface of malignant cells, as compared to the primary tumor.
Despite effective targeting strategies, antibodies may be
hindered by the dense tumor stroma found in pancreatic
tumors, consisting of increased amounts of stromal cells and
extracellular matrix proteins. For more information regarding
the biological barriers of pancreatic cancer, readers are directed
to a detailed review.179

5. CLINICAL IMAGING OF PANCREATIC CANCER:
CURRENT STRATEGIES

As molecular imaging is in the infant stages of development,
clinical imaging of pancreatic cancer is dependent upon
standardized procedures. Pancreatic cancer is detected using
several clinical imaging techniques, often dependent on the
expertise of the physician, instrument availability, and patient
symptoms.4 Currently, multisectional computed tomography
(CT) is the most widely employed technique for assessing
possible pancreatic disease, as this instrument offers high spatial
resolution with moderately fast scan times.180 Newer multislice
helical computerized tomography (CT) scanners have dis-
played superior detection and staging accuracy of pancreatic
cancer, as compared to traditional CT imaging, with detection
accuracies of 90−95%.181 The procedure for CT imaging of
pancreatic cancer includes the use of oral water as a negative
intraluminal contrast and intravenously injected iodinated
contrast material.
Ultrasonography (US) examination is another imaging

modality commonly utilized for diagnosing pancreatic cancer,
yet this method lacks the sensitivity and reliability needed for
staging the disease.182 US is often the initial test used in
symptomatic patients, as it remains inexpensive and highly
accessible. For patients with jaundice or biliary ductal dilatation,
endoscopic retrograde cholangiopancreatography (ERCP) may
be performed to assess the pancreas for tumors or other
possible conditions.183 Also, this technique may be used to
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biopsy the tumor and provide physicians information for
determining treatment plans.
Endoscopic US (EUS) is another reliable imaging modality

for detecting pancreatic cancer when performed by trained
professionals.184 Some studies have suggested that EUS may be
as useful as CT imaging for detecting and staging pancreatic
cancer, with an overall staging accuracy greater than 85%. This
clinical imaging modality requires highly trained specialists and
is not readily accessible worldwide. In combination with EUS,
fine-needle aspiration (EUS−FNA) is useful for taking biopsies
of abnormal pancreatic lesions.184

If these imaging modalities fail to provide consistent results,
MRI or PET imaging is employed to confirm the diagnosis and
stage of the disease. For MRI, patients receive an intravenous
injection of gadolinium, as pancreatic cancer is hypointense on
gadolinium-enhanced T1-weighted images. This is due to the
hypovascularity and increased fibrous stroma found in
pancreatic tumors.185 In addition, diffusion-weighted MRI
(DWI) was shown to accurately differentiate pancreatic cancer
from pancreatitis in patients.186 Due to the movement from
breathing and bowel peristalsis, motion artifacts have limited
the use of MRI for clinical imaging of pancreatic cancer. PET
imaging using 18F-FDG may be more sensitive for detecting
early malignancies, as changes in tissue metabolism (i.e.,
glucose metabolism) usually predate any structural changes of
the pancreas.187 While newer dual modality PET−CT imaging
systems are becoming widely available worldwide, the high cost
associated with these instruments remains a limiting factor.

6. CONCLUSIONS AND FUTURE PERSPECTIVES
Recent advances in molecular imaging have altered the way we
diagnose and monitor several diseases, including highly
metastatic and drug-resistant pancreatic malignancies. While
overall survival rates have improved for most cancers,
pancreatic cancer remains the most lethal form of cancer in
the United States. Despite significant research efforts, current
treatment strategies remain limited and ineffective in most
cases, resulting in a 5-year mortality rate of 93%.1 This high
mortality is attributed to inefficient early detection strategies
coupled with ineffective first line treatments. To assist in the
development of novel imaging therapeutic agents, researchers
have evaluated several targeting entities as potential imaging
agents, ranging from small molecular weight proteins to highly
specific antibodies. Advances in molecular imaging of
pancreatic cancer may provide imperative information regard-
ing genotypic and phenotypic properties of the tumor and
associated microenvironment. In return, this novel knowledge
can be utilized for both enhancing cancer diagnoses and
furthering our exploration of therapeutic monitoring in the
future.
Extensive examination of molecular imaging has occurred

during the past two decades, yet several challenges in the field
remain unsolved.36 The key limitation of molecular imaging is
the development of exogenous imaging agents, as developing or
discovering novel entities for receptor targeting can be both
expensive and time-consuming. Since molecular imaging relies
heavily upon active imaging agents, additional research into the
development of novel molecular imaging agent is required.
Another limitation is the current instrumentation, as both low
spatial resolution and sensitivity can significantly hinder
successful disease monitoring, even with effective imaging
agents. Also, current molecular imaging instrumentation is
costly and unavailable to many academic and research

facilities.188 For molecular imaging to become standard
practice, these modalities must be accessible by more
researchers in the future. Lastly, clinical translation of these
imaging modalities remains unclear and highly debatable, which
may be resolved through added collaborative efforts from
researchers in combination with standardization of imaging
practices and multicenter clinical trials.189−191

In this review, five molecular imaging modalities were
examined. When designing future research studies involving
molecular imaging, the current limitations of each modality
should be considered. A limiting factor of PET imaging is that it
requires short-lived radioisotopes that must be created in costly
cyclotrons.192,193 Also, radiation can produce harmful health
hazards, yet minimization of these health risks is accomplished
by limiting the patient exposure through lower doses of
radioactivity. Lastly, PET imaging suffers from low spatial
resolution, which limits our visualization of malignancies in
some instances.194,195 For example, the invasion of adjacent
structures of pancreatic tissue and vasculature may be
unnoticeable with PET imaging, making it difficult for
physicians to plan surgical procedures.196 In comparison to
PET, SPECT is limited by both lower resolution and less
sensitivity.197 About the strengths of PET and SPECT imaging,
both modalities are not hindered by tissue depth and display
high sensitivity.198,199

MRI has several advantages including its unlimited depth
penetration, high spatial resolution, and excellent soft tissue
contrast, and it does not require radioactive exposure.200 While
a useful imaging modality, MRI suffers from poor sensitivity
and long acquisition times.201−203 Next, optical imaging has
become widely available in many research institutes in the past
decade, yet the clinical translation remains uncertain at present.
While optical imaging combines high sensitivity with no
ionizing radiation requirement and low cost, this system is
limited by low sensitivity and light attenuation at increased
tissue depths.204 As the multimodality instrument combining
optical and ultrasound imaging, PA imaging can image at
increased tissue depths up to 5 cm.205,206 Unlike optical
imaging, the spatial resolution of PA imaging is not significantly
affected by tissue depth.207 In comparison to the limitless
penetration of MRI, PET, and SPECT, the limited depth of
penetration for PA imaging remains a critical hindrance to
potential clinical translation.
In the future, both molecular imaging instrumentation and

tracers will become more widely accessible for research
purposes. As a pathway to personalized medicine, patients at
risk for certain diseases may be screened using molecular
imaging agents highly specific for certain disease models. For
diseases with high mortality rates attributed to late symptom
onset, early screening is predicted to save millions of lives.
During the next decade, the field of molecular imaging is
expected to see significant growth, attributed to the develop-
ment of improved imaging agents and instrumentation.
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