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Molecular imaging continues to advance the goal of im-
proving diagnosis and treatment in cancer. "is special issue
examines a cross section of the current basic and clinical
research across imaging modalities, probes, and molecular
targets. "e issue articles permit comparison of the ad-
vantages and limitations of varied modalities, including
PET, SPECT, CT, MRI, ultrasound imaging, and fluores-
cence imaging. "e corresponding agents in development
are able to interact with many targets of relevance to cancer.
Highly sensitive and specific in vivo agents permit visuali-
zation of receptor systems, enzymes, and proteins involved
in cancer initiation, maintenance, and spread. As another
dimension of cancer targeting, molecular probes for the
tumor microenvironment, including stromal, endothelial,
and immune cells, are increasingly recognized as key factors
in attacking cancer.

"e caleidoscope of targets and methods available to
achieve these goals is exemplified in this special issue. "e
topics cover the development of molecular imaging agents
targeting the cholecystokinin 2 receptor (CCK2R), the
adenosine A3 receptor (A3R), and the human epidermal
growth factor receptor 2 (HER2). Cancer stroma targeting is
addressed with molecular probes for the vascular cell ad-
hesion molecule 1 (VCAM-1) and endoglin (CD105),
a proangiogenic growth factor, which are both overex-
pressed in a variety of malignancies.

"e tools used in the selection of displayed articles were
molecules, small peptides, engineered proteins, intact

antibodies and antibody fragments, nanoparticles, and
microbubbles, demonstrating the breadth of targeting
scaffolds currently to investigators and soon to cancer
clinicians.

Each paper included in this special issue approaches the
challenge of molecular imaging in diagnosis and treatment of
cancer in a different way, focusing on new molecules, in-
novative labelling strategies, and characterization in disease
models. Each contribution stands on its own as a marker for
the next advances in cancer understanding and patient care.

"e editors have endeavored to have the authors clearly
point up the advantages of the current technologies and
demonstrate the needs for advancement to the next stages of
development. We hope this effort will stimulate the reader to
think hard about their own research and how the com-
munity of cancer imaging investigators can continue
progress from proof of concept to clinical use.

Finally, we would like to acknowledge the strong efforts
of all the reviewers who supported this special issue through
their careful, insightful, and timely reviews.

"is issue was edited by a group of reasearchers across
the world who shared the aim to shed more light on the
omnipresent unsolved cancer problem. Apart from our own
research in the field of molecular imaging and cancer, it was
a pleasure to conceive, organize, and edit this special issue.
Last but not least, we conclude that, in molecular imaging of
cancer, highly promising tools are being evaluated; as a next
step, we need to use them in clinical practice.
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Objectives. Glioblastoma, as one of the most malignant cancer in the world, usually shows substantially increased angiogenesis.
Endoglin (CD105), which is an alternative proangiogenic growth factor, has been remarkably upregulated on the proliferating
glioblastoma neovasculature. However, little is known on the noninvasive assessment of the expression levels of CD105 during
glioblastoma progression. Herein, we investigated the potential of the molecular ultrasound imaging for the noninvasive as-
sessment of the expression levels of the biomarker CD105 during the glioblastoma progression. Materials and Methods. (e
CD105-targeted perfluorocarbon-containing lipid-shelled microbubbles (MBs) were prepared. A parallel flow chamber was
employed, in which the CD105-targeted and non-targeted MBs were tested across the CD105 ± expression cell lines. In vivo
molecular US imaging was conducted based on a subcutaneous xenograft tumor model (n � 9). Finally, the statistical analysis was
conducted to quantitatively correlate the attachment numbers of MBs in the parallel flow chamber test with the CD105 expression
levels of the cells in the flow cytometry test and the in vivomolecular ultrasound signals with the ex vivo expression levels of CD105
in the immunohistochemical test. Results and Discussion. (e attachment numbers of the CD105-targeted MBs significantly
correlated with the CD105 expression levels of the cells in the parallel flow chamber test. (ere was a good correlation between the
in vivo molecular ultrasound signals with the CD105-targeted MBs and the ex vivo expression levels of CD105 in the immu-
nohistochemical test. (e results indicate that the molecular US imaging is much potential to assess the progression of the
glioblastoma neovasculature noninvasively.

1. Introduction

Glioblastoma, which is one of the most malignant cancer
types of the central nervous system, continues to cause high
morbidity and mortality rates in the world [1]. Although
significant development has been made in the glioblastoma
management, various challenges still remain, such as di-
agnosis at the early stage [2]. At the early progression stage of
glioblastoma, the production of neovasculature (blood
vessels) from the preexisting vessels (mature) or micro-
vessels is essential to the pathological processes, which
provides the oxygen and nutrients to the malignant cells for
rapid growth. Typically, after reaching a certain size, the
malignant cells enter the exponential growth phase, during

which the realignment and distributions of the endothelial
cells lead to the neovasculatures around and within the
malignant cells [3].

(e formation of neovasculature is a complicated pro-
cess with multiple steps, which is promoted by a series of
proangiogenic growth factors (e.g., VEGF) [4]. (ese
proangiogenic growth factors can work as the biomarkers of
molecular imaging for the noninvasive assessment of the
tumor progression. Among those proangiogenic bio-
markers, endoglin (CD105) has been shown to be re-
markably upregulated on highly proliferating endothelial
cells (neovasculature wall), instead of the normal endothelial
cells or mature vessels [5, 6]. In clinic, it is reported that the
outcome of the anticancer therapies targeting VEGF have
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not met the high expectation, which could be due to the over
expression of the alternative proangiogenic growth factor
(e.g., endoglin (CD105)). Besides, pathologists have been
using endoglin as an independent prognostic target for the
assessment of the aggressiveness of most solid tumor types
[7, 8]. (us, the endoglin (CD105) has drawn a lot of at-
tention as a novel alternative biomarker for the tumor di-
agnosis, prognosis, and therapy. Several preliminary studies
have indicated endoglin (CD105) as a potential biomarker
for different molecular imaging strategies, such as single-
photon emission computed tomography (SPECT) [9],
magnetic resonance imaging (MRI) [10], near-infrared
fluorescence imaging [11], and ultrasound imaging [12].
However, little is known on the assessment of the expression
levels of endoglin (CD105) during the glioblastoma pro-
gression in vivo. Understanding of the temporal and spatial
expression levels of endoglin (CD105) in vivo could po-
tentially contribute greatly to both the early diagnosis and
anticancer therapy of glioblastoma.

Ultrasound imaging (US) is a popular imaging tool that
utilizes unique acoustic-tissue interface behavior of the
sound waves as it passes through a biological organ or tissue
of interest. Ultrasound imaging is widely used due to its
uniqueness that can be used for applications both in the
diagnosis and therapy [13, 14]. Conventional ultrasound
imaging has been well accepted as an imaging modality
specialized for the morphological and functional imaging.
While molecular ultrasound imaging, which employs
functionalized contrast agents, is potentially capable to as-
sess the tumor angiogenesis noninvasively and quantita-
tively in vivo [15]. Recently, microbubbles (MBs), which are
liquid shell emulsions filled with gas (e.g., perfluorocarbon,
nitrogen, sulfur hexafluoride, or air), have been used as
contrast agents for molecular ultrasound imaging [16]. (e
shells of the microbubbles are usually composed of materials
with good biocompatibility (e.g., lipid, protein, and poly-
mers). (e structure of MBs makes it unique in resonating
and sending back high nonlinear harmonic and sub-
harmonic ultrasound signals when exposed in the ultra-
sound mechanical waves, which would bring about high
contrast-to-background ratio [17]. Importantly, the size of
microbubbles usually in 1∼4 µm in diameter would limit
them from going extravascularly from the blood vessels, that
makes them quite suitable for the vasculature-related ap-
plications in vivo [18].

Microbubbles (MBs) are usually functionalized with li-
gands such as antibodies or peptides that bind the bio-
markers of interest with high affinity [15]. Several studies
have validated the use of MBs to detect the tumor angio-
genesis in animal models by targeting to the proangiogenic
growth biomarkers [19–21]. It is shown that targeted MBs
could accumulate more in the tumor regions than the
nontargeted MBs, which would significantly increase the
ultrasound response strength. (e aim of this study is to
develop the CD105-targeted MBs and investigate the po-
tential of molecular US for the noninvasive assessment of the
expression levels of endoglin (CD105) during glioblastoma
progression from small to large sizes in vivo, as illustrated in
Figure 1.

2. Materials and Methods

2.1. Synthesis and Characterization of CD105-Targeted MBs.
Two types of microbubbles (MBs), including (1) CD105-
targeted MBs and (2) nontargeted MBs with an isotype-
matched control immunoglobulin G antibody, were prepared
by using streptavidin-biotin binding chemistry according to
a reported protocol [22, 23]. (e perfluorocarbon-containing
lipid-shelled MBs-containing streptavidin moieties in the lipid
shell were reconstituted in 1mL sterile saline (0.9% sodium
chloride), which are abbreviated as MB-biotin in Figure 2. For
targeting the MBs-biotin, 5μg of the following two types of 1st
antibodies were incubated with 5 × 107 avidin-conjugatedMBs-
biotin for 10mins at room temperature, respectively: (1) bio-
tinylated rat antimouse CD105 monoclonal antibodies (eBio-
science), which has been reported for use in flow cytometry
analysis/cell sorting for specific targeting with the mouse
endoglin (CD105) molecule [24, 25] and (2) biotinylated rat
control immunoglobulin G antibodies (IgG) (eBioscience). (e
2nd antibodies, which were fluorescein-conjugated antibiotin
antibodies (Jackson ImmunoResearch), were used to confirm
the affinity of the 1st antibodies on the shell of MBs through the
specific biotin-avidin binding chemistry, as shown in Figure 2.
(e free avidin and antibodies were removed by washing with
PBS. (e mean and standard deviation of the MBs’ diameter

Targeted microbubbles (MBs)

Endoglin (CD105) on vessel wall

Figure 1: Illustration of the molecular ultrasound imaging strategy.
Noninvasive assessment of the expression levels of the alternative
proangiogenic growth factor endoglin (CD105) on the vessel wall
by using the CD105-targeted microbubbles (MBs) with 1∼4 µm in
diameter.
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were assessed by an optical particle counter with a 0.5mm
diameter detection limit (AccuSizer 780; Particle Sizing Systems,
Santa Barbara, CA, USA).

2.2. Parallel Flow Chamber Test. To assess the binding
specificity of the CD105-targeted MBs to the biomarker
CD105, the parallel flow chamber test was performed,
according to a reported protocol [26].

Two types of cell lines, mouse endothelial cell line MS1
and mouse breast cancer cell line 4T1, were selected as the
cell lines with high and low CD105 expression levels, re-
spectively. Both the MS1 and 4T1 cell lines were purchased
from the National Infrastructure of Cell Line Resource
(Chinese Academy of Science, Shanghai, China). For the
MS1 cells, the culture medium was ATCC-formulated
Dulbecco’s modified Eagle medium (ATCC) with 5% fetal
bovine serum and 1% penicillin-streptomycin. For the 4T1
cells, they were cultured in ATCC-formulated RPMI-1640
medium with 10% fetal bovine serum and 1% penicillin-
streptomycin. Both cell lines were cultured in sterilized
environment with 5% CO2 humidified condition and 37°C
air atmosphere.

(e cell culture dishes were pretreated with 50 µg/ml
collagen (type 1, rat tail, BD Biosciences, Bedford, MA) in
0.02M acetic acid for 1 hr, aspirated and rinsed with sterile
DPBS prior to the cell coating. Two million MS1 cells and
two million 4T1 cells were coated on different cell culture
dishes, respectively. (e dishes would then be tested on the
parallel flow chamber, as shown in Figure 3. (e solutions
would be passed over the two types of cells in the parallel
flow chamber in the following order: (a) PBS, (b) 5 × 107 of
CD105-targeted MBs and control MBs in PBS, and (c) PBS.
Afterwards, the dishes would then be imaged immediately
with dark-field microscopy. Six random optical fields of view
per dish would be selected for the quantification of the
number of attachedMBs per cell. In order to further confirm
the binding specificity of the CD105-targeted MBs, another
two groups of cells, including MS1 and 4T1, were incubated

with antimouse CD105 monoclonal antibodies to block the
CD105 receptor in prior, followed by the parallel flow
chamber test. Triplicate repetitions were performed.

2.3. Subcutaneous Tumor Model. All procedures using lab-
oratory animals were approved by the Department of
Health, the Government of the Hong Kong Special Ad-
ministrative Region, and the Hong Kong Polytechnic
University Animal Subjects Ethics Sub-Committee. Tumors
were established by subcutaneous injection of 5 × 106U-87
MG glioblastoma cells dissolved in 50 µL suspension (Na-
tional Infrastructure of Cell Line Resource, Chinese Acad-
emy of Science, Shanghai, China) into the right hind limb of
6–8-week old female nude mice [27]. A total of 9 pieces of
tumors were produced and used in this study. Tumor vol-
umes of each mouse were measured and recorded daily with
B-mode ultrasound imaging. According to the tumor vol-
umes, the mice were divided into 3 groups: 50–150mm3 as
small group, 151–250mm3 as medium group, and larger
than 250mm3 as large group. All tumors were scanned using
Vevo2100 high-frequency ultrasound system (FUJIFILM
VisualSonics, Toronto, Canada) with an LZ-250 linear array
transducer (center frequency at 21MHz, 256 elements,
lateral and axial resolution of 165 and ∼75 µm, respectively,
maximum imaging depth of 20mm).

Inlet
Outlet

Medium

Vacuum

Petri dish

Gasket

Syringe

Pump

Endothelial
cells

Figure 3: Illustration of the parallel flow chamber test. (e cells
were coated on the bottom of Petri dish, while the MBs would flow
through the chamber as the red arrow shows. Two types of cell lines,
includingMS1 and 4T1, were selected as cell lines with high and low
CD105 expressing levels, respectively. (e CD105-targeted MBs
and nontargeted MBs would be used to test the attachment
specificity in the absence and presence of blocking antibodies.

MB-biotin Avidin
Incubation

and
wash

1st antibody-biotin

Incubation
and

wash
2nd antibody-

fluorescent dye

Incubation
and

wash

MB-biotin-avidin-biotin-primary antibody-fluorescent dye

Figure 2: Preparation procedures of the microbubbles (MBs). Two
types ofMBs were prepared: (1) CD105-targetedMBs asMBs-biotin-
avidin-biotin-CD105-biotin and (2) control nontargeted MBs as
MBs-biotin-avidin-biotin-IgG-biotin. Biotinylated rat antimouse
CD105 monoclonal antibodies (eBioscience) and biotinylated rat
immunoglobulin G antibodies (IgG) were used as 1st antibodies for
the CD105-targeted MBs and the control nontargeted MBs, re-
spectively. (e 2nd antibodies, which were fluorescein-conjugated
antibiotin antibodies (Jackson ImmunoResearch), were used to
confirm the affinity of the 1st antibodies on the shell of MBs through
the specific biotin-avidin conjugation.
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2.4. In Vivo Molecular Ultrasound Imaging Experiment.
All the mice would be kept under anesthesia with 2% iso-
flurane in room air during the experiment, and all the imaging
experiment settings would be kept constant throughout the
imaging experiment. Molecular ultrasound imaging was
performed usingVevo2100 high-frequency ultrasound system
(FUJIFILM VisualSonics, Toronto, Canada) with an LZ-250
linear array transducer. (e central planes of those tumors
would be aligned by the guidance of the B-mode ultrasound
imaging.

Since the ultrasound signal contribution from the attached
CD105-targeted MBs also would depend on the regional MBs
perfusion, the results representing the attached CD105-
targeted MBs would need to be normalized to the blood
flow perfusion reference condition measured by using the
nontargeted MBs in the same animal before the CD105-
targeted MBs imaging session, with the same imaging con-
ditions, for all mice [28]. To allow full clearance of the
nontargetedMBs from the previous imaging session, a 40 min
interval was applied before the CD105-targeted MBs-imaging
session to avoid any interference between the two sessions.
(is interval period of time between the twoMBs injectionwas
chosen according to a previously reported protocol [29]. It was
demonstrated that most of the MBs would be cleared from the
vasculature in 40mins after I.V. injection. In all mice, data
acquisitions were performed by injecting the two types of MBs
in the following order: (1) control nontargeted MBs and (2)
CD105-targeted MBs, into the same animal with an interval
time of 40mins, as shown in Figure 4.

After injection of the microbubbles (MBs), molecular
ultrasound imaging based on the ultrasound burst-and-
replenish technique would be performed according to
a reported protocol [30, 31]: 3mins after the MBs injection,
both B-mode ultrasound imaging and nonlinear contrast
ultrasound imaging frames would be acquired and overlaid
over a 10-second period for 250 frames. After that, a de-
struction burst (10MHz; mechanical index, approximately
0.235) would be applied for 5 seconds to destroy all the MBs
in the tumor region. After the destruction burst, another 250
frames would be acquired to record the replenishment
procedure of the floating-in MBs, as shown in Figure 5(a).
(e regions of interest (ROI) within the tumors would be
selected by an experienced reader. (e molecular ultrasound
signals from the CD105-targeted MBs would be calculated
by averaging the predestruction and postdestruction im-
aging signals and subtracting the postdestruction signal
average from the predestruction signal average, which was
defined as differential targeted enhancement (dTE), as
shown in Figure 5(b). (is factor would be used to represent
the molecular signal which is contributed by attached MBs.
(e molecular US images representing the attached MBs
would be combined with the B-mode ultrasound anatomic
images. Finally, the quantitative molecular US signals would
be correlated with the result of ex vivo immunohisto-
chemistry analysis (e.g., CD31 and CD105).

2.5. Statistical Analysis. (e date would be analyzed and
output as means ± standard deviations. For the parallel

flow chamber test, a pairedWilcoxon test would be applied
to compare the attachment number of CD105-targeted
MBs with control non-targeted MBs, which passed over
the two cell lines, including MS1 and 4T1. (e different
attachment numbers before and after the blocking with
antibody would be tested with a paired Wilcoxon test.
Also, a Spearman rank correlation (ρ values) would be used
to test the correlation between the CD105 expression levels
of the two types of cell lines assessed by the flow cytometry
test and the attachment numbers of MBs in the parallel
flow chamber test. Spearman rank correlation was applied
to test the in vivo CD105-targeted US imaging results with
the ex vivo immunofluorescence results in the three tumor
groups. P< 0.05 would be considered to be a statistically
significantly difference.

3. Results and Discussion

3.1. Parallel Flow Chamber Test of CD105-Targeted MBs In
Vitro. (e morphology and size distribution of CD105-
targeted MBs are shown in Figure 6. (e fluorescence mi-
croscope imaging confirmed that the antimouse CD105
monoclonal antibodies were successfully bond to the shell of
the MBs.

(e attachment number of the CD105-targeted MBs to
MS1 cells (CD105 positive) was significantly (P � 0.005)
higher than that to 4T1 cells (CD105 negative), as shown
in Figure 7. And, the attachment number of nontargeted
MBs to MS1 cells was significantly (P � 0.025) lower in
comparison with the CD105-targeted MBs, as shown in
Figure 7. Furthermore, the MS1 cells with the blocking
treatment would result in a significant (P � 0.015) re-
duction in the attachment number of the CD105-targeted
MBs, as shown in Figure 7, which could confirm the at-
tachment specificity of the CD105-targeted MBs to the
specific biomarker in the parallel flow chamber test.
Furthermore, the analysis between the attachment num-
bers of CD105-targeted MBs and the expression levels of
CD105 in two types of cells as assessed by the flow
cytometry test showed a significant positive correlation
(ρ � 0.76, P< 0.032).

3.2. In Vivo Assessment of Endoglin Expression Levels.
(ere was a good positive correlation between the in vivo
molecular US signal and ex vivo expression levels of CD105
as assessed with the immunofluorescence test (ρ � 0.86,
P< 0.001), as shown in Figure 8. Additionally, the immu-
nofluorescence test confirmed that the expressions of both
CD105 and CD31 were colocalized on the endothelial cells,
as shown in Figure 8, which demonstrated that the in vivo
molecular US signals specifically came from those attached
CD105-targeted MBs on the endothelial cells. In the sub-
cutaneous tumor model, the expression levels of endoglin
(CD105) in small andmedium size tumors were significantly
higher (P< 0.032) in comparison with CD31. In large size
tumors, the expression levels of endoglin (CD105) was
significantly lower (P< 0.023) than those of CD31, as shown
in Figure 8.
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3.3. Discussion. Ultrasound imaging is a popular imaging
tool that utilizes unique acoustic-tissue interface behavior of
sound waves at high frequency as it passes through a bi-
ological organ or tissue of interest. Ultrasound is widely used
due to its uniqueness that can be used for applications in
both diagnosis and therapy. Conventional ultrasound has
been well accepted as an imaging modality specialized
for morphological imaging. (e advantages of ultrasound
include, but not limited to, economic cost, availability,

portability, high temporal resolution, ionizing radiation free,
and high sensitivity. However, ultrasound imaging is not
competent in imaging structures containing bone or air,
because ultrasound waves could not transmit bone or air.

Molecular ultrasound imaging, which employs func-
tionalized ultrasound contrast agent, is potentially able to
assess tumor angiogenesis noninvasively and quantitatively.
Recently, ultrasound contrast agents are based on micro-
bubbles (MBs), which are liquid shell emulsions filled with
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Figure 5: Principal of the quantitative assessment of molecular US signals. (a) Burst-and-replenishment technique for the quantitative
assessment of the attachedMBs; (b) the differential targeted enhancement (dTE) would be used to indicate the molecular US signal which is
contributed by attached MBs only. (e nontargeted MBs were used as a reference for the CD105-targeted MBs.
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Figure 4: (e experiment design of in vivo molecular US imaging experiment. Subcutaneous tumor models were established for the
assessment of CD105 expression levels during tumor progression from small to large size.(e nontargetedMBs were injected andmeasured
as the control, and the CD105-targetedMBs were injected with a 40min interval after the injection of nontargetedMBs.(eUS signals from
the CD105-targeted MBs would be calculated by averaging predestruction and postdestruction imaging signals and subtracting the
postdestruction signal average from the predestruction signal average.
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gas, such as perfluorocarbon, sulfur hexafluoride, and ni-
trogen. (e structure of microbubbles (MBs) makes it
unique in very high echogenic response when exposed in
ultrasound mechanical waves. On the one hand, this me-
chanical echogenic response would bring about high
contrast-to-background ratio. On the other hand, the size of
microbubbles usually 1∼4 µm in diameter could limit them
from going to extravascular regions. Overall, molecular
ultrasound imaging with the aid of MBs is quite potential for
detecting biomarkers that are overexpressed on the vessel
wall. Among all the contrast agent-centered imaging mo-
dalities, US molecular imaging is a recently emerging one in
the preclinical translation phase, whose clinical potential
might be fully exploited in the next decade.

In this study, the expression levels of CD105, which are
highly relevant to the growth of glioblastoma neovasculature,
have been assessed by the molecular US imaging in vivo based

on a subcutaneous tumor model. (e in vivo US signals from
the CD105-targetedMBs have shown that the expression levels
of CD105 decreasedwhen the tumor progressed to a larger size
which was correlated with the histology result (costaining
CD105/CD31) ex vivo. (e in vitro binding test showed that
the CD105-targeted MBs could target to a specific biomarker
(CD105) on the positive CD105 expression cells. In this study,
two types of cell lines (MS1 and 4T1) were selected as the
CD105 ± expression cells for the assessment of the expression
levels of CD105 in the parallel flow chamber test. (e in vitro
parallel flow chamber test was used as amimic situation for the
in vivo blood flow environment, which could be used to test
the binding affinity of the CD105-targeted MBs in vitro. (e
parallel flow chamber test showed that the binding affinity and
specificity were adequate for in vivo applications. And, the
successful binding of avidin-biotin conjugate was tested using
the fluorescein-conjugated antibiotin antibodies under the

(a)

30µm

(b)

2.0e + 009

1.5e + 009

1.0e + 009

5.0e + 008

0.0e + 000
0.5 1 2 5 10

(c) (d)

Figure 6: In vitro characterization of CD105-targeted MBs (MBs-biotin-avidin-biotin-anti-CD105-FITC). (a) (e dark-field microscope
image; (b) the fluorescence microscope image; (c) the size distribution of MBs, mean diameter in 2–3 µm; (d) the photograph of prepared
MBs kept in vials.
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visualization of fluorescence microscope. Overall, the mo-
lecular US imaging as a preclinical research tool was used to
evaluate the expression levels of neovasculature-related
endoglin (CD105) in vivo on the glioblastoma subcutaneous
xenograft model.(e statistical results in vivo and the in vitro
parallel flow chamber test together have validated this strategy
as a noninvasive method to assess the progression of neo-
vasculature for glioblastoma in vivo.

(e assessment of tumor angiogenesis is one of the most
popular applications of molecular US imaging. Among all
the proangiogenic growth factors, vascular endothelial
growth factor (VEGF) is the best-studied one and has gained
much expectation for clinical translation. Besides VEGF,
endoglin (CD105) acts as an alternative proangiogenic
growth factor. In clinic, the endoglin (CD105)-based im-
munohistochemistry test is accepted as a standard test to
assess the tumor angiogenesis by quantifying themicrovessel
density (MVD) for many types of solid tumors [32, 33]. It
has been approved that endoglin (CD105) could be selec-
tively expressed on the highly proliferating endothelial cells
rather than the normal and mature endothelial cells.
However, the studies of molecular US imaging that are
relevant to the alternative proangiogenic growth factor
endoglin (CD105) are still in the developing phase according
to the literature [34].

(e noninvasive molecuar US imaging and assessment
of endoglin (CD105) are potential to act as an alternative
strategy for monitoring tumor angiogenesis. (erefore, we
are motivated to develop the CD105-targeted molecular
US imaging strategy for the assessment of glioblastoma

neovasculature. (e CD105-targeted US contrast agent
(microbubbles) has been investigated in solution, in vitro
parallel flow chamber test, and in vivo subcutaneous tumor
model. Noteworthily, the micrometer size microbubbles
would be limited within the blood lumen, which are quite
suitable for applications to the intravasculature biomarkers.
(e targeted microbubbles, when decorated with the
functional ligands, could actively bind to the highly
expressed endoglin (CD105) on the tumor neovasculature.
Because the US signal intensity and harmonic components
from the MBs are substantially higher and richer than the
signals from the surrounding tissues, the targeted MBs that
are accumulated in the neovasculature can be identified and
visualized with the molecular US imaging with high sen-
sitivity. Although the image resolution of molecular US
image was limited to delineate the morphology of the
biomarker CD105 expression in vivo, the quantitative mo-
lecular US signals were demonstrated to be correlated with
the IHC analysis ex vivo. In addition, the molecular US
images representing the attached MBs to biomarker CD105
in the molecular level could be combined with the com-
plementary B-mode ultrasound anatomic images in vivo.

4. Conclusions

Among all the contrast agent-centered imaging modalities,
molecular ultrasound imaging is a recently emerging one
in the preclinical translation phase, whose clinical poten-
tial could be fully exploited in the next decade. Endoglin
(CD105), as an alternative angiogenic factor on the luminal
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Figure 7: (e parallel flow chamber test results. (a) Bright-field microscope images of the parallel flow chamber test. Two types of cell lines
were used: endothelial cell MS1 with CD105 high expression level and 4T1 cells with CD105 low expression level. (e CD105-targeted MBs
and nontargeted MBs were used as control, while the anti-CD105 monoclonal antibody was used as the blocking control for CD105 high
expressing cells. (e red arrow indicates the location of the attached CD105-targeted MBs. (e round small spots under the bright-field
microscopy were MBs that were in contact with the membrane of cells without free floating movement. (b) (e quantitative attachment
results of the parallel flow chamber test. (e attachment of the control nontargeted MBs to the MS1 cells was significantly (P � 0.025) lower
in comparison with the CD105-targeted MBs; (e MS1 cells (CD105 positive) with blocking treatment would result in a significant
(P � 0.015) reduction in the attachment number of the CD105-targetedMBs, which could confirm the attachment specificity of the CD105-
targeted MBs to the specific biomarker in the parallel flow chamber test.
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surface of glioblastoma neovasculature, is suitable to work as
the binding target of ultrasound contrast agent. Molecular
US imaging with the aid of targeted MBs is suitable for
assessing the neovasculature progression of glioblastoma at
the early stage by visualization of the proangiogenic bio-
marker endoglin (CD105), which is highly expressed on the
neovasculature wall. (is study is a proof of concept work
which may develop towards preclinical translation in the
future.
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(e data used to support the findings of this study are
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Molecular imaging is an emerging strategy for in vivo visualization of cancer over time based on biological mechanisms of disease
activity. Optical imaging methods offer a number of advantages for real-time cancer detection, particularly in the epithelium of
hollow organs and ducts, by using a broad spectral range of light that spans from visible to near-infrared. Targeted ligands are
being developed for improved molecular specificity. �ese platforms include small molecule, peptide, affibody, activatable probes,
lectin, and antibody. Fluorescence labeling is used to provide high image contrast. �is emerging methodology is clinically useful
for early cancer detection by identifying and localizing suspicious lesions that may not otherwise be seen and serves as a guide for
tissue biopsy and surgical resection. Visualizing molecular expression patterns may also be useful to determine the best choice of
therapy and to monitor efficacy. A number of these imaging agents are overcoming key challenges for clinical translation and are
being validated in vivo for a wide range of human cancers.

1. Introduction

Cancer is a worldwide health-care concern that is steadily
growing. By 2030, an annual incidence and mortality of 21.7
and 13 million cases, respectively, are expected [1]. �is
increase is attributed to an aging population, greater
prevalence of obesity, adoption of western diets by de-
veloping countries, and environmental factors [2–4]. Many
cancers arise from the epithelium of hollow organs and
ducts, including breast, colon, esophagus, head and neck,
lung, pancreas, and stomach [5–11]. �is thin layer of highly
metabolic tissue can be thoroughly and rapidly evaluated in
the clinic using methods of optical imaging. Many cancer
surveillance guidelines recommend random biopsies, an
approach that is inefficient, time consuming, and not widely
practiced [12–18]. Targeted optical contrast agents have the
potential to provide a molecular mechanism to complement
the anatomical view of cancer provided by conventional

imaging platforms. �ey can be administered via different
routes, including topically and systemically, to infiltrate the
epithelium for effective binding to achieve high contrast
images. Malignant and premalignant lesions that may not
otherwise be seen can then be detected to guide either di-
agnostic biopsy or intraoperative surgical resection. Imaging
systems should be portable, electrically isolated, and easy to
position while providing fluorescence images with micron
resolution over a field of view of several centimeters.
Progress in this emerging direction requires identification of
highly specific targets paired with robust clinical validation.

Molecular imaging is an integrated approach that
combines advances in instrumentation with progress in
probe chemistries. �is methodology promises to advance
precision medicine by improving diagnostic performance
for early cancer detection, tumor staging, risk stratification,
and guidance of therapy. Rapid progress has been made in
the technical performance of whole-body imaging systems,
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including computed tomography (CT), magnetic resonance
imaging (MRI), and ultrasound (US) [19–23]. While these
platforms provide detailed images of tumor anatomy, they
reveal little about the biology that drives cancer progression.
Nuclear methods, such as positron emission tomography
(PET) and single-photon emission computed tomography
(SPECT), visualize and measure physiological processes
using radiotracers. For example, 2-deoxy-2-18F-fluoro-D-
glucose (18FDG) is used routinely with PET in clinical
practice for cancer staging [24–26]. While both modalities
have the capability to image multiple targets using affinity
probes labeled with different radioisotopes, this approach is
limited by high cost, lack of widespread radiotracer avail-
ability, and radiotracer stability. Furthermore, there are
limited data to justify use of whole-body PET for cancer
screening.

Optical imaging is an alternative modality that detects
light emitted from fluorophores attached to ligands that bind
specifically to molecular targets overexpressed in cancer.
Light is nondestructive, nonionizing, real time, and in-
formation rich and can be used over a wide spectral range
spanning from visible to near-infrared (NIR). �is breadth
allows for multiplexing to be performed whereby two or
more targets can be visualized simultaneously and is relevant
to detection of genetically heterogeneous tumors. Probe
platforms are being developed for optical imaging that in-
clude small molecule, peptide, affibody, activatable, lectin,
and antibody. �ese ligands range considerably in size from
nanoparticles to large macromolecules [27–34]. Tracers used
in the clinic for hybrid and theranostic applications have
been reviewed previously and are not included in this
current review [28]. Chemistries for fluorescence labeling
and long-term stability monitoring of these molecules are
fairly well developed [22, 35–38]. Clinical translation of
these targeted contrast agents is challenging and can be
affected by the photophysical properties, stability, phar-
macokinetics (PK), and dose. Often, a multidisciplinary
team is required [36]. Regulatory expertise is needed to
prepare the Investigational New Drug (IND) application.
Study objectives for “first-in-human” clinical studies include
establishing a safety profile, identifying optimal dosage,
determining time course for probe uptake, and validating
target expression.

2. Nonspecific Optical Imaging Agents

�e first optical contrast agents developed for clinical use are
nonspecific. Chromoendoscopy employs the use of intravital
dyes, such as methylene blue and indigo carmine [39, 40].
�ese dyes are topically administered and have absorptive
properties that highlight mucosal surface patterns. Physician
looks for areas with abnormal appearance to guide endo-
scopic resection of premalignant lesions. �is procedure has
been recommended by leading medical societies and in-
ternational experts for use as an adjunct to conventional
white light colonoscopy for colorectal cancer (CRC) sur-
veillance in patients with inflammatory bowel disease (IBD),
including ulcerative colitis and Crohn’s disease [41, 42].
However, the images generated by these dyes are low in

contrast, subjective in appearance, difficult to interpret
without substantial training, and prone to inter- and
intraobserver variability.

By comparison, fluorescence produces high image
contrast that can be used for real-time clinical inspection.
Fluorophores with a large molar extinction coefficient, safe
toxicity profile, low molecular weight (≤1 kD), and minimal
nonspecific binding to normal tissues are best suited for this
application. Also, low cost, ready availability, and well-
developed labeling protocols are desirable. �ese contrast
agents can be used to localize cancer either intra- or ex-
tracellularly based on their size and charge distribution.
Delivery can be performed either topically or intravenously
(iv) depending on the clinical application. Fluorescein iso-
thiocyanate (FITC), a fluorescein derivative that is FDA-
approved for human use, is one of the first optical imaging
agents used in the clinic [43]. However, the peak absorbance
of FITC is near that of hemoglobin, resulting in limited
imaging depth and contrast and high autofluorescence
background. Also, FITC is sensitive to photobleaching,
which limits the time available for imaging.

5-Aminolevulinic acid (5-ALA) is an endogenous sub-
strate that emits no fluorescence in its native state. Meta-
bolically active tumor cells preferentially take up 5-ALA for
heme synthesis (Figure 1(a)). Protoporphyrin IX (PpIX,
λex � 380 nm; λem � 637 nm) is a downstream substrate that
is highly fluorescent (Figure 1(b)). Clinical studies using
topical, oral, and intravesical administration have been
conducted for a variety of diseases, including glioma,
bladder, esophageal, and squamous cell carcinoma. Fluo-
rescence has been collected with a systemic injection of 0.2,
2, and 20mg/kg in clinical studies of dose escalation. �e
dose of 20mg/kg has been found to produce the strongest
fluorescence signal from tumor, and margins based on visual
and spectroscopic assessment have correlated well with
histology. In the clinic, 5-ALA has also been administered
orally 6 hours in advance of imaging for detection of bladder
cancer and glioblastoma [44–46]. However, studies have
shown that 5-ALA and PpIX can accumulate in non-
malignant tissues as well as in tumor, including brain pa-
renchyma, subependymal zone, and choroid plexus [47, 48].
Other studies have shown that use of this nonspecific
contrast agent can generate fluorescence in a heterogeneous
spatial pattern that may not correlate with the tumor grade
[49–53].

Indocyanine green (ICG, λex � 783 nm; λem � 813 nm) is
another nonspecific contrast agent that is FDA-approved for
human use (Figure 1(c)). ICG offers several advantages,
including low toxicity (LD50 of 50–80mg/kg in animals) and
rapid excretion into bile, and is used routinely in the clinic as
iv contrast for angiography and evaluation of cardiac and
liver functions [54]. ICG produces NIR fluorescence with
peak emission near 800 nm. In this spectral regime, sensi-
tivity to hemoglobin absorption, tissue scattering, and tissue
autofluorescence is low, and light penetration depth is high.
ICG binds rapidly to albumin in circulation and results in
5–10 nm complexes that accumulate in tumors via the en-
hanced permeability and retention (EPR) effect (Figure 1(d))
[55–57]. ICG has been used clinically to guide surgical
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resection of cancer, including breast, CRC, and hepatocel-
lular carcinoma [58]. Liberale et al. evaluated the role of
fluorescence imaging using an intraoperative injection of
free ICG for detection of peritoneal metastases from CRC.
Free ICG at 0.25mg/kg was iv injected, and the mean tumor-
to-background ratio (TBR) was 1.92± 0.67 in malignant and
1.02± 0.06 in benign nodules (P � 0.0099) in n � 42 nodules
from n � 9 patients with nonmucinous adenocarcinoma
[57]. However, nonspecific dye retention can reduce di-
agnostic performance for ICG, and clinical utility is limited
by high levels of binding to plasma proteins (98%), low
stability in aqueous media, and concentration dependent
shifts in wavelength [59].

3. Targeted Optical Imaging Agents

By comparison, molecular probes that either bind or are
activated by enzymes unique to cancer targets provide
specific detection. In general, these contrast agents consist of
a ligand, fluorescence signaling moiety, and carrier mole-
cule. Different types of ligands include small molecule,
peptide, affibody, activatable, lectin, and antibody (Figure 2
(A)–(F)). Clinical studies are being performed to evaluate

specific agents in various types of cancer (Figure 2(G)). �e
probes best suited for clinical imaging have good binding
affinity, specific uptake, high cancer retention, and rapid
clearance from nontarget tissues. �ese properties produce
high in vivo TBR. In general, molecules with smaller size
have a favorable pharmacokinetic profile with faster clear-
ance that allow for imaging to be performed at earlier time
points after administration. Long-term stability, in vivo
integrity, ease of preparation, and safety are also important
features. Table 1 summarizes clinical trials that use each class
of imaging agent and are either ongoing or have been
completed and are registered online at Clinicaltrials.gov.

3.1. Small Molecule. Folate is a small molecule that binds
specifically to the folate receptor alpha (FR-α). �is target is
overexpressed in ovarian cancer in up to 95% of patients.
Moreover, FR-α is minimally expressed in normal cells and
thus has potential to generate high image contrast. Folate has
been labeled with FITC (EC17, λex � 490 nm; λem � 520 nm)
and ICG (OTL38) to target FR-α for real-time cancer de-
tection (Figures 3(a) and 3(b)) [60]. In a clinical study of
n � 12 patients with ovarian cancer undergoing exploratory
laparotomy, high uptake of EC17 was found in FR-α positive
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Figure 1: Nonspecific optical imaging agents. (a) Chemical structure of 5-ALA. (b) 5-ALA is taken up by tumor cells and used for synthesis
of PpIX (abs� 405 nm, em� 635 nm). (c) Chemical structure of ICG (abs� 783 nm, em� 813 nm). (d) ICG binds to albumin and forms
a complex that accumulates in tumor cells to enhance image contrast.
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tumors and metastases during laparoscopy (Figures 3(c) and
3(d)) [61]. �e iv injected formulation for both EC17 and
OTL38 appeared to be safe. �e fluorescence intensity was
found to peak within the range of 2–8 hours postinjection.
All patients completed the study, and no serious adverse
events (SAEs) were reported. �e mean TBR was 3.1 and 4.4
for EC17 and OTL38, respectively, at the injected doses of
0.3mg/kg for EC17 and 0.05mg/kg for OTL38. Surgeons
were able to find and resect an additional 29% of malignant
lesions that were not identified using conventional white
light. Based on the preclinical imaging and biodistribution
experiments performed with TC1-implanted murine lung
cancer cells, the majority of EC17 and OTL38 accumulated
in the digestive system, mostly localized in the stomach and
small and large intestines. �ere was significant fluorescence
in tumors, and no signal was found in the lung, heart, spleen,
muscle, bone, fat, or liver. OTL38 was fluorescent in the
kidneys, whereas EC17 was not.�ere were no signs of acute
toxicity in any of the animals. Use of fluorescence did not
interfere with the surgeon’s ability to perform the procedure.
�is “first-in-human” study demonstrates potential for use
of small molecules to target ovarian cancer, guide radical

cytoreductive surgery, and improve methods for intra-
operative staging [62–69].

PARPi-FL is a small-molecule inhibitor that binds to
the DNA repair enzyme poly(ADP-ribose) polymerase 1
(PARP1) and is fluorescently labeled with boron-
dipyrromethene (BODIPY, λex � 507 nm; λem � 525 nm)
(Figure 4(a)). PARPi-FL has potential to improve diagnostic
performance and guide surgical resection of oropharyngeal
squamous cell cancer (OSCC) (Figures 4(c) and 4(d)) [70].
�e incidence of this disease has increased steadily as a result
of chronic infection with the human papillomavirus (HPV).
PARP1 expression is increased by ∼8-fold in OSCC relative to
normal oral mucosa. In the preclinical study performed in an
orthotopic tongue tumor model of OSCC (FaDu cells), iv
injection of 75 nmol PARPi-FL per animal provided a max-
imum uptake at 90minutes postinjection. Fluorescence im-
aging showed strong PARPi-FL accumulation in parts of the
tongue that were visibly affected by OSCC, whereas no signal
accumulation was observed in regions without tumors after
injection of either PARPi-FL or vehicle.When compared with
vehicle, the average signal intensity from tumor-bearing mice
was significantly higher (35.4 ± 8.6 versus 15.2 ± 5.0AU,

(a)

(b)

(c)

(d)

(e)

(f)

A,B,C

A,B,C,F

B,D,E,F

A,B,D,F

B,C,D

B,D,E,F

F

A,B

A,F

A D,E

Glioma, CNS, pituitary

Head and neck

Esophagus

Sarcoma

Breast

Lung

Pancreas

Kidney Prostate

Ovary

Colon

(g)

Figure 2: Molecular probe platforms. Targeted contrast agents being developed for optical imaging include (A) small molecule, (B) peptide,
(C) affibody, (D) activatable, (E) lectin, and (F) antibody. (G) Clinical studies are being performed using each platform in a wide range of
cancers.
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resp.; P< 0.001).�ere was no difference between the average
signal intensity after PARPi-FL or vehicle injection in tongue
and thigh muscle. Based on these promising preclinical

results, a Phase 1/2 clinical trial is being performed using
PARPi-FL as a targeted contrast agent with topical admin-
istration for in vivo imaging (Table 1).

Table 1: Clinical studies of targeted imaging agents. A summary of the ongoing or completed clinical trials, as described online at
Clinicaltrials.gov organized by each class of molecular probe.

NCT# Dates Cancer Ligand/target Fluorophore Reference
Small molecule
NCT02000778 11/2013–2/2018 Ovary EC17/Folate-α FITC [60, 61]
NCT02769533 09/2015–9/2020 Pituitary OTL38/Folate-α ICG [62]
NCT01778933 05/2013–2/2018 Renal cell EC17/Folate-α FITC [63]
NCT01778920 04/2012–5/2016 Lung EC17/Folate-α FITC [64]
NCT02602119 05/2015–8/2017 Lung OTL38/Folate-α ICG [65]
NCT01994369 05/2014–2/2018 Breast EC17/Folate-α FITC [66]
NCT02653612 01/2016–2/2020 Lung EC17/Folate-α FITC [67]
NCT02645409 12/2015–4/2018 Renal cell OTL38/Folate-α ICG [68, 69]
NCT03085147 03/2015/-3/2019 Head & neck Olaparib/poly(ADP-ribose) polymerase 1 BODIPY [70]
NCT03333031 01/2018–2/2020 Breast HS-196/Hsp90 FITC [71]
Peptide
NCT02462629 06/2015–2/2016 CNS BLZ-100/a∗ Cy5.5 [72, 73]
NCT02496065 07/2015–2/2016 Breast BLZ-100/a∗ Cy5.5 [74]
NCT02464332 09/2015–5/2016 Sarcoma BLZ-100/a∗ Cy5.5 [75–77]
NCT02234297 10/2014–2/2016 Glioma BLZ-100/a∗ Cy5.5 [72, 73]
NCT02097875 12/2013–3/2015 Basal/squamous cell BLZ-100/a∗ Cy5.5 [75–77]
NCT03205501 02/2017–2/2018 Esophagus EMI-137/c-Met Cy5 [78]
NCT03360461 12/2017–7/2018 Colon EMI-137/c-Met Cy5 [78]
NCT02676050 02/2018–6/2018 Lung EMI-137, NAP/c-Met Cy5 [78]
NCT02807597 12/2017–2/2020 Breast LS301/αVβIII integrins Cypate [79]
NCT01722058 02/2013–8/2013 Colon VRPMPLQ/b∗ Fluorescein [80]
NCT02156557 06/2014–7/2016 Colon KCCFPAQ/c∗ FITC [81]
NCT01391208 02/2011–6/2012 Esophagus ASYNYDA/d∗ FITC [82]
NCT01630798 07/2012–9/2013 Esophagus ASYNYDA/d∗ FITC [83]
NCT02574858 11/2015–8/2016 Esophagus QRHKPRE/EGFR Cy5 [84]
NCT03161418 06/2017–9/2017 Esophagus KSPNPRF/Her2 IRDye800 [85]
NCT03148119 03/2017–3/2018 Colon QRHKPRE/EGFR Cy5 [84]
Affibody
NCT02901925 12/2016–3/2018 Glioma ABY-029/EGFR IRDye800 [86–88]
NCT03282461 10/2017–2/2018 Head & neck ABY-029/EGFR IRDye800 [86–88]
NCT03154411 08/2017–2/2018 Sarcoma ABY-029/EGFR IRDye800 [86–88]
Activatable
NCT02438358 06/2015–9/2016 Breast LUM015/Enzymes Cy5 [89]
NCT01626066 06/2012–8/2015 Sarcoma LUM015/Enzymes Cy5 [89]
NCT02584244 05/2016–3/2018 Colon, pancreas, esophagus LUM015/Enzymes Cy5 [89]
Lectin
NCT03070613 04/2017–3/2018 Colon Wisteria floribunda/e∗ Fluorescein [90]
Antibody
NCT02497599 06/2015/-8/2018 Renal cell Girentuximab/carbo-nic anhydrase IX IRDye800 [91]
NCT03134846 05/2017–1/2021 Head & neck Cetuximab/EGFR IRDye800 [92]
NCT02736578 07/2016/-4/2017 Pancreas Cetuximab/EGFR IRDye800 [92]
NCT01987375 11/2015–2/2018 Head & neck Cetuximab/EGFR IRDye800 [92]
NCT02415881 04/2015–8/2017 Head & neck Panitumumab/EGFR IRDye800 [92]
NCT01372189 01/2011–7/2011 Colon anti-EGFR mAb AF488 [93]
NCT02048150 03/2015–9/2016 Prostate MDX1201/PSMA AF488 [94]
NCT02743975 09/2016–2/2017 Pancreas Bevacizumab/VEGF-A IRDye800 [95, 96]
NCT01972373 10/2013–1/2017 Rectum Bevacizumab/VEGF-A IRDye800 [95, 96]
NCT02583568 10/2015/-2/2017 Breast Bevacizumab/VEGF-A IRDye800 [95, 96]
NCT02129933 04/2014–1/2016 Esophagus Bevacizumab/VEGF-A IRDye800 [95, 96]
NCT02113202 03/2014–0/2015 Colon Bevacizumab/VEGF-A IRDye800 [95, 96]
a∗: multiple targets reported including matrix metalloproteinase-2 (MMP-2), membrane type-I MMP, and a transmembrane inhibitor of metalloproteinase-2
(TIMP2), ClC-3 chloride ion channels, and other proteins; b∗–d∗: peptide was screened using unbiased selection and target is unknown; e∗: disaccharides and
other glycans.
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Heat shock protein 90 (Hsp90) is a chaperone that aids
in the folding, stabilization, and degradation of cellular
proteins and is found in virtually all living organisms.
Hsp90 expression is particularly high in cancer cells and
may facilitate tumor invasion. HS-196 is a small molecule
inhibitor that has been tethered to FITC via a PEG linker
for optical imaging to target Hsp90 expressed ectopically in
tumors (Figure 4(b)) [71]. Hsp90 has 3 structural domains
including an N-terminal domain that contains an ATP
binding site. Preclinical studies in breast cancer showed
that these tethered inhibitors selectively recognize and are
internalized by cells that overexpress Hsp90. High uptake
of HS-196 was observed in vitro and in vivo in multiple
breast cancer cell lines versus the Huh7 liver cancer cell. In
vivo imaging of HS-196 with iv injection resulted quick and
strong tumor accumulation and long retention. Pharma-
cokinetic studies show dose dependent uptake of either the
visible or NIR forms, peak intensity within the tumor mass
by 30 minutes, and a detectable signal for up to 72 hours.
�e TBR was calculated using flow cytometry, and ∼3-fold
greater uptake was observed in isolated tumor cells versus
either splenocytes or hepatocytes. A clinical trial using iv

administration of HS-196 is planned for breast cancer
patients (Table 1).

3.2. Peptide. Peptides bind a broad range of cell surface
targets with high specificity and affinity. �eir relatively
small size (<5 kDa) facilitates delivery to overexpressed
cancer targets for in vivo detection. Peptides exhibit rapid
peak uptake, clear quickly to avoid toxicity, and minimize
biodistribution to nontarget tissues. �ey bind within a few
minutes, a timescale that is compatible with clinical use in
high volume procedures, such as endoscopy. Peptides have
low likelihood to elicit an immune response which allows for
repeat use. Peptide analogs with good stability, binding
properties, and pharmacokinetic behavior have been used
clinically to image neuroendocrine tumors, adenocarci-
nomas, lymphomas, and melanomas [97–99]. Peptides can
be labeled with a variety of fluorophores, including visible
and NIR dyes. Recently, cyanine-based dyes that emit
fluorescence in the NIR spectrum have been used in the
clinic for greater imaging depth [22, 100, 101]. Chlorotoxin
(CTX) is a naturally occurring 36-amino acid peptide with

FITC

Folate

OH

O O

HO N
H

N
H

S

O–Na+

+Na–O O

OO
NH

OHH2N

HN

N
NN

N

H
N

(a)

Folate

ICG

–O
S

N+

+Na–O
O

O
S

S

O
O

NH
NH

HO

N
N

N
N

NH2

N

O
OS

O
O

O–Na+

+Na–O

O–Na+O

O
O

(b)

(c) (d)

Figure 3: In vivo optical imaging with folate. Chemical structure is shown of folate labeled with (a) FITC (abs� 490 nm, em� 525 nm),
known as EC17, and (b) ICG (abs� 783 nm, em� 813 nm), known as OTL38. (c) White light laparoscopic image of peritoneum in vivo and
corresponding (d) fluorescence image show enhanced contrast from ovarian cancer metastases following systemic administration of EC17
((c) and (d) reprinted with the permission from [60]).
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4 disulfide bonds and is derived from the Leiurus quin-
questriatus scorpion. CTX binds to a lipid raft-anchored
complex that contains matrix metalloproteinase-2 (MMP-
2), membrane type-I MMP, and a transmembrane inhibitor
of metalloproteinase-2 (TIMP2), ClC-3 chloride ion chan-
nels, and other proteins [72–74]. �is complex is in-
ternalized by cancer cells and eliminates functional chloride
channels. CTX has been labeled with Cy5.5 (λex � 675 nm;
λem � 695 nm) using a side chain of lysine, denoted as BLZ-
100, for use in Phase 1 clinical studies (Figure 5(a))
[75–77, 102, 103]. BLZ-100 is also known as “tumor paint”
and was first used to image gliomas. �e nonclinical safety
and pharmacokinetic profile of BLZ-100 were evaluated in
mice, rats, canines, and nonhuman primates (NHP). Single
bolus iv administration of BLZ-100 was well tolerated and no-
observed-adverse-effect-levels (NOAELs) included 7mg
(28mg/kg) in rats and 60mg (20mg/kg) in NHP. In the most
recent study, BLZ-100 was administered at different doses as
a single iv bolus 6–31 hours prior to surgery in pediatric
glioblastoma patients with either confirmed or suspected
brain tumor. Tumor fluorescence was evaluated in situ and ex
vivo using a synchronized infrared imaging system (SIRIS).
TBR was not reported; however, tumor fluorescence was
observed in 13/15 tumors including 5/7 low-grade gliomas.

Fluorescence intensity increased with the dose of BLZ-100.
More recently, this targeted contrast agent has been used to
detect a variety of other cancers, including the medullo-
blastoma, sarcoma, prostate, colon, breast, lung, and skin.

GE-137 is a 26-mer cyclic peptide, also known as EMI-
137, which was developed using phage display screening for
specific binding to c-Met (Figure 5(b)) [78]. c-Met is
a protooncogene that encodes a transmembrane receptor
tyrosine kinase to stimulate tumor progression and me-
tastases. Based on the high prevalence of dysregulation noted
in human tumors and its association with advanced disease,
c-Met can also be used as a therapeutic target. �e peptide
was labeled with the NIR fluorophore Cy5 (λex � 645 nm;
λem � 665 nm) and was administered iv for optical imaging
of colonic adenomas using a fiber-optic imaging bundle.�e
biodistribution and pharmacology/toxicity of this peptide
were first evaluated in rats and cynomolgus monkeys, and
a single iv dose of up to 0.36mg/kg was felt to be safe in
humans. �is dose is twice that used for clinical imaging. A
single dose (0.02–0.18mg/kg) of peptide was then admin-
istered iv in both healthy volunteers and subjects at high
risk of colorectal neoplasia (total n � 31). �e peptide was
found to be well tolerated and safe and did not result in
any clinically significant changes in symptoms, blood and
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urinary lab parameters, vital signs, or EKG. Fluorescence
measurements indicated a half-life of ∼2 hour 30 minutes for
the background to clear at all doses. From ex vivo images,
∼2.3-fold higher fluorescence intensity was observed in the
premalignant lesions versus normal colonic mucosa. �is

imaging approach was demonstrated in vivo in n � 15 pa-
tients and was found to improve the diagnostic yield of
adenomas by 19%. Some premalignant lesions had either flat
or subtle features on colonoscopy and were easily missed
with conventional white light illumination.
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Peptides have also been identified empirically using phage
display by screening against cancer cells. �is approach
maximizes fluorescence signal needed for real time in vivo
imaging; however knowledge of the target may be incomplete.
�e peptide VRPMPLQ was labeled with fluorescein via an
aminohexanoic acid linker (Figure 5(c)) and was found to
bind preferentially to premalignant rather than normal co-
lonic crypts using confocal endomicroscopy [80].�is peptide
was applied topically at 100 µM, and imaging was performed
after 5min postincubation. A TBR of 17.9± 4.2 (SEM) in
fluorescence intensity between adenomas and normal colo-
nocytes was found with an average signal-to-noise ratio
(SNR) of 9.3± 0.9 (SEM) for n � 18 adenomas. Contrast
ranged between 0.9± 17.2 (SD) and 52.3± 6.8 (SD).

�e peptide ASYNYDA was found to localize to regions
of high-grade dysplasia and esophageal adenocarcinoma in
patients with Barrett’s esophagus using either confocal
endomicroscopy or wide-field endoscopy (Figure 5(d))
[82, 83]. �e pharmacology/toxicology study was performed
in rats at 4 doses in escalation by oral gavage and showed no
peptide-related acute adverse effects in clinical signs or
chemistries or on necropsy up to 15 days after peptide
administration up to 0.86mg/kg. �e receiver-operator
characteristic (ROC) curve for in vivo imaging showed an
optimum sensitivity of 75% (95% CI: 43%–95%) and
specificity of 97% (95% CI: 85%–100%) at TBR� 4.2, with an
area under curve (AUC) of 0.91. �e performance of the
peptide varied with threshold. At this TBR, n � 9 true
positives, n � 1 false positive, n � 34 true negatives, and n �

3 false negatives for identifying neoplasia were found,
resulting in a PPV of 90% and NPV of 92%.

�e peptide KCCFPAQ was screened against human
CRC cells that have a point mutation in the V600E locus of
the BRAF gene, a characteristic of sessile serrated adenoma
(SSA) but not tubular adenomas (Figure 5(d)) [81]. A rig-
orous pharmacology/toxicology study of GMP-synthesized
peptide was performed in rats to provide an initial assess-
ment of safety. Intracolonic administration with a volume of
10mL/kg was performed in 4 groups of rats at 7 weeks of age,
including vehicle (PBS) and at 0.0086mg/kg, 0.026mg/kg,
and 0.86mg/kg. No acute peptide-related adverse effects in
clinical signs, labs, or necropsy were found in any of the
animals. A Phase 1A safety study was performed in n � 25
patients and showed no significant adverse events with the
FITC-labeled peptide administered topically to colonic
mucosa (Table 1). An optical imaging study was performed
in the proximal colon of n � 38 patients with suspected
adenomas using tandem white light and fluorescence en-
doscopy, Table 1. SSAs were found to have significantly
greater mean fluorescence intensity than normal colon.
Fluorescence images were used to distinguish SSAs from
normal mucosa with 89% sensitivity and 92% specificity at
a TBR of 1.16 (Figures 6(a)–6(f)).

Peptides have also been developed that bind specifically
to known cancer targets. QRHKPRE was labeled with Cy5.5
to detect epidermal growth factor receptor (EGFR) over-
expressed in epithelial cancers (Figure 5(d) [84]). Use of this
peptide for imaging has been demonstrated in several
preclinical models of cancer, including colon and liver.

Clinical studies are under way for early cancer detection in
patients at increased risk for colorectal cancer (Table 1).
KSPNPRF was developed to bind specifically to epidermal
growth factor receptor 2 (ErbB2), [85] also known as Her2,
another member of the tyrosine kinase family. Her2 is
overexpressed in many cancers including breast, colon,
esophagus, and stomach. �is peptide was labeled with
IRDye800 (λex � 775 nm λem � 795 nm) using thiol-
maleimide chemistry (Figure 5(e)) and safety with topical
administration was established in a Phase 1A clinical study
(Table 1). Peptides targeting either EGFR or Her2 did not
initiate downstream signaling following ligand-receptor
binding to support safety for clinical imaging. Also, both
peptides did not show any acute toxicity in rats.

LS301 is cyclic octapeptide (D-Cys-Gly-Arg-Asp-Ser-
Pro-Cys)-Lys-OH that binds specifically to integrins
expressed by tumor cells but not normal. D-cysteine is
incorporated to prevent degradation by endogenous serum
proteases. �is peptide has been labeled with cypate
(λex � 778 nm λem � 805 nm), a hydrophobic NIR fluo-
rophore, Figure 5(f). Tumor cells take up this targeted
contrast agent via receptor-mediated endocytosis, and
fluorescence images are visualized using special Cancer
vision goggles (CVG). LS301 has shown promising results in
vivo in preclinical studies [79].

Fluorescence images collected using LS301 identified all
tumors in mice (n � 10) with a mean TBR of 1.21 ± 0.1 and
was used to guide real-time resection. �e fluorescence
signal was significantly higher in tumors than in sur-
rounding tissue (P< 0.05) and correlated well with histology.
A clinical study has been planned to evaluate use of this
peptide in patients with breast cancer undergoing partial
mastectomy and biopsy (Table 1). �e study aims to use NIR
fluorescence images to evaluate the ability of LS301 to
predict the presence of positive cancer margins around the
mastectomy site and to locate positive sentinel lymph nodes.

3.3. Affibody. Affibodies are nonimmunoglobulin, synthetic
proteins (∼7 kDa) that are generally larger in size than
peptides but smaller than antibodies. Similar to peptides,
affibodies exhibit rapid tumor uptake and fast clearance
from normal tissues by comparison with antibodies. �ey
also have good stability and binding affinity. �e clinical
utility of an affibody specific for Her2 has been demonstrated
using nuclear imaging in breast cancer patients with re-
curring metastases [104]. ABY-029 is an affibody specific for
EGFR that has been labeled with IRDye800 (λex � 775 nm
λem � 795 nm) for optical imaging (Figure 5(g)) [86, 87]. A
microdose injection of ABY-029 was used to delineate
human glioma xenograft tumors in nude rats. Optical im-
aging with ABY-029 outperformed 5-ALA for detection of
orthotopically implanted gliomas [88]. ABY-029 has been
synthesized for in vivo characterization and will be evaluated
clinically in patients with recurrent glioma, head and neck
cancer, and primary sarcoma, Table 1.

3.4. Activatable. Activatable probes are optically inactive in
the native state and become highly fluorescent when cleaved
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by enzymes that are overexpressed in cancer. �is class of
targeted contrast agent has been demonstrated in preclinical
optical imaging studies in a number of disease models,
including cancer, atherosclerosis, rheumatoid arthritis, and
thrombosis [34, 105–108]. Lum015 consists of a 22 kDa
polyethylene glycol (PEG 450) and the NIR fluorophore Cy5
(λex � 645 nm λem � 665 nm) attached to a QSY21
(λex � 660 nm λem � 792 nm) quencher (Figure 7(a)). Ca-
thepsins cleave the Gly-Gly-Arg-Lys (GGRK) recognition
sequence to release fluorescence. Preclinical imaging results
with LUM015 in various cancer types have been promising.
No adverse effects have been found in either mice or canines
with naturally occurring cancers following injection 6–24
hours prior to surgery. Biodistribution, pharmacokinetic
profiles, and metabolism were similar in mice and human
subjects. LUM015 was administered to n � 6 patients at
a dose of 0.5 and 1.0mg/kg and n � 3 patients at 1.5mg/kg.
Surgical removal of tumors immediately followed by ex vivo
fluorescence imaging was done either the same day as probe
injection (at ∼6 hours) or the following day (at ∼30 hours).
LUM015 is currently in Phase 1 clinical studies for soft-tissue

sarcoma, breast cancer, and digestive tract cancers, including
colon, esophagus, and pancreas (Table 1 [89]). Tissue
specimens of cancer (n � 49) imaged intraoperatively
showed good correlation with pathology.

3.5. Lectin. Lectins are glycoproteins that bind to specific
sugar residues (oligosaccharides) and have been devel-
oped to detect cell-surface glycans that are altered in
cancer [90, 109]. Unlike other posttranslational modifi-
cations, glycosylation is highly specific in cancer and
provides a promising biomarker for early cancer detection
[110, 111]. Wheat germ agglutinin (WGA) is a lectin that
has been fluorescein-labeled and topically administered to
the epithelial surface of freshly resected specimens of whole
human esophagus. Specific binding to high-grade dysplasia
was visualized using a clinical fluorescence endoscope ex
vivo. �ese lesions were flat in appearance and not likely to
be detected with conventional white light endoscopy.
Unlike the other targeting ligands, cancer progression is
associated with reduced lectin binding.
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Figure 6: In vivo peptide image of human colonic adenoma. (a) SSA (arrow) with flat morphology collected with conventional white light is
shown. (b) Fluorescence image following topical administration of peptide KCCFPAQ labeled with FITC shows increased contrast from
lesion (arrow). (c) Reflectance and fluorescence images are combined as a (d) ratio to quantify image. (e) Image intensities along horizontal
dashed line in (b–d) show a peak located at site of the SSA (arrow). (f ) Corresponding histology of SSA shows serrated morphology (arrow)
(reprinted with the permission from [81]).
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WGA labeled with Alexa Fluor 647 (AF647, λex� 650nm
λem� 668nm) showed significantly decreased binding in
sections of human colonic adenomas ex vivo (Figure 8(a)) [90].
�is targeted contrast agent could distinguish among normal
epithelium, hyperplastic polyps, low-grade dysplasia, high-
grade dysplasia, and adenocarcinoma with high sensitivity,
specificity, and positive predictive value (Figures 8(b) and
8(c)). Another lectin, helix pomatia agglutinin (HGA)
demonstrated comparable performance. Decreased binding
ofWGA andHPA to the epithelium in dysplasia suggests that
these lectins may be used clinically with fluorescence colo-
noscopy for early cancer detection. However, this negative
contrast strategy can be limited by false-positives when
used in vivo because of overlying mucus, anatomic shadows,
and mucosal folds. �e fluorescein-labeled lectin wisteria
floribunda is currently being evaluated in a Phase 1 clinical
trial for early detection of colorectal cancer, Table 1.

3.6. Antibody. Antibodies are immunoglobulins developed
originally for therapy and have been fluorescently labeled for

clinical use as targeted imaging agents [33, 91, 112–114].
Following systemic administration, antibodies can have
a long in vivo circulation time that can last up to several
days. �e unbound probe must clear to reduce background
before imaging. Cetuximab is a chimeric (human/mouse)
monoclonal antibody (mAb), and panitumumab is a fully
human mAb specific for EGFR. Both have been labeled
with IRDye800 (λex � 775 nm λem � 795 nm) and are being
evaluated clinically (Table 1). Use of cetuximab-IRDye800
to guide intraoperative surgery of head & neck cancer has
been demonstrated with NIR fluorescence imaging [92].
�is imaging agent was found to be well tolerated and
provided high contrast between tumor and normal mucosa
in a dose- and time-dependent fashion. Wide-field fluo-
rescence imaging was performed 3-4 days postinjection
in n � 12 patients with squamous cell carcinoma of the
head & neck. High-contrast images were collected that
could differentiate tumor from normal mucosa during
resection. On immunofluorescence, the signal correlated
with EGFR expression. In a separate study, an EGFR
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Figure 7: Activatable probe. (a) LUM015 consists of GGRK cleavage site. �e Cy5 fluorophore is quenched by QSY21 in native state. (b)
Proteolytic cleavage of the quencher by cathepsins activates fluorescence from Cy5. (c) Significantly increased signal is seen in a preclinical
model of sarcoma. (d) Representative ex vivo fluorescence images of resected normal humanmuscle and sarcoma along with corresponding
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antibody was labeled with Alexa Fluor 488 (AF488) and
topically administered in n � 40 patients with colorectal
neoplasia for imaging with confocal laser endomicroscopy
[93]. Targeted biopsies were obtained from each site, and
specific binding was found in 94.7% of adenocarcinomas
and in 66.7% of adenomas when compared with histology
and immunohistochemistry.

Bevacizumab is an mAb that is specific for vascular
endothelial growth factor A (VEGF-A) and has been labeled
with IRDye800 for in vivo optical imaging to guide surgical
resection of breast and pancreatic cancer (Table 1). A Phase
1 clinical study is being performed using this targeted
contrast agent to detect premalignant lesions endoscopically
in patients with familial adenomatous polyposis (FAP),
esophageal adenocarcinoma, and rectal cancer (Table 1).
Systemic administration of bevacizumab-IRDye800 has
been found to be safe in n � 20 patients with breast cancer
with good uptake at the tumor margin [95]. Fluorescence
intensity in primary tumor was found to be higher than that
at the tumor margin or in healthy breast. Also, VEGF-A
expression with immunohistochemistry was found to cor-
relate with fluorescence intensity. No tumor recurrence
was found after surgery guided by bevacizumab-IRDye800

imaging. �is molecular probe has also been used to detect
premalignant lesions in patients with Barrett’s esophagus
undergoing endoscopic mucosal resection (EMR), Figures
9(a)–9(i) [96]. Topical and systemically administered
bevacizumab-IRDye800 guided fluorescence endoscopy in-
creased the rate of detection of Barrett’s neoplasia by 25%.
Many of these lesions were either focal or flat in appearance
and were missed by conventional high-definition white-light
endoscopy (WLE) and narrowband imaging (NBI). Using iv
injection of bevacizumab-800CW, a proof-of-concept study
was performed in FAP patients in 3 tracer-dose groups at 4.5,
10, and 25mg. Patients underwent imaging with fluorescence
endoscopy 3 days after injection. �e fluorescence intensity
was dose-dependent and the 25mg dose provided a median
TBR of 1.84. Bevacizumab-IRDye800CW had a good safety
profile, and no tracer-related adverse events were observed.

MDX1201 is a human mAb labeled with AF488
(λex� 488 nm λem� 520 nm) for specific binding to the
extracellular domain of human prostate specific mem-
brane antigen (PSMA). PSMA is a tumor-associated an-
tigen and transmembrane protein that is overexpressed in
the membrane of prostate epithelium. �is molecular
probe is currently being evaluated clinically for image-
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is shown stained with lectin Helix pomatia agglutinin (HPA) labeled with AF647. (c) Corresponding histology (H&E) ((a) reprinted and
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guided surgery of prostate cancer (Table 1). Girentuximab
is an mAb that specifically recognizes carbonic anhydrase
IX overexpressed in renal cell carcinoma (Table 1). �is
dual modality molecular probe can be used for either
optical or nuclear imaging [91].

Whole antibodies have been truncated to reduce probe size
by forming antibody fragments, diabodies, and minibodies

for improved pharmacokinetics [115–119]. Because of their
relatively smaller dimensions (<60 kDa), these ligands clear
faster from the vasculature to facilitate more rapid visual-
ization of cancer with higher image contrast. Improved
serum stability has been achieved with recombinant proteins
produced by E Coli. After fluorophore conjugation, these
ligands maintain the fluorophore closer to the target for
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Figure 9: Antibody. Wide-field endoscopic images collected in vivo of human esophageal adenocarcinoma (EAC) following topical
administration of bevacizumab labeled with IRDye800. (a) White light (WL), (b) overlay (OV), and (c) fluorescence (FL) image from
nonfocal lesion (arrow) is shown. Similar set of images are shown for (d–f) flat and (g–i) protruding EAC (reprinted and modified with the
permission from [96]).
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improved spatial resolution. Greater effort is being made to
develop these antibody-based probes to overcome some of
the limitations associated with use of full antibodies for
clinical imaging.

4. Summary and Outlook

Optical contrast agents that are specific for cancer targets are
being developed to visualize molecular behavior in vivo.
�ese fluorescently labeled ligands are being used with
optical imaging instruments in the clinic to guide surveil-
lance biopsy and surgical resection. A variety of probe
platforms with unique pharmacokinetic properties are being
developed to provide specific contrast. Each class of probe
offers unique strengths for targeted imaging. Labeling can be
achieved over a broad spectrum, and multiplexed detection
can be performed to address heterogeneity in target ex-
pression. Clinical evaluation of a number of these molecular
probes has either been demonstrated or is being planned.
Despite the many challenges posed, significant progress has
been made toward clinical translation, and continued ad-
vances are expected in the near future. Here, we discussed
optical imaging agents currently in either clinical trial or
development. Many of these agents are being evaluated at an
early stage. Phase 2/3 results will determine the likely impact
of these agents for the use in general patient population.

Molecularly targeted contrast agents must exhibit
properties that include a safe toxicity profile, rapid tumor
uptake, higher TBR, and long-term stability to be clinically
useful. Complete tumor resection is essential for curative
treatment, and evaluation of tumor margins can be chal-
lenging. TBRmay differ in various clinical studies depending
on tumor size, dose, and image acquisition time. �e
minimal TBR should be achieved to accurately discriminate
the lesion from healthy tissues and avoid false positives.
Methods to measure TBR should be standardized, and
multicenter clinical studies are needed to validate diag-
nostic performance. Several molecular probes have already
overcome key regulatory hurdles and have been FDA-
approved for use in first-in-human clinical studies. Pre-
operative biopsies may be needed to confirm expression of
the intended target prior to intraoperative use. Rigorous
confirmation of specific probe interaction with the target is
imperative. Also, the cost associated with use of exogenous
agents, and potential for reimbursement must be considered
before widespread acceptance can be expected. Imaging
instruments that are sensitive to the spectral response of the
fluorophore must become commercially available and easy
to obtain by the community physician.

Despite the opportunity for molecular contrast, optical
imaging techniques can be limited by tissue penetration
depth. Photoacoustic imaging (PAI) is an emerging optical
method that is being developed to improve this performance
parameter [120–126]. �is technology is also sensitive to
targeted molecular contrast agents and can be useful for
staging of early cancers (T1a versus T1b) to guide the choice
between local endoscopic versus conventional surgical re-
section. Preclinical images collected in small animals in vivo
for a variety of diseases using small-molecule dyes, gold

and carbon nanostructures, and liposome encapsulations
have also shown promise with PAI. However, considerable
challenges such as the large size of nanostructures relative to
physiological barriers, biological requirements, target-tissue
retention, and safety profiles must be addressed prior to
clinical application.
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[14] M. Bajbouj, M. Vieth, T. Rösch et al., “Probe-based confocal
laser endomicroscopy compared with standard four-
quadrant biopsy for evaluation of neoplasia in Barrett’s
esophagus,” Endoscopy, vol. 42, no. 6, pp. 435–440, 2010.

[15] J. D. Horwhat, C. L. Maydonovitch, F. Ramos et al., “A
randomized comparison of methylene blue-directed biopsy
versus conventional four-quadrant biopsy for the detection
of intestinal metaplasia and dysplasia in patients with long-
segment Barrett’s esophagus,” American Journal of Gastro-
enterology, vol. 103, no. 3, pp. 546–554, 2008.

[16] W. L. Curvers, R. Singh, L. M. Song et al., “Endoscopic tri-
modal imaging for detection of early neoplasia in Barrett’s
oesophagus: a multi-centre feasibility study using high-
resolution endoscopy, autofluorescence imaging and nar-
row band imaging incorporated in one endoscopy system,”
Gut, vol. 57, no. 2, pp. 167–172, 2008.

[17] J. A. Abrams, R. C. Kapel, G. M. Lindberg et al., “Adherence
to biopsy guidelines for Barrett’s esophagus surveillance in
the community setting in the United States,” Clinical Gas-
troenterology and Hepatology, vol. 7, no. 7, pp. 736–742,
2009.

[18] V. Ballester and M. Cruz-Correa, “Endoscopic surveillance
of gastrointestinal premalignant lesions: current knowledge
and future directions,” Current Opinion in Gastroenterology,
vol. 30, no. 5, pp. 477–483, 2014.

[19] R. Weissleder and M. J. Pittet, “Imaging in the era of mo-
lecular oncology,” Nature, vol. 452, no. 7187, pp. 580–589,
2008.

[20] R. Weissleder, C. Markus, S. S. Gambhir, and H. Hricak,
“Imaging approaches to optimize molecular therapies,”
Science Translational Medicine, vol. 8, no. 355, article
355ps16, 2016.

[21] C. M. Gomes, A. J. Abrunhosa, P. Ramos, and
E. K. J. Pauwels, “Molecular imaging with SPECTas a tool for
drug development,” Advanced Drug Delivery Reviews,
vol. 63, no. 7, pp. 547–554, 2011.

[22] G. Hong, A. L. Antaris, and H. Dai, “Near-infrared fluo-
rophores for biomedical imaging,” Nature Biomedical En-
gineering, vol. 1, no. 1, p. 0010, 2017.

[23] B. P. Joshi and T. D. Wang, “Gastrointestinal imaging in
2015: emerging trends in endoscopic imaging,” Nature Re-
views Gastroenterology & Hepatology, vol. 13, no. 2,
pp. 72-73, 2016.

[24] T. E. Peterson and H. C. Manning, “Molecular imaging: 18F-
FDG PETand a whole lot more,” Journal of Nuclear Medicine
Technology, vol. 37, no. 3, pp. 151–161, 2009.

[25] J. R. Mercer, “Molecular imaging agents for clinical positron
emission tomography in oncology other than fluorodeox-
yglucose (FDG): applications, limitations and potential,”
Journal of Pharmacy & Pharmaceutical Sciences, vol. 10,
no. 2, pp. 180–202, 2007.

[26] R. Abgral, S. Querellou, G. Potard et al., “Does 18F-FDG
PET/CT improve the detection of posttreatment recurrence
of head and neck squamous cell carcinoma in patients
negative for disease on clinical follow-up?,” Journal of Nu-
clear Medicine, vol. 50, no. 1, pp. 24–29, 2009.

[27] M. A. Miller, E. Kim, M. F. Cuccarese et al., “Near infrared
imaging of Mer tyrosine kinase (MERTK) using MERi-SiR
reveals tumor associated macrophage uptake in metastatic
disease,”Chemical Communications, vol. 54, no. 1, pp. 42–45,
2018.

[28] F. W. van Leeuwen, J. C. Hardwick, and A. R. van Erkel,
“Luminescence-based imaging approaches in the field of
interventional molecular imaging,” Radiology, vol. 276, no. 1,
pp. 12–29, 2015.

[29] X. Chen, P. S. Conti, and R. A. Moats, “In vivo near-infrared
fluorescence imaging of Integrin αvβ3 in brain tumor

Contrast Media & Molecular Imaging 15

http://www.seer.cancer.gov
http://www.seer.cancer.gov


xenografts,” Cancer Research, vol. 64, no. 21, pp. 8009–8014,
2004.

[30] Z. Cheng, Y. Wu, Z. Xiong, S. S. Gambhir, and X. Chen,
“Near-infrared fluorescent RGD peptides for optical imaging
of Integrin αvβ3 expression in living mice,” Bioconjugate
Chemistry, vol. 16, no. 6, pp. 1433–1441, 2005.

[31] M. Li, C. P. Anastassiades, B. P. Joshi et al., “Affinity peptide
for targeted detection of dysplasia in Barrett’s esophagus,”
Gastroenterology, vol. 139, no. 5, pp. 1472–1480, 2010.

[32] R. T. Robertson, S. T. Levine, S. M. Haynes et al., “Use of
labeled tomato lectin for imaging vasculature structures,”
Histochemistry and Cell Biology, vol. 143, no. 2, pp. 225–234,
2015.

[33] M. Goetz, A. Ziebart, S. Foersch et al., “In vivo molecular
imaging of colorectal cancer with confocal endomicroscopy
of epidermal growth factor receptor,” Gastroenterology,
vol. 138, no. 2, pp. 435–446, 2010.

[34] Y. Urano, M. Sakabe, N. Kosaka et al., “Rapid cancer de-
tection by topically spraying a γ-glutamyltranspeptidase-
activated fluorescent probe,” Science Translational Medi-
cine, vol. 3, no. 110, article 110ra119, 2011.

[35] H. Kobayashi, M. Ogawa, R. Alford, P. L. Choyke, and
Y. Urano, “New strategies for fluorescent probe design in
medical diagnostic imaging,” Chemical Reviews, vol. 110,
no. 5, pp. 2620–2640, 2010.

[36] F. W. B. van Leeuwen1, B. Cornelissen, F. Caobelli et al.,
“Generation of fluorescently labeled tracers-which features
influence the translational potential?,” EJNMMI Radio-
pharmacy and Chemistry, vol. 2, no. 1, p. 15, 2017.

[37] B. P. Joshi and T. D.Wang, “Exogenous molecular probes for
targeted imaging in cancer: focus on multi-modal imaging,”
Cancers, vol. 2, no. 2, pp. 1251–1287, 2010.

[38] S. Luo, E. Zhang, Y. Su, T. Cheng, and C. Shi, “A review of
NIR dyes in cancer targeting and imaging,” Biomaterials,
vol. 32, no. 29, pp. 7127–7138, 2011.

[39] P. J. Trivedi and B. Braden, “Indications, stains and tech-
niques in chromoendoscopy,” QJM, vol. 106, no. 2,
pp. 117–131, 2013.

[40] P. D. Stevens, C. J. Lightdale, P. H. Green, L. M. Siegel,
R. J. Garcia-Carrasquillo, and H. Rotterdam, “Combined
magnification endoscopy with chromoendoscopy for the
evaluation of Barrett’s esophagus,” Gastrointestinal Endos-
copy, vol. 40, no. 6, pp. 747–749, 1994.

[41] J. A. Barkin, D. A. Sussman, and M. T. Abreu, “Chro-
moendoscopy and advanced imaging technologies for sur-
veillance of patients with IBD,” Gastroenterology &
Hepatology, vol. 8, no. 12, pp. 796–802, 2012.

[42] S. Naymagon and T. A. Ullman, “Chromoendoscopy and
dysplasia surveillance in inflammatory bowel disease: past,
present, and future,” Gastroenterology & Hepatology, vol. 11,
no. 5, pp. 304–311, 2015.

[43] M. B. Wallace, A. Meining, M. I. Canto et al., “�e safety of
intravenous fluorescein for confocal laser endomicroscopy in
the gastrointestinal tract,” Alimentary Pharmacology and
8erapeutics, vol. 31, no. 5, pp. 548–552, 2010.

[44] P. Mlkvy, H. Messmann, J. Regula et al., “Sensitization and
photodynamic therapy (PDT) of gastrointestinal tumors
with 5-aminolaevulinic acid (ALA) induced protoporphyrin
IX (PPIX): a pilot study,” Neoplasma, vol. 42, no. 3,
pp. 109–113, 1995.

[45] A. de Boer, C. Kluft, J. M. Kroon et al., “Liver blood flow as
a major determinant of the clearance of recombinant human
tissue-type plasminogen activator,” 8rombosis and Hae-
mostasis, vol. 67, no. 1, pp. 83–87, 1992.

[46] T. Lin, Y. Li, Q. Liu et al., “Novel theranostic nanoporphyrins
for photodynamic diagnosis and trimodal therapy for
bladder cancer,” Biomaterials, vol. 104, pp. 339–351, 2016.

[47] M. Olivo and B. C. Wilson, “Mapping ALA-induced PPIX
fluorescence in normal brain and brain tumour using
confocal fluorescence microscopy,” International Journal of
Oncology, vol. 25, no. 1, pp. 37–45, 2004.

[48] T.Masubuchi, Y. Kajimoto, S. Kawabata et al., “Experimental
study to understand nonspecific protoporphyrin IX fluo-
rescence in brain tissues near tumors after 5-aminolevulinic
acid administration,” Photomedicine and Laser Surgery,
vol. 31, no. 9, pp. 428–433, 2013.

[49] J. C. Tonn and W. Stummer, “Fluorescence-guided resection
of malignant gliomas using 5-aminolevulinic acid: practical
use, risks, and pitfalls,” Clinical Neurosurgery, vol. 55,
pp. 20–26, 2008.

[50] Y. Kajimoto, T. Kuroiwa, S. I. Miyatake et al., “Use of 5-
aminolevulinic acid in fluorescence-guided resection of
meningioma with high risk of recurrence,” Journal of
Neurosurgery, vol. 106, no. 6, pp. 1070–1074, 2007.

[51] D. Coluccia, J. Fandino, M. Fujioka, S. Cordovi, C. Muroi,
and H. Landolt, “Intraoperative 5-aminolevulinic-acid-
induced fluorescence in meningiomas,” Acta Neuro-
chirurgica, vol. 152, no. 10, pp. 1711–1719, 2010.

[52] W. J. Whitson, P. A. Valdes, B. T. Harris, K. D. Paulsen, and
D. W. Roberts, “Confocal microscopy for the histological
fluorescence pattern of a recurrent atypical meningioma:
case report,” Neurosurgery, vol. 68, no. 6, pp. E1768–E1773,
2011.

[53] F. W. Floeth, M. Sabel, C. Ewelt et al., “Comparison of 18F-
FET PET and 5-ALA fluorescence in cerebral gliomas,”
European Journal of Nuclear Medicine and Molecular Im-
aging, vol. 38, no. 4, pp. 731–741, 2011.

[54] J. S. Treger, M. F. Priest, R. Izzy, and F. Bezanilla, “Real-time
imaging of electrical signals with an infrared FDA-approved
dye,” Biophysical Journal, vol. 107, no. 6, pp. L09–L12, 2014.

[55] N. Kosaka, M.Mitsunaga, M. R. Longmire, P. L. Choyke, and
H. Kobayashi, “Near infrared fluorescence-guided real-time
endoscopic detection of peritoneal ovarian cancer nodules
using intravenously injected indocyanine green,” In-
ternational Journal of Cancer, vol. 129, no. 7, pp. 1671–1677,
2011.

[56] H. Maeda, H. Nakamura, and J. Fang, “�e EPR effect for
macromolecular drug delivery to solid tumors: improvement
of tumor uptake, lowering of systemic toxicity, and distinct
tumor imaging in vivo,” Advanced Drug Delivery Reviews,
vol. 65, no. 1, pp. 71–79, 2013.

[57] G. Liberale, S. Vankerckhove, M. G. Caldon et al., “Fluo-
rescence imaging after indocyanine green injection for de-
tection of peritoneal metastases in patients undergoing
cytoreductive surgery for peritoneal carcinomatosis from
colorectal cancer: a pilot study,” Annals of Surgery, vol. 264,
no. 6, pp. 1110–1115, 2016.

[58] B. E. Schaafsma, J. S. D. Mieog, M. Hutteman et al., “�e
clinical use of indocyanine green as a near-infrared fluo-
rescent contrast agent for image-guided oncologic surgery,”
Journal of Surgical Oncology, vol. 104, no. 3, pp. 323–332,
2011.

[59] B. Yuan, N. Chen, and Q. Zhu, “Emission and absorption
properties of indocyanine green in intralipid solution,”
Journal of Biomedical Optics, vol. 9, no. 3, pp. 497–503, 2004.

[60] G. M. Van Dam, G. �emelis, L. M. A. Crane et al.,
“Intraoperative tumor-specific fluorescence imaging in
ovarian cancer by folate receptor-α targeting: first in-human

16 Contrast Media & Molecular Imaging



results,” Nature Medicine, vol. 17, no. 10, pp. 1315–1319,
2011.

[61] C. E. Hoogstins, Q. R. Tummers, K. N. Gaarenstroom et al.,
“A novel tumor-specific agent for intraoperative near-
infrared fluorescence imaging: a translational study in
healthy volunteers and patients with ovarian cancer,”
Clinical Cancer Research, vol. 22, no. 12, pp. 2929–2938,
2016.

[62] J. Y. K. Lee, S. S. Cho, R. Zeh et al., “Folate receptor over-
expression can be visualized in real time during pituitary
adenoma endoscopic transsphenoidal surgery with near-
infrared imaging,” Journal of Neurosurgery, vol. 129, no. 2,
pp. 390–403, 2018.

[63] T. J. Guzzo, J. Jiang, J. Keating et al., “Intraoperative mo-
lecular diagnostic imaging can identify renal cell carcinoma,”
Journal of Urology, vol. 195, no. 3, pp. 748–755, 2016.

[64] O. T. Okusanya, E. M. DeJesus, J. X. Jiang et al., “Intra-
operative molecular imaging can identify lung adenocarci-
nomas during pulmonary resection,” Journal of 8oracic and
Cardiovascular Surgery, vol. 150, no. 1, pp. 28.e1–35.e1, 2015.

[65] J. D. Predina, A. D. Newton, C. Connolly et al., “Identifi-
cation of a folate receptor-targeted near-infrared molecular
contrast agent to localize pulmonary adenocarcinomas,”
Molecular8erapy, vol. 26, no. 2, pp. 390–403, 2018, In press.

[66] Q. Tummers, C. E. S. Hoogstins, K. N. Gaarenstroom et al.,
“Intraoperative imaging of folate receptor alpha positive
ovarian and breast cancer using the tumor specific agent
EC17,” Oncotarget, vol. 7, no. 22, pp. 32144–32155, 2016.

[67] E. De Jesus, J. J. Keating, S. A. Kularatne et al., “Comparison
of folate receptor targeted optical contrast agents for
intraoperative molecular imaging,” International Journal of
Molecular Imaging, vol. 2015, Article ID 469047, 10 pages,
2015.

[68] C. F. Shum, C. D. Bahler, P. S. Low et al., “Novel use of folate-
targeted intraoperative fluorescence, OTL38, in robot-
assisted laparoscopic partial nephrectomy: report of the
first three cases,” Journal of Endourology Case Reports, vol. 2,
no. 1, pp. 189–197, 2016.

[69] C. D. Bahler, V. Maniar, K. N. Marley, S. V. Kheyfets,
C. F. Shum, and C. P. Sundaram, “OTL-38-guided fluo-
rescent imaging in renal cell cancer robotic partial ne-
phrectomy,” Videourology, vol. 31, no. 3, 2017.

[70] S. Kossatz, C. Brand, S. Gutiontov et al., “Detection and
delineation of oral cancer with a PARP1 targeted optical
imaging agent,” Scientific Reports, vol. 6, no. 1, article 21371,
2016.

[71] J. J. Barrott, P. F. Hughes, T. Osada et al., “Tethered Hsp90
inhibitors carrying optical or radioiodinated probes reveal
selective internalization of ectopic Hsp90 in malignant breast
tumor cells,” Chemistry & Biology, vol. 20, no. 9, pp. 1187–
1197, 2013.

[72] J. Deshane, C. C. Garner, and H. Sontheimer, “Chlorotoxin
inhibits glioma cell invasion via matrix metalloproteinase-2,”
Journal of Biological Chemistry, vol. 278, no. 6, pp. 4135–
4144, 2003.

[73] L. Soroceanu, Y. Gillespie, M. B. Khazaeli, and
H. Sontheimer, “Use of chlorotoxin for targeting of primary
brain tumors,” Cancer Research, vol. 58, no. 21, pp. 4871–
4879, 1998.

[74] M. Veiseh, P. Gabikian, S. B. Bahrami et al., “Tumor paint:
a chlorotoxin: Cy5.5 bioconjugate for intraoperative visu-
alization of cancer foci,” Cancer Research, vol. 67, no. 14,
pp. 6882–6888, 2007.

[75] J. Fidel, K. C. Kennedy, W. S. Dernell et al., “Preclinical
validation of the utility of BLZ-100 in providing fluorescence
contrast for imaging canine spontaneous solid tumors,”
Cancer Research, vol. 75, no. 20, pp. 4283–4291, 2015.

[76] F. M. Baik, S. Hansen, S. E. Knoblaugh et al., “Fluorescence
identification of head and neck squamous cell carcinoma and
high-risk oral dysplasia with BLZ-100, a chlorotoxin-
indocyanine green conjugate,” JAMA Otolaryngology–
Head & Neck Surgery, vol. 142, no. 4, pp. 330–338, 2016.

[77] P. V. Butte, A. Mamelak, J. Parrish-Novak et al., “Near-
infrared imaging of brain tumors using the tumor paint BLZ-
100 to achieve near-complete resection of brain tumors,”
Neurosurgical Focus, vol. 36, no. 2, p. E1, 2014.

[78] J. Burggraaf, I. M. C. Kamerling, P. B. Gordon et al., “De-
tection of colorectal polyps in humans using an in-
travenously administered fluorescent peptide targeted
against c-Met,” Nature Medicine, vol. 21, no. 8, pp. 955–961,
2015.

[79] S. B. Mondal, S. Gao, N. Zhu et al., “Binocular goggle
augmented imaging and navigation system provides real-
time fluorescence image guidance for tumor resection and
sentinel lymph node mapping,” Scientific Reports, vol. 5,
no. 1, article 12117, 2015.

[80] P. L. Hsiung, J. Hardy, S. Friedland et al., “Detection of
colonic dysplasia in vivo using a targeted heptapeptide and
confocal microendoscopy,” Nature Medicine, vol. 14, no. 4,
pp. 454–458, 2008.

[81] B. P. Joshi, Z. Dai, Z. Gao et al., “Detection of sessile serrated
adenomas in the proximal colon using wide-field fluores-
cence endoscopy,” Gastroenterology, vol. 152, no. 5, pp. 1002.
e9–1013.e9, 2017.

[82] M. B. Sturm, B. P. Joshi, S. Lu et al., “Targeted imaging of
esophageal neoplasia with a fluorescently labeled peptide:
first-in-human results,” Science Translational Medicine,
vol. 5, no. 184, article 184ra61, 2013.

[83] B. P. Joshi, X. Duan, R. Kwon et al., “Multimodal endoscope
can quantify wide-field fluorescence detection of Barrett’s
neoplasia,” Endoscopy, vol. 48, no. 2, pp. 1–15, 2016.

[84] J. Zhou, B. P. Joshi, X. Duan et al., “EGFR overexpressed in
colonic neoplasia can be detected on wide-field endoscopic
imaging,” Clinical and Translational Gastroenterology, vol. 6,
no. 7, p. e101, 2015.

[85] B. P. Joshi, J. Zhou, A. Pant et al., “Design and synthesis of
near-infrared peptide for in vivo molecular imaging of
HER2,” Bioconjugate Chemistry, vol. 27, no. 2, pp. 481–494,
2016.

[86] A. L. R. de Souza, K. Marra, J. Gunn et al., “Fluorescent
affibody molecule administered In Vivo at a microdose level
labels EGFR expressing glioma tumor regions,” Molecular
Imaging and Biology, vol. 19, no. 1, pp. 41–48, 2017.

[87] K. S. Samkoe, J. R. Gunn, K. Marra et al., “Toxicity and
pharmacokinetic profile for single-dose injection of ABY-
029: a fluorescent anti-EGFR synthetic affibody molecule for
human use,” Molecular Imaging and Biology, vol. 19, no. 4,
pp. 512–521, 2017.

[88] J. T. Elliott, A. V. Dsouza, K. Marra, B. W. Pogue,
D. W. Roberts, and K. D. Paulsen, “Microdose fluorescence
imaging of ABY-029 on an operating microscope adapted by
custom illumination and imaging modules,” Biomedical
Optics Express, vol. 7, no. 9, pp. 3280–3288, 2016.

[89] M. J. Whitley, D. M. Cardona, A. L. Lazarides et al., “A
mouse-human phase 1 co-clinical trial of a protease-
activated fluorescent probe for imaging cancer,” Science
Translational Medicine, vol. 8, no. 320, article 320ra4, 2016.

Contrast Media & Molecular Imaging 17



[90] J. C. Kuo, A. E. Ibrahim, S. Dawson et al., “Detection of
colorectal dysplasia using fluorescently labelled lectins,”
Scientific Reports, vol. 6, no. 1, article 24231, 2016.

[91] M. Hekman, M. Rijpkema, E. Oosterwijk et al., “Intra-
operative dual-modality imaging in clear cell renal cell
carcinoma using Indium-111-DOTA-girentuximab-
IRDye800CW,” European Urology Supplements, vol. 16,
no. 3, article e1831, 2017.

[92] E. L. Rosenthal, J. M. Warram, E. de Boer et al., “Safety and
tumor specificity of cetuximab-IRDye800 for surgical nav-
igation in head and neck cancer,” Clinical Cancer Research,
vol. 21, no. 16, pp. 3658–3666, 2015.

[93] J. Liu, X. Zuo, C. Li et al., “In vivo molecular imaging of
epidermal growth factor receptor in patients with colorectal
neoplasia using confocal laser endomicroscopy,” Cancer
Letters, vol. 330, no. 2, pp. 200–207, 2013.

[94] K. A. Touijer and J. A. Eastham, “�e sentinel lymph node
concept and novel approaches in detecting lymph node
metastasis in prostate cancer,” European Urology, vol. 70,
no. 5, pp. 738-739, 2016.

[95] L. E. Lamberts, M. Koch, J. S. de Jong et al., “Tumor-specific
uptake of fluorescent bevacizumab-IRDye800CW micro-
dosing in patients with primary breast cancer: a phase I
feasibility study,” Clinical Cancer Research, vol. 23, no. 11,
pp. 2730–2741, 2017.

[96] W. B. Nagengast, E. Hartmans, P. B. Garcia-Allende et al.,
“Near-infrared fluorescence molecular endoscopy detects
dysplastic oesophageal lesions using topical and systemic
tracer of vascular endothelial growth factor A,” Gut, 2017.

[97] A. Becker, C. Hessenius, K. Licha et al., “Receptor-targeted
optical imaging of tumors with near-infrared fluorescent
ligands,” Nature Biotechnology, vol. 19, no. 4, pp. 327–331,
2001.

[98] G. Kostenich, N. Livnah, T. A. Bonasera et al., “Targeting
small cell lung cancer with novel fluorescent analogs of
somatostatin,” Lung Cancer, vol. 50, no. 3, pp. 319–328, 2005.

[99] G. Kostenich, M. Oron-Herman, S. Kimel, N. Livnah,
I. Tsarfaty, and A. Orenstein, “Diagnostic targeting of colon
cancer using a novel fluorescent somatostatin conjugate in
a mouse xenograft model,” International Journal of Cancer,
vol. 122, no. 9, pp. 2044–2049, 2008.

[100] J. Klohs, A. Wunder, and K. Licha, “Near-infrared fluores-
cent probes for imaging vascular pathophysiology,” Basic
Research in Cardiology, vol. 103, no. 2, pp. 144–151, 2008.

[101] K. Licha and C. Olbrich Optical, “Imaging in drug discovery
and diagnostic applications,” Advanced Drug Delivery Re-
views, vol. 57, no. 8, pp. 1087–1108, 2005.

[102] Z. L. Bergeron and J. P. Bingham, “Scorpion toxins specific
for potassium (K+) channels: a historical overview of peptide
bioengineering,” Toxins, vol. 4, no. 11, pp. 1082–1119, 2012.

[103] J. Parrish-Novak, K. Byrnes-Blake, N. Lalayeva et al.,
“Nonclinical profile of BLZ-100, a tumor-targeting fluo-
rescent imaging agent,” International Journal of Toxicology,
vol. 36, no. 2, pp. 104–112, 2017.

[104] R. P. Baum, V. Prasad, D. Muller et al., “Molecular imaging
of HER2-expressing malignant tumors in breast cancer
patients using synthetic 111In-or 68Ga-labeled affibody
molecules,” Journal of Nuclear Medicine, vol. 51, no. 6,
pp. 892–897, 2010.

[105] R. Weissleder, C. H. Tung, U. Mahmood, and A. Bognanov,
“In Vivo imaging of tumors with protease-activated near-
infrared fluorescent probes,” Nature Biotechnology, vol. 17,
no. 4, pp. 375–378, 1999.

[106] M. Ogawa, N. Kosaka, M. R. Longmire, Y. Urano,
P. L. Choyke, and H. Kobayashi, “Fluorophore-quencher
based activatable targeted optical probes for detecting In
Vivo cancer metastases,” Molecular Pharmaceutics, vol. 6,
no. 2, pp. 386–395, 2009.

[107] Y. Urano, D. Asanuma1, Y. Hama et al., “Selective molecular
imaging of viable cancer cells with pH-activatable fluores-
cence probes,” Nature Medicine, vol. 15, no. 1, pp. 104–109,
2009.

[108] S. Lee, J. Xie, and X. Chen, “Activatable molecular probes for
cancer imaging,” Current Topics in Medicinal Chemistry,
vol. 10, no. 11, pp. 1135–1144, 2010.

[109] E. L. Bird-Lieberman, A. A. Neves, P. Lao-Sirieix et al.,
“Molecular imaging using fluorescent lectins permits rapid
endoscopic identification of dysplasia in Barrett’s esopha-
gus,” Nature Medicine, vol. 18, no. 2, pp. 315–321, 2012.

[110] S. S. Pinho and C. A. Reis, “Glycosylation in cancer:
mechanisms and clinical implications,” Nature Reviews
Cancer, vol. 15, no. 9, pp. 540–555, 2015.

[111] G. H. KleinJan, T. Buckle, D. M. van Willigen et al.,
“Fluorescent lectins for local in vivo visualization of pe-
ripheral nerves,” Molecules, vol. 19, no. 7, pp. 9876–9892,
2014.

[112] S. Folli, P. Westermann, D. Braichotte et al., “Antibody-
indocyanin conjugates for immunophotodetection of human
squamous cell carcinoma in nude mice,” Cancer Research,
vol. 54, no. 10, pp. 2643–2649, 1994.

[113] C. M. Matter, P. K. Schuler, P. Alessi et al., “Molecular
imaging of atherosclerotic plaques using a human antibody
against the extra domain B of fibronectin,” Circulation Re-
search, vol. 95, no. 12, pp. 1225–1233, 2004.

[114] S. Ke, X. Wen, M. Gurfinkel et al., “Near-infrared optical
imaging of epidermal growth factor receptor in breast cancer
xenografts,” Cancer Research, vol. 63, no. 22, pp. 7870–7875,
2003.

[115] R. M. Sharkey, T. M. Cardillo, E. A. Rossi et al., “Goldenberg
signal amplification in molecular imaging by pretargeting
a multivalent, bispecific antibody,” Nature Medicine, vol. 11,
no. 11, pp. 1250–1255, 2005.

[116] M. Jain, G. Venkatraman, and S. K. Batra, “Optimization of
radioimmunotherapy of solid tumors: biological impedi-
ments and their modulation,” Clinical Cancer Research,
vol. 13, no. 5, pp. 1374–1382, 2007.

[117] P. Holliger and P. J. Hudson, “Engineered antibody frag-
ments and the rise of single domains,” Nature Biotechnology,
vol. 23, no. 9, pp. 1126–1136, 2005.

[118] A. L. Nelson and J. M. Reichert, “Development trends for
therapeutic antibody fragments,” Nature Biotechnology,
vol. 27, no. 4, pp. 331–337, 2009.

[119] S. Banta, K. Dooley, and O. Shur, “Replacing antibodies:
engineering new binding proteins,” Annual Review of Bio-
medical Engineering, vol. 15, no. 1, pp. 93–113, 2013.

[120] L. V. Wang and J. A. Yao, “Practical guide to photoacoustic
tomography in the life sciences,” Nature Methods, vol. 13,
no. 8, pp. 627–638, 2016.

[121] A. Taruttis, G. M. van Dam, and V. Ntziachristos, “Meso-
scopic and macroscopic optoacoustic imaging of cancer,”
Cancer Research, vol. 75, no. 8, pp. 1548–1559, 2015.

[122] S. Zackrisson, V. van de, and S. S. Gambhir, “Light in and
sound out: emerging translational strategies for photo-
acoustic imaging,” Cancer Research, vol. 74, no. 4, pp. 979–
1004, 2014.

[123] Y. Lin, R. Weissleder, and C. H. Tung, “Novel near-infrared
cyanine fluorochromes: synthesis, properties, and

18 Contrast Media & Molecular Imaging



bioconjugation,” Bioconjugate Chemistry, vol. 13, no. 3,
pp. 605–610, 2002.

[124] D. Zhang, Y.-X. Zhao, Z.-Y. Qiao et al., “Nano-confined
squaraine dye assemblies: new photoacoustic and near-
infrared fluorescence dual-modular imaging probes in
vivo,” Bioconjugate Chemistry, vol. 25, no. 11, pp. 2021–2029,
2014.

[125] E. Huynh, C. S. Jin, B. C. Wilson, and G. Zheng, “Aggregate
enhanced trimodal porphyrin shell microbubbles for ultra-
sound, photoacoustic, and fluorescence imaging,” Bio-
conjugate Chemistry, vol. 25, no. 4, pp. 796–801, 2014.

[126] A de la Zerda, C. Zavaleta, S. Keren et al., “Carbon nanotubes
as photoacoustic molecular imaging agents in living mice,”
Nature Nanotechnology, vol. 3, no. 9, pp. 557–562, 2008.

Contrast Media & Molecular Imaging 19



Research Article
Measuring Tumor Metabolism in Pediatric Diffuse Intrinsic
Pontine Glioma Using Hyperpolarized Carbon-13 MR
Metabolic Imaging

Adam W. Autry,1 Rintaro Hashizume,2 C. David James,2 Peder E. Z. Larson,1

Daniel B. Vigneron,1 and Ilwoo Park 3,4

1Department of Radiology and Biomedical Imaging, University of California, San Francisco, CA, USA
2Department of Neurological Surgery and Biochemistry and Molecular Genetics, Northwestern University, Chicago, IL, USA
3Department of Radiology, Chonnam National University Medical School, Gwangju, Republic of Korea
4Department of Radiology, Chonnam National University Hospital, Gwangju, Republic of Korea

Correspondence should be addressed to Ilwoo Park; ipark@jnu.ac.kr

Received 26 January 2018; Revised 3 June 2018; Accepted 28 June 2018; Published 30 July 2018

Academic Editor: Daniela Haeusler

Copyright © 2018 AdamW. Autry et al. ,is is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Objective. ,e purpose of this study was to demonstrate the feasibility of using hyperpolarized carbon-13 (13C) metabolic imaging
with [1-13C]-labeled pyruvate for evaluating real-time in vivo metabolism of orthotopic diffuse intrinsic pontine glioma (DIPG)
xenografts.Materials andMethods. 3D 13Cmagnetic resonance spectroscopic imaging (MRSI) data were acquired on a 3Tscanner
from 8 rats that had been implanted with human-derived DIPG cells in the brainstem and 5 healthy controls, following injection of
2.5mL (100mM) hyperpolarized [1-13C]-pyruvate. Results. Anatomical images from DIPG-bearing rats characteristically
exhibited T2-hyperintensity throughout the cerebellum and pons that was not accompanied by contrast enhancement. Evaluation
of real-time in vivo 13C spectroscopic data revealed ratios of lactate-to-pyruvate (p< 0.002), lactate-to-total carbon (p< 0.002),
and normalized lactate (p< 0.002) that were significantly higher in T2 lesions harboring tumor relative to corresponding values of
healthy normal brain. Elevated levels of lactate in lesions demonstrated a distinct metabolic profile that was associated with
infiltrative, viable tumor recapitulating the histopathology of pediatric DIPG. Conclusions. Results from this study characterized
pyruvate and lactate metabolism in orthotopic DIPG xenografts and suggest that hyperpolarized 13C MRSI may serve as
a noninvasive imaging technique for in vivo monitoring of biochemical processes in patients with DIPG.

1. Introduction

Diffuse intrinsic pontine glioma (DIPG) comprises a heteroge-
neous class of childhood brainstem cancers that defy molecular
stratification and surgical intervention because of their sensitive
location. After forming in the pons, this relatively inaccessible
disease often undergoes rapid growth that is characterized by
diffuse infiltration across the midline through healthy tissue.
Despite decades of clinical trials investigating the efficacy of
novel treatment regimens, DIPG remains the leading cause of
death among pediatric patients with central nervous system
cancers and carries an average survival of only 9 months [1].

Magnetic resonance imaging (MRI) serves as the standard
modality for diagnosing DIPG and monitoring disease status
in response to treatment [2]. While conventional MRI pro-
vides information regarding anatomical changes, its prog-
nostic value and ability to assess physiologic or functional
alterations associated with therapeutic efficacy are highly
limited [3]. Attempts at using positron emission tomography
to evaluate DIPG metabolism have also presented challenges
owing to the risks of ionizing radiation exposure [4, 5]. Given
the heterogeneous presentation of the disease on imaging,
which lacks features for stratifying aggressiveness [6], the
development of noninvasive metabolic imaging methods may
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enhance the evaluation of molecular characteristics as well as
response to therapy.

Representing a novel advance in solid state physics,
dissolution dynamic nuclear polarization (d-DNP) enables
the acquisition of carbon-13 (13C) magnetic resonance data
with an appreciable gain in sensitivity over conventional
methods [7]. A phase I first-in-human study using hyper-
polarized 13C magnetic resonance spectroscopic imaging
(MRSI) has already demonstrated the safety and feasibility of
such technology for probing real-time metabolism in
prostate cancer patients [8]. ,e purpose of this study was to
explore the feasibility of using hyperpolarized 13C metabolic
imaging with [1-13C]-pyruvate for evaluating real-time in
vivo metabolism of orthotopic DIPG xenografts.

2. Materials and Methods

Eight six-week-old male athymic rats (rnu/rnu, homozy-
gous, and median weight� 290 g) purchased from Harlan
(Indianapolis, IN) were implanted with patient-derived
human DIPG cells (SF8628) in the brainstem to create an
orthotopic DIPG model, while 5 healthy rats served as ex-
perimental controls. ,e details of the cell culture and in-
tracranial implantation procedures have been described
elsewhere [9]. Study procedures were approved by the In-
stitutional Animal Care and Use Committee.

All animals were scanned on a 3TclinicalMRI system (GE
Healthcare, Waukesha, WI, USA) equipped with a custom-
designed 1H/13C rat coil on approximately the 58th day after
tumor implantation. ,e body temperature was maintained
using a heated pad positioned inside the RF coil. Anesthesia
was maintained with a constant delivery of 1.5% isoflurane.
For the polarization of pyruvate, a 35 μL of [1-13C]-pyruvate
mixed with 15mM OX063 trityl radical (GE Healthcare,
Oslo, Norway), and 1.5mM gadolinium (Gd)-DOTA was
polarized using a HyperSense® (Oxford Instruments,
Abingdon, UK) [7, 10]. After 60 minutes of microwave
irradiation, the mixture was dissolved in a saline solution
with 5.96 g/L Tris (40mM), 4.00 g/L NaOH (100mM), and

0.1mg/L Na2 ethylenediaminetetraacetic acid. ,e final
solution had a concentration of 100mM pyruvate, and
pH∼7.5. 2.7mL of the dissolved pyruvate solution was
injected into the tail vein of the rats over 10 s duration.

,e following 1H and 13C data were acquired in sequence
for each scan: (1) axial T2-weighted images using a fast spin-
echo sequence (echo time/repetition time� 60/4000ms, 8 cm
field of view, 256× 256 matrix, and 2mm slice thickness), (2)
compressed-sensing 13C 3D MRSI data (echo time/repetition
time� 140/215ms, phase encoding in x and y axes, flyback
echo-planar readout in z-axis, 20×16×16 matrix, and
2× 2× 5.4mm spatial resolution) [11] acquired at 20 s from
the start of the pyruvate injection, and (3) axial T1-weighted
images using a spin-echo sequence (echo time/repetition
time� 10/700ms, 8 cm field of view, 320×192 matrix, and
1.2mm slice thickness) after the injection of 0.2mmol/kg
Gd-DTPA.

,e methods for processing 13C MRSI data have been
described previously [11]. For quantification of 13C me-
tabolites, the ratio of lactate-to-pyruvate and lactate-to-total
carbon (tC: sum of lactate, pyruvate-hydrate, alanine, and
pyruvate) was calculated. In addition, the lactate and py-
ruvate signals in the brainstem were normalized with respect
to the relative signals of the normal brain in the supra-
tentorial region (Figure 1(a)). ROIs were manually con-
toured on T2-weighted images for the T2-hyperintense
lesion, and the percentage of T2 lesion volume was calculated
for each voxel. Comparison of mean 13C parameters from
the T2-hyperintense lesion (voxels with >75% T2 lesion) and
similar region of the infratentorial brain of healthy control
animals was performed using the Mann–Whitney rank-sum
test. In order to evaluate the spatial variation of 13C me-
tabolites, the T2-hyperintense lesion was also compared with
the contralateral brain (voxels with nonhyperintense tissue
on the opposite side of the T2 lesion).

Immediately following the scan, tumor-bearing animals
were sacrificed and harvested for their brains, which were
fixed in phosphate-buffered 4% formalin. Samples were then
dehydrated by graded ethanol and embedded in Paraplast
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Figure 1: Representative anatomical images from a rat (n � 8 total) bearing orthotopic DIPG. T2-weighted images in sagittal (a) and axial
(b) planes demonstrated a T2-hyperintense lesion through the brainstem.,e corresponding axial post-Gd T1-weighted image (c) exhibited
no contrast enhancement. Horizontal dashed lines in (a) delimit the 5.4mm axial slice of 13C MRSI data, presented in Figure 2. ,e yellow
boundary in (a) and (b) indicates the location of pons.
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Plus wax (McCormick Scientific). 5 µm sections were ex-
amined following haematoxylin and eosin (H&E) staining.

3. Results and Discussion

Representative anatomical data from a rat injected with
DIPG cells are shown in Figure 1, with panel (a) providing
an overview of an orthotopic lesion around the brainstem on
a sagittal T2-weighted image. ,e corresponding axial T2-
weighted image exhibited hyperintensity throughout the
cerebellum and pons (Figure 1(b)), while no contrast en-
hancement was visible from the post-Gd T1-weighted image
acquired at the same location (Figure 1(c)).

,e axial T2-weighted image in Figure 2(a) depicts a 13C
MRSI grid superimposed over the brainstem. ,e corre-
sponding hyperpolarized 13C spectra from the same animal
(Figure 2(b)) demonstrated the spatial distribution of high
13C-labeled lactate and pyruvate signals over the entire
brainstem region. Illustrative of the full cohort, these
hyperpolarized 13CMRSI data demonstrated levels of lactate
in the T2 lesions (pink voxels; Figures 2(a) and 2(b)) that

were elevated relative to the contralateral normal brain (blue
voxels; Figures 2(a) and 2(b)).

Metabolite parameters derived from hyperpolarized
data are compared between DIPG xenografts and healthy
control brains in Table 1. ,e T2-hyperintense tumors
exhibited highly elevated metabolism compared to both
healthy controls and the contralateral hemisphere, which
may contain infiltrating tumor. ,e ratios of lactate-to-
pyruvate, lactate-to-total carbon, and normalized lactate in
T2 lesions (0.70 ± 0.24, 0.36 ± 0.08, and 2.9 ± 1.1, resp.)
were significantly higher than the corresponding values in
the healthy normal brain (0.20 ± 0.06, 0.14 ± 0.03, and 1.1 ±
0.25, resp.). ,e normalized lactate map in Figure 2(c)
shows the differential production of lactate between the
DIPG xenograft and tissue in the contralateral hemisphere.
From the corresponding H&E-stained slice, there was
observed infiltrative, viable tumor that recapitulated the
histopathology of pediatric DIPG (Figure 2(d)). In con-
trast, the normalized pyruvate was found to be similar
across both regions and comparable to the healthy brain
(Table 1).
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Figure 2: Representative hyperpolarized 13C data from a rat (n � 8 total) bearing DIPG. (a) Axial T2-weighted image of the brainstem with
a spectral grid overlay for 3D 13C MRSI data. Pink and light blue boxes represent voxels encompassing the T2-hyperintense lesion and
contralateral brain tissue, respectively. (b) ,e corresponding hyperpolarized 13C spectra with an in-plane spatial resolution of
2× 2× 5.4mm3. Voxels encompassing the T2-hyperintense lesion (pink boxes) exhibited elevated lactate levels compared to those of the
contralateral brain tissue (light blue boxes). (c) ,e map of normalized lactate shows elevated lactate signal in DIPG. (d),e corresponding
slice from H&E staining (top) and the zoomed-in H&E image (bottom) demonstrate infiltrative, viable DIPG.,e blue and green arrows in
(c) and (d) indicate pons and cerebellum of the rat brain, respectively.
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In order to assess the ability to observe longitudinal
changes in metabolism, hyperpolarized 13C MRSI data were
obtained from an additional single animal imaged over a pe-
riod of 7 days in the course of tumor development (Figure 3).
,e longitudinal change in normalized lactate signal and T2-
hyperintensity are shown in Figure 3. Normalized lactate from
the 13C spectral data imaged at 42, 46, and 48 days from
implantation were 1.2± 0.2, 2.5±0.1, and 3.5±1.0, respectively.
,ese data show a severalfold increase in the metabolic ab-
normality associated with the evolution of the anatomic lesion.

,is study has demonstrated the feasibility of using
hyperpolarized 13C metabolic imaging to assess in vivo
metabolism in orthotopic brainstem xenografts that contain
patient-derived primary DIPG cells. By using hyperpolarized
[1-13C]-pyruvate in conjunction with rapid 3D MRSI acqui-
sition techniques, it was shown that nonenhancing brainstem
glioma can be evaluated on the basis of real-time molecular
data, as an initial step towards noninvasive disease charac-
terization. To the best of our knowledge, this is the first study
to apply hyperpolarized 13C techniques in brainstem tumor as
well as in nonenhancing brain tumor.

An important feature of the orthotopic murine tumor
model adopted here was its ability to recapitulate aspects of
disease observed in patients. With regard to imaging, the
longitudinal data revealed a similar pattern of disease pro-
gression, wherein cells implanted in the pons spread from
a localized lesion to the cerebellum after a period of rapid

growth, and without visible enhancement [12, 13]. Analysis of
the resected brain by histopathology confirmed viable DIPG
in the pons, along with the associated cerebellar infiltration,
which supported findings from metabolic imaging indicating
temporal changes.

Because DIPG is radiographically characterized by poorly
perfused and faintly enhancing heterogeneous lesions, its
diagnostic assessment remains challenging. In this context, the
relative elevation of lactate in nonenhancing lesions compared
to healthy control tissue was a defining feature that may hold
diagnostic value for patients as an in vivomarker of disease. As
these tumors frequently display high levels of LDHA [14, 15]
that preferentially convert pyruvate to lactate, imaging of
hyperpolarized [1-13C]-pyruvate might offer a targeted means
of monitoring tumor growth and disease status. ,e nuclear
polarization techniques implemented here provided sufficient
signal enhancement to detect real-time pyruvate-to-lactate
conversion in the brainstem with high sensitivity, as well as
distinguish longitudinal variation in metabolism from grow-
ing tumor over relatively brief intervals. Based on the quality
and spatial resolution of the 13C spectra achieved via hardware
and sequence performance, it was possible to evaluate met-
abolic differences between T2-hyperintense lesions and con-
tralateral brain tissue.

Although our focus was on demonstrating feasibility, we
believe that a promising application of this technique may be
monitoring response to treatment in patients with DIPG,

Table 1: Summary of 13C metabolite quantification. Metabolite values are mean± SD.

Lactate/pyruvatea,b Lactate/total carbona,b Normalized lactatea,b Normalized pyruvate
T2-hyperintense lesion (n � 8) 0.70± 0.24 0.36± 0.08 2.9± 1.1 1.0± 0.29
Contralateral brain (n � 8) 0.28± 0.11 0.18± 0.07 1.1± 0.33 1.1± 0.35
Healthy rat brain (n � 5) 0.20± 0.06 0.14± 0.03 1.2± 0.25 1.1± 0.25
aSignificant difference between T2-hyperintense lesion and contralateral brain (p< 0.001). bSignificant difference between T2-hyperintense lesion and healthy
rat brain (p< 0.002).

Figure 3: Longitudinal 13C spectral data showing normalized lactate from a rat imaged at 42, 46, and 48 days from implantation (left to
right). ,e top row displays the map of normalized lactate overlaid on the same T2-weighted images of the bottom row. ,ese data show
a several-fold increase in the metabolic abnormality associated with the evolution of the anatomic lesion.,e red arrows indicate T2 lesion in
the brainstem, while blue and green arrows indicate pons and cerebellum of the rat brain, respectively. ,e tumor initially developed in the
pons and diffused across the cerebellum.
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given the inadequacy of conventional MR imaging. By
administering [1-13C]-pyruvate as a hyperpolarized sub-
strate with measurable conversion to [1-13C]-lactate, studies
have already managed to provide evidence for both locali-
zation of malignant tissue and treatment-induced reduction
of metabolic activity arising from growth arrest or apoptosis
[16, 17]. A recent study has demonstrated the first appli-
cation of hyperpolarized 13C MR metabolic imaging in
patients with supratentorial glioma and presented the safety
and feasibility of using hyperpolarized [1-13C]-pyruvate to
evaluate in vivo brain metabolism [18]. Perhaps the greatest
technical challenge to translating hyperpolarized imaging to
the clinic for diffusing intrinsic pontine glioma is ensuring
adequate SNR in the brainstem, where the surrounding
tissue is less perfused and far removed from coil elements.

While several single- and multivoxel 1H spectroscopy
studies have indicated that 1H magnetic resonance spectros-
copy (MRS) may be useful for assessing disease progression
andmonitoring response to treatment [19–22], the acquisition
of proton spectra in the infratentorial region is generally
challenging due to susceptibility effects around the brainstem
region and confounded by overlapping lipid peaks that reflect
contamination from the surrounding skull. ,e susceptibility
effects encountered in 13C MR are considerably smaller rel-
ative to 1H MR by virtue of the 13C gyromagnetic ratio, which
is one-fourth that of 1H. ,e proposed method of assessing
real-time metabolism using hyperpolarized 13C MRSI, com-
bined with anatomical MRI and 1H MRS, may provide com-
plementary information that is of value in assessing disease
status and response to treatment in DIPG.

Interestingly, the ratio of lactate-to-pyruvate in the non-
enhancing T2 lesion from this study (0.70±0.24) was signifi-
cantly smaller than that of enhancing tumor from supratentorial
orthotopic glioblastoma xenografts in a previous study (1.0±
0.36) (p< 0.02, unpaired t-test), while it remained similar
between contralateral brainstem tissue (0.28±0.11) and con-
tralateral supratentorial brain tissue (0.29± 0.17) [11]. Future
studies will attempt to elucidate the molecular and pathologic
mechanisms that produce different characteristics in pyruvate
metabolism depending on the type of glioma.

4. Conclusions

,e results from this study characterized pyruvate and lactate
metabolism in orthotopic DIPG xenografts and suggest that
hyperpolarized 13C pyruvate MRSI is a promising noninvasive
imaging tool for the in vivo monitoring of biochemical pro-
cesses in DIPG.
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High expression of human epidermal growth factor receptor 2 (HER2) in breast and gastroesophageal carcinomas is a predictive
biomarker for treatment using HER2-targeted therapeutics (antibodies trastuzumab and pertuzumab, antibody-drug conjugate
trastuzumab DM1, and tyrosine kinase inhibitor lapatinib). Radionuclide molecular imaging of HER2 expression might permit
stratification of patients for HER2-targeting therapies. In this study, we evaluated a new HER2-imaging probe based on the designed
ankyrin repeat protein (DARPin) 9_29. DARPin 9_29 was labeled with iodine-125 by direct radioiodination and with [99mTc]Tc(CO)3
using the C-terminal hexahistidine tag. DARPin 9_29 preserved high specificity and affinity of binding to HER2-expressing cells after
labeling. Uptake of [125I]I-DARPin 9_29 and [99mTc]Tc(CO)3-DARPin 9_29 in HER2-positive SKOV-3 xenografts in mice at 6 h after
injection was 3.4±0.7 %ID/g and 2.9± 0.7 %ID/g, respectively. +is was significantly (p< 0.00005) higher than the uptake of the same
probes in HER2-negative Ramos lymphoma xenografts, 0.22± 0.09 %ID/g and 0.30± 0.05 %ID/g, respectively. Retention of [125I]I-
DARPin 9_29 in the lung, liver, spleen, and kidneys was appreciably lower compared with [99mTc]Tc(CO)3-DARPin 9_29, which
resulted in significantly (p< 0.05) higher tumor-to-organ ratios. +e biodistribution data were confirmed by SPECT/CT imaging. In
conclusion, radioiodine is a preferable label for DARPin 9_29.

1. Introduction

Human epidermal growth factor 2 (HER2) is a tyrosine
kinase receptor, which is overexpressed in about 15–20%
of breast cancer [1] and 7–38% gastroesophageal cancers
[2]. American Society of Clinical Oncology recommends
HER2-targeted therapy for patients with HER2-positive

metastatic breast cancer [3]. +e use of anti-HER2 anti-
bodies in combination with docetaxel in neoadjuvant
setting also improves pathological response rate [4]. Since
the overexpression of HER2 is a precondition for response
to such therapies, College of American Pathologists
(CAP), American Society for Clinical Pathology (ASCP),
and the American Society of Clinical Oncology (ASCO)
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recommend assessment of HER2 status in all patients with
breast and gastroesophageal carcinomas [3, 5]. Immu-
nohistochemistry (IHC) and fluorescence in situ hybrid-
ization (FISH) assays are the recommended methods for
HER2 molecular characterization of primary, recurrent, and
metastatic tumors [5]. However, heterogeneity of HER2 ex-
pression remains a challenge. Discordances in HER2 ex-
pression between primary tumor and metastases are observed
in up to 40% of the cases [6–8]. Additionally, the expression of
HER2 might change over time leading to failure of HER2-
targeted therapy.

Molecular imaging of HER2 expression is a noninvasive
method that allows repeated whole-bodymonitoring of HER2
status [9]. Several types of targeting probes, such as mono-
clonal antibodies, their proteolytic and engineered fragments,
and scaffold proteins, were evaluated for imaging ofHER2 [9].
Comparison of data suggests that smaller targeting probes
offer an advantage of providing good contrast and enabling
imaging of HER2 at the day of injection. In addition, probes
with a molecular weight of less than 45 kDa do not accu-
mulate in tumors due to an enhanced permeability and re-
tention (EPR) effect [10]. +us, smaller targeting probes have
a potential to improve both sensitivity and specificity of
imaging.

One promising way of creating proteinaceous targeting
probes for imaging is the use of engineered scaffold proteins
(ESPs) [11–14]. ESPs are developed using a robust poly-
peptide framework (scaffold) found in natural proteins or
designed de novo. Some amino acids in a scaffold are
substituted by a random or directed mutagenesis, which
generates big libraries and enables selection of specific high-
affinity binders to designated molecular targets [12]. Several
scaffolds, such as affibody molecules, knottins, designed
ankyrin repeat proteins (DARPins), adnectins, and
ADAPTs, have been preclinically evaluated for radionuclide
molecular imaging and demonstrated capacity of imaging
molecular targets in vivo at the day of injection [14]. Affi-
bodymolecules, which are based on the scaffold of protein A,
have demonstrated that they can be used for in vivo
quantification of HER2 expression in breast cancer metas-
tases using PET and SPECT in the clinic [15, 16].

DARPins are built using a scaffold consisting of tightly
packed repeats. Every repeat is a sequence of 33 amino acids
formed as a β-turn followed by two antiparallel α-helices
[17]. In a DARPin, two or three such repeats are flanked by
C- and N-terminal capping repeats forming a protein with
a molecular weight of 14–18 kDa. +e use of ribosomal or
phage display enables selection of binders with low nano-
molar or subnanomolar affinity to predetermined targets.
DARPins can be cost efficiently produced in prokaryotic
hosts. Currently, DARPins are actively evaluated for dif-
ferent therapeutic applications [17].

Earlier, an anti-HER2 DARPin G3 was conjugated with
a macrocyclic chelator DOTA, labeled with the radionuclide
indium-111, and evaluated for imaging of HER2-expressing
xenografts [18]. +at study demonstrated the feasibility of
using DARPins for radionuclide molecular imaging of
HER2. Still, our experience with affibody-based imaging
probes suggests that the composition of the binding site of

a scaffold protein may influence off-target interaction of an
imaging probe affecting its accumulation in normal tissues
and blood clearance rate [19–21]. +is may appreciably
influence the imaging contrast and, therefore, sensitivity of
diagnostics. We concluded that “clones of scaffold proteins
should be evaluated to select the best variant for develop-
ment of an imaging probe with optimal sensitivity for the
intended application” [21]. +is is in agreement with the
findings of Zahnd et al. [22], who found appreciable dif-
ference in the blood clearance rate between variants of
DARPin G3 with different mutations in the binding site.
+erefore, we have selected another variant of the anti-HER2
DARPins, DARPin 9_29, to evaluate it as targeting agent for
imaging of HER2 [23, 24].

Selection of an optimal radionuclide is essential for de-
velopment of a sensitive probe. Currently, SPECT/CT scan-
ners are the most available imaging devices.+erefore, the use
of a single photon emitter as a label might facilitate clinical
translation of an imaging probe in hospitals where PET is not
available due to logistic or economic reasons. Radionuclides
technetium-99m (T1/2� 6 h, Ec � 140 keV) and iodine-123
(T1/2�13.3 h, Ec � 159 keV) would offer several advantages
for SPECT applications, such as optimal gamma-energies for
imaging, short half-life, and low absorbed doses to patients.
+ey permit the use of low energy collimators, providing
higher resolution, minimizing the partial volume effect and
increasing the registration efficiency. Direct radioiodination is
a straightforward and robust method of radioiodination of
targeting proteins. +e use of tricarbonyl chemistry enables
site-specific 99mTc-labeling of histidine-tag-containing
proteins using a kit technology [25]. Besides, a radio-
iodine label on a tyrosine (Figure 1(a)) is nonresidualizing
while [99mTc]Tc(CO)3 label on a histidine tag (Figure 1(b))
possesses strong residualizing properties. Evaluation of
several labels might enable selection of a probe with op-
timal imaging properties due to differences in residualizing
properties of radiocatabolites.

+e goal of this study was to evaluate DARPin 9_29
labeled with radioisotopes of iodine and technetium as
a targeting agent. +e radioisotope [125I]I was used in this
study as a surrogate label due to convenience. Labeling of
DARPin 9_29 with iodine-125 and technetium-99m was
established, the labeled proteins were evaluated in cell assays
in vitro, and their biodistribution was compared directly in
vivo. Specificity of HER2 targeting was evaluated in HER2-
positive and HER2-negative breast cancer xenografts in
mice.

2. Materials and Methods

2.1.GeneralMaterials and Instruments. Sodium iodide [125I]
NaI was purchased from PerkinElmer Sverige AB (Swe-
den). Technetium-99m was obtained as pertechnetate by
elution of Ultra-TechneKow generator (Mallinckrodt) with
sterile 0.9% sodium chloride (Mallinckrodt, +e Nether-
lands).+e Center for Radiopharmaceutical Sciences (CRS)
kits for production of tricarbonyl technetium were pur-
chased from the CRS (PSI, Villigen, Switzerland). HPLC
analysis was performed using Hitachi Chromaster HPLC
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systems with a radioactivity detector. +e Vydac RP C18
protein column (300 Å, 3×150mm, 5 μm particle size) was
used for the analysis. Solvent A was 0.1% trifluoroacetic
acid in H2O, and solvent B was 0.1% trifluoroacetic acid in
acetonitrile. +e flow rate was 1ml/min with a gradient of
5% B to 80% B over 20 minutes. Instant thin-layer chro-
matography (iTLC) analysis was performed using iTLC
silica gel strips (Varian, Lake Forest, CA, USA). +e dis-
tribution of activity was measured by a Cyclone storage
phosphor system (Packard) and analyzed by OptiQuant
image analysis software. Size-exclusion chromatography
was performed with disposable NAP-5 columns (GE
Healthcare). Activity was measured using an automated
gamma-spectrometer with a NaI(TI) detector (1480 Wiz-
ard, Wallac, Finland). SKOV-3, BT474, DU145, and Ramos
cells were purchased from the American Type Culture
Collection (ATCC) and were cultured in complete RPMI
medium supplemented with 10% fetal bovine serum (FBS),
2mM L-glutamine, 100 IU/ml penicillin, and 100 µg/ml
streptomycin in a humidified incubator with 5% CO2 at
37°C, unless stated otherwise.

2.2. Production of DARPin 9_29. +e gene for DARPin 9_29
was deduced from a DARPin 9_29 amino acid sequence
deposited in PDB (Accession number PDB: 4HRL_A) taking
into account the codon usage in highly expressed E. coli
genes [26]. +e gene was assembled from chemically syn-
thesized overlapped oligonucleotides of 50 bp length by PCR
and placed into pET22 plasmid vector between restriction
sites NdeI and HindIII. +e resultant amino acid sequence
encoded by the gene was as follows: MDLGKKLLEAAR
AGQDDEVRILMANGADVNAHDFYGITPLHLAANFGH
LEIVEVLLKHGADVNAFDYDNTPLHLAADAGHLEIVE
VLLKYGADVNASDRDGHTPLHLAAREGHLEIVEVLLK
NGADVNAQDKFGKTAFDISIDNGNEDLAEILQKLAAA
LEHHHHHH.

+e DARPin 9_29 gene was expressed in E. coli strain
BL21(DE3). Cells were grown overnight in the auto-
induction ZYM-5052 medium [27] containing 100 μg/ml
ampicillin at 25°C. +e cells were harvested by centrifu-
gation at 10,000 g for 15min at 4°C and resuspended in
1/6th of volume of lysis buffer (200mM Tris-HCl, 500mM

sucrose, 1 mM EDTA, pH 8.0, 1 mM PMSF, and 60 μg/ml
lysozyme). +e suspension was diluted two-fold with
distilled water and incubated at room temperature for
30min. Cells were broken on ice by a Vibra Cell ultrasonic
liquid processor VCX130 (Sonics, USA) in a cycle mode of
10 s sonication, 10 s cooling, for a total of 30 cycles. +e
cellular debris was pelleted at 70,000 g for 60min at 4°C.
After addition of imidazole (30mM final concentration)
and NaCl (500mM final concentration), the supernatant
was filtered through a 0.22 μm membrane and applied
onto a HisTrap HP, 1ml column (GE Healthcare)
equilibrated with 20mM sodium phosphate buffer, pH
7.5, 500mM NaCl and 30mM imidazole. Column was
washed with ten volumes of the same buffer. +e bound
protein was eluted with a linear 30–500 μM imidazole
gradient. +e fractions containing DARPin 9_29 were
pooled and desalted on the PD10 column (GE Health-
care). +e protein solution was loaded onto a MonoQ
5/50 GL column (GE Healthcare, USA) equilibrated with
20mM Tris-HCl, pH 8.0. After washing the column with
the same buffer, the bound protein was eluted with a linear
0-1M NaCl gradient. +e fractions were analyzed by 15%
reducing SDS-PAGE. +e fractions containing DARPin
9_29 were pooled and concentrated with a Amicon Ultra-
15 centrifugal filter and then sterilized by filtration
through 0.22 μm membrane. Protein concentration was
determined by UV spectroscopy using ε280� 4470 cm−1·M−1
[28]. No proteinaceous impurities were found using HPLC
analysis.

2.3. Labeling and Stability. Direct radioiodination was
performed as described previously [29]. To a solution of
DARPin 9_29 (40 µg, 2.20 nmol) in PBS (47 µL), [125I]NaI
(3 µL, 10MBq) and chloramine T (20 µL of 1mg/mL in PBS,
20 µg, 71 nmol) were added. After incubation at room
temperature for 60 sec, sodium metabisulfite (20 µL of
2mg/mL in water, 40 µg, 211 nmol) was added. +e reaction
yield was analyzed by iTLC, and the radiolabeled compound
was purified using NAP-5 size-exclusion column (pre-
equilibrated with 1% BSA in PBS) and eluted with PBS. +e
in vitro stability test was performed by incubating the
radioiodinated protein with 1M KI in PBS at room
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Figure 1: Structures of the radiolabeled moiety on the protein: iodine-125 label attached to tyrosine (a) and [99mTc]Tc(CO)3 chelated by
hexahistidine tag (b).
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temperature for 3 h. Control samples (without KI) were
incubated in PBS. Both sample groups were analyzed by
iTLC.

Site-specific radiolabeling of DARPin 9_29 with [99mTc]
[Tc(CO)3(H2O)3]+ was performed as described earlier [30].
+e [99mTc]NaTcO4 eluate (400–500 μL) containing ca.
4GBq of 99mTc was added to a sealed vial containing CRS kit
and incubated at 100°C for 20min. After incubation, 40 μL of
technetium-99m tricarbonyl solution was added to a tube
containing 168 μg of DARPin 9_29 in 100 μL of PBS. +e
reaction was incubated for 60min at 40°C, and then, the
radiolabeled DARPin 9_29 was purified using NAP-5 col-
umns preequilibrated and eluted with PBS. +e in vitro
stability test was performed by incubating the radiolabeled
protein with 500- and 5000-fold molar excess of histidine in
PBS for 3 h. Control samples were incubated in PBS, and
both sample groups were analyzed by iTLC.

+e radiochemical yield and radiochemical purity after
NAP-5 purification were determined by iTLC. Radio-iTLC
analysis was performed in 4 :1 acetone: water system and in
PBS for DARPin 9_29 labeled with [125I]I and [99mTc]Tc
(CO)3, respectively. In both systems, the radiolabeled
DARPins remain at the application point, and all forms of
free radionuclides (including [99mTc]TcO4

− and [99mTc][Tc
(CO)3(H2O)3]+) migrate with the solvent front.

2.4. In Vitro Binding Specificity and Cellular Processing.
In vitro studies were performed using HER2-expressing cell
lines SKOV-3 (1.6×106 receptors/cell) [19], BT474 (1.2×106
receptors/cell) [31], and DU145 (5×104 receptors/cell) [32].
Cells were seeded in 3 cm Petri dishes (106 cells per dish),
and a set of three dishes was used for each group.

HER2 binding specificity assay was performed as de-
scribed previously [33]. Two sets of dishes were used per
each cell line. A 100-fold excess of unlabeled DARPin 9_29,
cetuximab, trastuzumab, bevacizumab, or anti-HER2 affi-
body molecule ZHER2:342 (1000 nM) was added to the control
group of cells to saturate HER2 receptors 30min before
addition of the labeled compound. Radiolabeled conjugates
[125I]I-DARPin 9_29 or [99mTc]Tc(CO)3-DARPin 9_29 were
added at 10 nM concentrations. +e cells were incubated for
1 h in a humidified incubator at 37°C. +e medium was
collected, the cells were washed with 1mL of fresh medium.
and 1mL 1M NaOH was added to lyse the cells. After
20–30min of incubation, the cell lysate was collected. +e
activity in each fraction was measured to calculate the
percent of cell-bound activity. +e average number of cells
per dish at the time of assay was calculated, and the value of
cell-bound activity was calculated per 106 cells.

Cellular retention and processing of radiolabeled con-
jugates by SKOV-3 and BT474 cells was studied during
continuous incubation by an acid-wash method [33]. +e
cells (1× 106 cells/dish) were seeded two days before the
experiment (three dishes for each time point). Radiolabeled
[125I]I-DARPin 9_29 or [99mTc]Tc(CO)3-DARPin 9_29
(10 nM) was added to all cells and incubated at 37°C in
a humidified incubator. At 1, 2, 4, 6, and 24 h postaddition,
the medium was collected from one set of 3 dishes and cells

were washed once with serum-free media (1mL). To collect
the membrane-bound tracer, the cells were treated with
0.2M glycine buffer containing 4M urea, pH 2.0 (1mL) on
ice for 5min, the buffer was collected, and the cells were
washed once with 1mL of buffer. To lyse the cells containing
internalized conjugate, the cells were treated with 1M
NaOH (1mL) for 30min, and the cells were collected and
additionally washed with 1mL. +e activity in the acid
fractions was considered asmembrane bound, in the alkaline
fractions, as internalized.

2.5. Affinity Measurement Using LigandTracer. +e binding
kinetics of radiolabeled DARPins to living SKOV-3 cells was
measured using LigandTracer (Ridgeview Instruments,
Vänge, Sweden) as described previously [29]. Kinetics of
binding to and dissociation from living cells was recorded at
room temperature in real time. +e TraceDrawer Software
(Ridgeview Instruments, Vänge, Sweden) was used to cal-
culate the affinity based on the association and dissociation
rates. Increasing concentrations of each radioconjugate (1, 4,
and 8 nM) were added to the cells followed by the change of
media and measurements of retention in the dissociation
phase.

2.6. Animal Studies. For tumor implantation, 107 HER2-
positive SKOV-3 cells or 5×106 HER2-negative Ramos cells
in 100 µL of media were subcutaneously injected on the right
hind leg of female BALB/c nu/nu mice. +e biodistribution
experiments were performed two and a half weeks after cell
implantation. +e average animal weight was 16± 1 g in the
SKOV-3 group and 17± 1 g in the Ramos group.+e average
tumor weight was 0.26± 0.16 g for SKOV-3 xenografts and
0.22± 0.14 g for Ramos xenografts. Twenty-four hours be-
fore the experiments drinking water was replaced with 1%
KI solution in water. For comparative biodistribution of
[125I]I-DARPin 9_29 and [99mTc]Tc(CO)3-DARPin 9_29,
a dual-isotope approach was used. +e mice were in-
travenously (i.v.) injected with a mixture of [125I]I-DARPin
9_29 and [99mTc]Tc(CO)3-DARPin 9_29 (4 μg in 100 μL of
1% BSA in PBS/mouse, 15 kBq for [125I]I-DARPin 9_29, and
25 kBq for [99mTc]Tc(CO)3-DARPin 9_29). At 6 h post-
injection (p.i.), mice were anesthetized by an intraperitoneal
injection of Ketalar and Rompun solution and sacrificed by
heart puncture. Blood was collected with a heparinized
syringe, and organs were collected and weighed, and activity
was measured on a gamma-spectrometer using a dual-
isotope protocol. +e measurements were corrected for
dead time, spillover, and background. +e percent of in-
jected dose per gram of sample (%ID/g) was calculated.
Statistical analysis was performed using GraphPad Prism
(GraphPad Software Inc.).

Whole-body SPECT/CT scans of the mice bearing
SKOV3 xenografts injected with [99mTc]Tc-DARPin 9_29
(4 µg, 4.3MBq) or [125I]I-DARPin 9_29 (4 µg, 4.4MBq) were
performed using nanoScan SPECT/CT (Mediso Medical
Imaging Systems, Hungary) at 6 h p.i. Imaging was per-
formed under sevoflurane anesthesia. CT scans were ac-
quired at the following parameters: 50 keV, 670 μA, 480
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projections, 5min acquisition time; SPECT scans were
carried out using technetium-99m energy window
(126.45 keV–154.56 keV) or iodine-125 energy window
(25.56 keV–31.24 keV), 256 × 256 matrix, 30min acqui-
sition time. +e CT raw data were reconstructed using
Nucline 2.03 Software (Mediso Medical Imaging Systems,
Hungary). SPECT raw data were reconstructed using Tera-
Tomo™ 3D SPECT.

3. Results

3.1. Radiolabeling. Direct radioiodination of DARPin 9_29
provided a radiochemical yield of 96.2± 0.7%. Size-exclusion
chromatography using disposable NAP-5 column provided
radiochemical purity of 99.7± 0.5%. +e isolated yield was
87± 1%. Specific activity of 1.1MBq/µg (20GBq/µmol) was
achieved. Incubation of [125I]I-DARPin 9_29 in PBS or
challenge with 1M potassium iodide up to 3 h did not reveal
any measurable release of the radionuclide from DARPin
9_29 (Table 1).

Labeling of DARPin 9_29 with [99mTc]Tc(CO)3 resulted
in a radiochemical yield of 80± 4%. +e radiochemical
purity after size-exclusion chromatography was 98± 1%.+e
isolated yield was 72± 8%. +e maximum specific activity
was 1.3MBq/µg (23.6 GBq/µmol). +e labeled protein was
stable to a significant degree of up to 3 h in PBS and in both
500-fold and 5000-fold molar excess of histidine (Table 2).

3.2. In Vitro Evaluation of Radiolabeled DARPins. Binding of
both [99mTc]Tc(CO)3-DARPin and [125I]I-DARPin 9_29 to
HER2-expressing cells in vitro was dependent on the HER2
expression level in these cell lines (SKOV-3>BT474>>DU-145)
(Figure 2). Blocking the receptors with a large molar excess
of unlabeled DARPin 9_29 resulted in significant (p< 0.05)
reduction of binding. +is demonstrates binding satu-
rability and suggests the specific binding character for both
conjugates.

To elucidate the binding specificity further, binding of
[125I]I-DARPin 9_29 was determined after treatment of
SKOV-3 cells with anti-HER2 affibody molecules ZHER2:342,
anti-HER2 antibody trastuzumab, as well as control

antibodies anti-EGFR cetuximab and anti-VEGF bev-
acizumab. As shown in Figure 3, while reduction in binding
after treatment with unlabeled DARPin 9_29 was highly
significant (p< 0.000001), there was neither significant
reduction in binding after receptor saturation using
trastuzumab (p> 0.05) nor any reduction in binding after
treatment of SKOV-3 cells with cetuximab or bev-
acizumab. Interestingly, treatment of the SKOV-3 cells
with ZHER2:342 affibody molecule resulted in small (12%)
but significant (p< 0.05) reduction of [125I]I-DARPin
9_29 binding.

Representative LigandTracer sensorgrams of [99mTc]Tc
(CO)3-DARPin 9_29 and [125I]I-DARPin 9_29 binding to
HER2-expressing SKOV-3 cells are presented in Figure 4.
Sensorgrams show rapid binding and slow dissociation of
the conjugates. +e best curve fitting for both variants was
obtained when 1 : 2 binding model was applied. +e analysis
suggested the presence of one interaction with high affinity
and one with lower. +e equilibrium dissociation constant
(KD) of the strongest interaction was 362± 130 pM for [125I]
I-DARPin 9_29 and 439± 156 pM for [99mTc]Tc(CO)3-
DARPin. In the case of weaker interactions, the dissociation
constants were 7.7± 2.8 nM and 9.1± 2.7 nM for [125I]I-
DARPin 9_29 and [99mTc]Tc(CO)3-DARPin, respectively.
+e weaker interaction was approximately 3-fold more
abundant.

Processing of [99mTc]Tc(CO)3-DARPin and [125I]I-
DARPin 9_29 by HER2-expressing SKOV-3 and BT474
cells during continuous incubation is presented in Figure 5.
Pattern of the cellular processing was concordant in both cell
lines. +e internalized activity was lower for DARPin 9_29
labeled using nonresidualizing iodine-125. Total cell-
associated activity was also lower in the case of [125I]I-
DARPin 9_29. However, the internalized fraction was not
very high (approximately 20–25% at 4 h) even for the
residualizing [99mTc]Tc(CO)3 label.

3.3. Animal Studies. +e results of the in vivo specificity test
are presented in Figure 6. Accumulation of both [125I]I-
DARPin 9_29 and [99mTc]Tc(CO)3-DARPin 9_29 in HER2-
negative Ramos lymphoma xenografts were on the same
level as in muscles (0.2–0.3 %ID/g). Uptake in HER2-positive
SKOV-3 xenografts was significantly (p< 0.00005) higher,
3.4± 0.7 %ID/g and 2.9± 0.7 %ID/g for [125I]I-DARPin 9_29
and [99mTc]Tc(CO)3-DARPin 9_29, respectively. +is dem-
onstrates that the tumor uptake of both variants was HER2
specific.

Data concerning biodistribution of [125I]I-DARPin 9_29
and [99mTc]Tc(CO)3-DARPin 9_29 in BALB/C nu/nu mice
bearing HER2-positive xenografts at 6 h after injection are
presented in Table 3.+e common feature of both constructs
was relatively rapid clearance from blood. However, there
were appreciable differences in biodistribution of these
variants. For example, [125I]I-DARPin 9_29 had significantly
lower uptake in the lung, liver, spleen, kidneys, and bone.
Besides, accumulation of radioiodine in the content of
gastrointestinal tract was also lower, indicating that hep-
atobiliary excretion plays smaller role for this probe and/or

Table 1: Stability of [125I]I-DARPin 9_29.

Test solution
DARPin-associated activity (%)
1 h 3 h

PBS 99.7± 0.4 97.9± 1.0
1M KI 99.0± 0.3 98.5± 0.4

Table 2: Stability of [99mTc]Tc(CO)3-DARPin 9_29.

Test solution
DARPin-associated activity

(%)
1 h 3 h

PBS 99.8± 0.2 98.2± 0.1
Histidine (500-fold excess) 99.7± 0.4 98.7± 0.4
Histidine (5000-fold excess) 99.0± 0.3 97.7± 0.6
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its radiometabolites. +ere was no significant difference
between tumor uptakes of [125I]I-DARPin 9_29 and [99mTc]
Tc(CO)3-DARPin 9_29.

Such biodistribution features were translated in tumor-to-
organ ratios (Table 4). DARPin 9_29 labeled with iodine-125
provided significantly higher tumor-to-lung, tumor-to-liver,
tumor-to-spleen, and tumor-to-bone ratios. Importantly,
tumor-to-lung and tumor-to-liver ratio were more than one
for the radioiodine label, enabling imaging in these metastatic
sites for many malignancies.

+e results of the small-animal SPECT/CT imaging
(Figure 7) confirmed the results of the ex vivo biodistribution
measurements. +e HER2-expressing xenografts were well
visualized using both [125I]I-DARPin 9_29 and [99mTc]Tc
(CO)3-DARPin 9_29. Due to renal excretion, an appreciable
amount of activity was detected in the urinary bladder. In the
case of [99mTc]Tc(CO)3-DARPin 9_29, a noticeable amount of
activity was detected in the gastrointestinal tract, liver, and

kidneys. Activity concentration in these organs exceeded
concentration in tumors. In the case of [125I]I-DARPin 9_29,
the opposite was observed as the tumor had the highest
activity accumulation (after the urinary bladder).
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Figure 2: In vitro binding specificity of [99mTc]Tc(CO)3-DARPin (a) and [125I]I-DARPin 9_29 (b) to HER2-expressing cells. In the blocked
group, receptors were presaturated with a 100-fold excess of unlabeled DARPin. Data are presented as the mean of three samples± SD.
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Figure 4: Representative LigandTracer sensorgrams of [125I]I-
DARPin 9_29 (a) and [99mTc]Tc(CO)3-DARPin 9_29 (b) binding to
HER2-expressing SKOV-3 cells. +e association was measured at
concentrations of 1, 4, and 8 nM.
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4. Discussion

We have demonstrated that DARPin 9_29 can be labeled
with [125I]I and [99mTc]Tc(CO)3 with reasonably good yields
and high stability (Tables 1 and 2). Both labeled proteins
retained specific binding to HER2-expressing cells, and the
level of binding was proportional to HER2 expression in
these cell lines (Figures 2 and 3). +e binding of [125I]I-
DARPin 9_29 could be saturated by nonlabeled DARPin
9_29 but not with monoclonal antibody trastuzumab
(Figure 3). +is is in agreement with the literature data
suggesting that DARPin 9_29 and trastuzumab bind to
different epitopes on HER2 [23]. +is opens an opportunity
to use radiolabeled DARPin 9_29 for monitoring of HER2
during trastuzumab therapy without interference from
antibodies bound to the receptors on malignant cells. It was
surprising that small but significant reduction of [125I]I-
DARPin 9_29 binding to SKOV-3 cells was found after
treatment of cells with a large excess of anti-HER2 affibody
molecules ZHER2:342, although this affibody molecules bind
to a different epitope [23]. A possible explanation is that the

binding of affibody molecules causes some conformational
change of the receptor, which is not favorable for DARPin
9_29 binding.

+e LigandTracer measurements demonstrated that
both labeled variants bind with similar affinity to SKOV-3
cells, with KD1 of approximately 0.4 nM and KD2 of 8-9 nM.
Two affinities are often found during LigandTracer mea-
surement of binding to living cells for tracers targeting
receptors belonging to HER family [34–37]. Björkelund et al.
[35] demonstrated that this can be explained by homo- and
heterodimerization of receptors. +e dissociation constant
values are in a good agreement with that obtained earlier for
binding of DARPin 9_29 to the extracellular domain of
HER2 (3.8 nM) using surface plasmon resonance (SPR) [38].
+e affinity measurements suggest that both methods
provide labeled DARPin 9_29 with preservation of binding
affinity to HER2.

+e data concerning cellular processing of radiolabeled
conjugates after binding to HER2-expressing cells (Figure 5)
demonstrated a potential advantage of the residualizing
99mTc(CO)3 label. +e intracellular fraction was higher for
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Figure 5: Cellular processing of [99mTc]Tc(CO)3-DARPin 9_29 (a, b) and [125I]I-DARPin 9_29 (c, d) by HER2-expressing SKOV-3 (a, c)
and BT474 (b, d) cells. Cells were incubated with the conjugates (10 nM) at 37°C. Data are presented as the mean of three samples± SD.
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technetium-99m compared to radioiodine, which translated
into higher total cell-associated activity. However, the in-
ternalization was relatively slow, and the difference between
total cellular uptake of [99mTc]Tc(CO)3-DARPin 9_29 and
[125I]I-DARPin 9_29 was moderate (1.5–1.7 fold) at 4 and
6 h, that is, time points relevant for imaging.

+e uptake of both [125I]I-DARPin 9_29 and [99mTc]Tc
(CO)3-DARPin 9_29 in HER2-expressing SKOV-3 xeno-
grafts was significantly higher than in HER2-negative
Ramos lymphoma xenografts, which is a strong evidence
of HER2-specific tumor accumulation. For comparison, an
EPR-mediated nonspecific uptake of anti-HER2 mono-
clonal antibodies might amount to 25–30% of specific one

up to 3 days after injection [31, 39], which might be as-
sociated with an elevated risk of false-positive diagnosis.

+ere was a striking difference between the bio-
distribution profiles of [125I]I-DARPin 9_29 and [99mTc]Tc
(CO)3-DARPin 9_29 (Table 3 and Figure 7). Uptake of
[99mTc]Tc(CO)3-DARPin 9_29 in the lung, liver, spleen, and
kidneys was several-fold higher than the uptake of [125I]I-
DARPin 9_29. +e high renal uptake is characteristic for
radiometal-labeled DARPins [18, 22] and is, most likely,
associated with the high reabsorption of proteins in prox-
imal tubuli, rapid internalization, and efficient retention of
radiometabolites of residualizing radiometal labels. +e high
hepatic uptake might be due to high lipophilicity of [99mTc]
Tc(CO)3-histidine label [40–42]. +is effect depends on
properties of a targeting protein. For example, elevated
hepatic uptake in the case of [99mTc]Tc(CO)3-histidine label
was observed for DARPin G3 [22] and affibody molecule
ZHER2:342 [43] but not observed for scFv [25], nanobodies
[44], or ADAPTs [45]. +e low accumulation of [125I]I in
these organs is due to nonresidualizing properties of direct
radioiodine label. Due to rapid internalization after renal
and hepatic uptake, [125I]I-DARPin 9_29 undergoes lyso-
somal degradation, and the main radiometabolite, iodo-
tyrosine, “leaks” from cells. Such effect has been described
for affibody molecules [30] and ADAPTs [36]. +e tumor
uptake in vivo of [125I]I-DARPin 9_29 and [99mTc]Tc(CO)3-
DARPin 9_29 was not different because the internalization
of DARPin 9_29 after binding to the HER2 receptor in
cancer cells was slow, and leakage of radiometabolites had no
strong effect on tumor-associated activity. In addition, the
delivery of [99mTc]Tc(CO)3-DARPin 9_29 to tumors might
be reduced due to sequestering of this conjugate in the liver.
+e level of the tumor uptake, 3.4± 0.7 %ID/g and 2.9± 0.7
%ID/g for [125I]I-DARPin 9_29 and [99mTc]Tc(CO)3-
DARPin 9_29, respectively, was similar to the uptake of
[99mTc]Tc(CO)3-labeled DARPin G3-D (4.45± 1.18 %ID/g)
with the similar affinity to HER2 D (1.48± 0.01 nM
according to SPR measurements) [22]. +e [99mTc]Tc(CO)3-
labeled anti-HER2 nanobody 2Rs15d having similar size
and affinity (3.9 nM) had also comparable tumor uptake

Table 3: Comparison of biodistribution of [125I]I-DARPin 9_29
and [99mTc]Tc(CO)3-DARPin 9_29 in BALB/C nu/nu mice bearing
SKOV-3 xenografts at 6 h after injection.

Uptake (%ID/g)
125I-DARPin

9_29

99mTc(CO)3-DARPin
9_29

Blood 1.2± 0.4 0.8± 0.1
Salivary glands 1.3± 0.3 1.7± 0.4
Lung 0.9± 0.3∗ 1.7± 0.2
Liver 1.2± 0.2∗ 27± 4
Spleen 0.9± 0.2∗ 8.4± 3.0
Stomach 4.3± 3.0 1.3± 0.1
Kidney 3.4± 0.4∗ 80± 11
Tumor 3.4± 0.7 2.9± 0.7
Muscle 0.3± 0.1 0.5± 0.1
Bone 0.77± 0.04∗ 2.0± 0.8
Gastrointestinal tracta 1.4± 0.3∗ 5.3± 0.9
aData for the gastrointestinal tract are presented as %ID per whole sample.
∗Significant difference (p< 0.05) between uptake of [125I]I-DARPin 9_29
and [99mTc]Tc(CO)3-DARPin 9_29. Data are presented as mean± SD for
four mice.
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Figure 6: In vivo specificity of HER2 targeting using [125I]I-DARPin
9_29 and [99mTc]Tc(CO)3-DARPin 9_29. Uptake of both imaging
probes was significantly (p< 0.00005) higher in HER2-positive
SKOV-3 than in HER2-negative Ramos xenografts. Data are pre-
sented as mean± SD for four mice.

Table 4: Comparison of [125I]I-DARPin 9_29 and [99mTc]Tc(CO)3-
DARPin 9_29 tumor-to-organ ratios in nudemice bearing SKOV-3
xenografts.

Tumor-to-organ ratio
[125I]I-DARPin

9_29
[99mTc]Tc(CO)3-DARPin

9_29
Blood 3.4± 1.8 3.4± 0.5
Salivary glands 2.0± 0.7 2.0± 0.4
Lung 4± 2 1.7± 0.4∗
Liver 3± 1 0.11± 0.02∗
Spleen 4± 1 0.35± 0.04∗
Stomach 1.2± 1.0 2.1± 0.5∗
Kidney 1.00± 0.16 0.035± 0.003∗
Muscle 11.3± 5.5 6.6± 2.6
Bone 4.4± 0.9 1.6± 0.4∗
∗Significant difference (p< 0.05) between values for [125I]I-DARPin 9_29
and [99mTc]Tc(CO)3-DARPin 9_29. Data are presented as mean± SD for
four mice.
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(4.19± 0.47 %ID/g) [44]. It has to be noted that both the
nanobody and DARPin G3-D cleared more rapidly from
blood and normal tissues, which resulted in higher tumor-
to-organ ratios compared to DARPin 9_29 [22, 44]. Overall,
the iodine-125 label provided better imaging contrast
compared to the technetium-99m label. +e use of
technetium-99m might be limited to special applications,
like determination of HER2 status in primary tumor and
local lymph node metastases before neoadjuvant therapy of
breast carcinomas.

+is study utilized iodine-125 (T1/2 � 59.4 d) because this
radionuclide is convenient for preclinical development due
to long half-life and low energy of emitted photons. Our
experience suggests that the labeling protocol might be
applied with a minimal reoptimization for labeling with
iodine-123 (T1/2 �13.3 h) and iodine-124 (T1/2 � 4.18 d) for
clinical SPECT or PET applications, respectively [46, 47].

5. Conclusion

DARPin 9_29 can be labeled with iodine-125 and [99mTc]Tc
(CO)3 with high stability and preserved binding specificity
and affinity to HER2. Both labeled proteins were internalized
slowly by HER2-expressing cells. Both [125I]I-DARPin 9_29
and [99mTc]Tc(CO)3-DARPin 9_29 demonstrated specific
uptake in HER2-positive xenografts when compared to
HER2-negative xenografts. Radioiodine provided better
tumor-to-organ ratios compared to [99mTc]Tc(CO)3 label.
Radioiodinated DARPin 9_29 is a promising agent for same-
day imaging of HER2 expression in cancer using SPECT.
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Vascular cell adhesion molecule 1 (VCAM-1) is overexpressed in varieties of cancers. This study aimed to evaluate the application
of a single chain variable fragment (scFv) of anti-VCAM-1 antibody labeled with 99mTc as a possible imaging agent in several
tumors. VCAM-1 scFv was labeled with 99mTc using succinimidyl 6-hydrazinium nicotinate hydrochloride, and 99mTc-HYNIC-
VCAM-1scFv was successfully synthesized with a high radiolabeling yield. VCAM-1 expression was evaluated in six cell lines
by immunofluorescence staining. In vitro binding assays showed different binding affinities of 99mTc-HYNIC-VCAM-1scFv in
different tumor cell lines, with high uptake in B16F10 melanoma and HT1080 fibrosarcoma cells, which was consistent with
immunofluorescence staining results. In vivo SPECT planar imaging demonstrated that B16F10 and HT1080 tumors could be
clearly visualized. Less intense uptake was observed in human SKOV3.ip ovarian tumor, and weak uptake was observed in human
A375m melanoma, MDA-MB-231 breast cancer, and 786-O renal tumors. These findings were confirmed by biodistribution and
immunofluorescence studies.High uptake by B16F10 tumorswas inhibited by excess unlabeledVCAM-1scFv.

99mTc-HYNIC-VCAM-
1scFv, which selectively binds to VCAM-1, can provide a qualitative and semiquantitative method for noninvasive evaluation of
VCAM-1 expression by tumors.

1. Introduction

Metastasis, one of the hallmarks of malignancy, remains a
significant clinical obstacle to a favorable prognosis. Early,
accurate diagnosis and targeted therapy are crucial. A prog-
nostic tumor biomarker is very helpful for the diagnosis
and targeted therapy of cancers [1]. Vascular cell adhesion
molecule 1 (VCAM-1) is an immunoglobulin- (Ig-) like adhe-
sion molecule with seven extracellular Ig domains. VCAM-
1 is believed to be responsible for tumor proliferation and
metastasis, and its levels correlate with prognosis [2]. It is
expressed by multiple types of aggressive neoplasms, includ-
ing those involving lung, prostate, breast, ovaries, and colon
[3]. VCAM-1 has emerged as a target for therapy of these

tumors [4]. Considering the aberrant expression of VCAM-1
in tumor biology, the development of noninvasive molecular
imaging for VCAM-1 is crucial for better tumor diagnosis,
prognosis, and therapy planning.

Multiple new techniques for targeting VCAM-1 have
been developed in the past decades, including monoclonal
antibodies, nanobodies, peptides, and single chain variable
fragments (scFvs) [5–8]. As we know, intactmonoclonal anti-
bodies have strong binding affinity, but their large molecular
weight leads to their slow clearance from blood and poor
tissue penetration into tumors. [9]. In contrast, small peptides
have the advantages of prompt excretion of unbound tracer
and allow prompter imaging, but at the cost of low binding
affinity [10]. Given all these considerations, small antibody
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fragments of moderate size and sufficient targeting ability are
becoming attractive candidates for clinical application [11].

We previously prepared the scFv of anti-VCAM-1
(VCAM-1scFv) using the phage display method, which is a
widely used process to obtain scFvs with high specificity
[12, 13]. Due to the small molecular size (∼28 kDa), scFv has
the advantage of rapid clearance through renal excretion,
lower concentration in liver, and stronger penetration into
tumor tissues [14].

The aim of this study was to explore the possibility of
a noninvasive and semiquantitative method for targeting
VCAM-1 in tumors, which may allow early cancer diagnosis,
more precise prognosis, and targeted treatment options. In
this study, we radiolabeled VCAM-1scFv with

99mTc using suc-
cinimidyl 6-hydrazinium nicotinate hydrochloride (SHNH)
to detect levels of VCAM-1 in several tumor models in vivo.

2. Materials and Methods

2.1. 99mTc-6-Hydrazinonicotinamide- (HYNIC-) VCAM-1scFv
Labeling Procedure. SHNH (20𝜇g, 69.8 nmol, Solulink, Inc.,
San Diego CA, USA) was added to the scFv (78.4 𝜇g,
28 nmol, Shanghai Raygene Biotech Company) and reacted
in darkness overnight at 4∘C. Afterwards, 100 𝜇L tricine
(100mg/mL, pH 5.2, Sigma/Aldrich, St. Louis MO, USA),
4 𝜇L SnCl

2
⋅2H
2
O (7mg/mL, Sigma-Aldrich), and 500 𝜇L

99mTcO
4

− solution (555MBq, Beijing Atom High Tech, Bei-
jing, China) were added to the reactions and incubated
for 30min at room temperature to prepare 99mTc-HYNIC-
VCAM-1scFv. The product was purified using a PD-10 gel col-
umn (General Electric, Fairfield CT, USA). The radiolabeled
compound was analyzed by instant thin layer chromatogra-
phy (ITLC) under identical conditions to calculate its radio-
labeling efficiency, radiochemical purity, and in vitro stability
(1, 3, 6, and 12 h in fetal bovine serum [FBS] and phosphate-
buffered saline [PBS], 𝑛 = 5 per group). Fifty percent aceto-
nitrile and 0.01M PBS were used as the developing solvent
system.

2.2. Cell Culture. B16F10 and A375m melanoma cells,
SKOV3.ip human ovarian cancer cells, andMDA-MB-231 hu-
man breast cancer cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) (Gibco, Carlsbad CA, USA). 786-
O human renal cancer cells and HT-1080 human fibrosar-
coma cells were maintained in Roswell Park Memorial Insti-
tute (PRMI-1640) and Minimal Essential Medium (MEM),
respectively. All of the media were supplemented with 10%
FBS (Gibco, Grand Island, NY, USA), 100U/mL penicillin,
and 100 𝜇g/mL streptomycin (Beyotime, Shanghai, China).

2.3. VCAM-1 Expression Confirmed by Immunofluorescence
Staining. B16F10, HT-1080, SKOV3.ip, A375m, MDA-MB-
231, and 786-O cells were digested, resuspended, and seeded
in six-well plates at 1 × 106 cells/well and incubated overnight.
Then the samples were fixed with 4% paraformaldehyde at
room temperature for 20min and blocked in 1% bovine
serum albumin (BSA) for 1 h, followed by incubation with
VCAM-1 antibody (rabbit anti-VCAM-1, diluted 1 : 200,

Abcam, Cambridge, MA, USA) at 4∘C overnight. The next
day, after incubation with fluorescent antibody (fluorescein
isothiocyanate- [FITC-] labeled goat anti-rabbit IgG, diluted
1 : 50, Aspen, Wuhan, China) at 4∘C for 30min, the cells
were stained with 4-6-diamidino-2-phenylindole (DAPI) for
5min. Finally, the samples were observed under a confocal
microscope (LSM 710; Zeiss, Oberkochen, Germany).

2.4. Cell Binding Assay. The binding affinity of 99mTc-
HYNIC-VCAM-1scFv to B16F10, HT-1080, SKOV3.ip, A375m,
MDA-MB-231, and 786-O cells was measured by a cell
uptake assay. Briefly, the experiment was carried out in
24-well plates (2 × 105 cells/well) and then incubated with
0.5mL serum-free DMEM, PRMI-1640, or MEM containing
99mTc-HYNIC-VCAM-1scFv (2 nM) at 37∘C for 1, 2, or 4 h,
respectively. Thereafter, the cells were rinsed twice with 1mL
PBS and lysed with 1NNaOH. The radioactivity in the cell
lysate was counted using an automatic well-type gamma
counter (PerkinElmer WIZARD2 2470, Shelton, CT, USA).
For a blocking study, B16F10 cells were incubated with 99mTc-
HYNIC-VCAM-1scFv (2 nM) at 37∘C for 4 h in the presence
of no other VCAM-1scFv, 100 nM unlabeled VCAM-1scFv, or
100 nMunlabeledHYNIC-VCAM-1scFv, and the radioactivity
of the cell suspensions was measured.

2.5. Preparation of Tumor Models. All animal studies were
performed in accordance with a protocol approved by the
Institutional Animal Care and Use Committee (IACUC) of
Tongji Medical College, Huazhong University of Science and
Technology. Female BALB/c nude mice (3-4 weeks, Beijing
HFK Bioscience Company, Beijing, China) were injected
subcutaneously in the left shoulder with 5 × 106 B16F10, HT-
1080, A375m,MDA-MB-231, SKOV3.ip, or 786-O cells (𝑛 = 5
per group), suspended in 150 𝜇L PBS. The mice were used as
models for in vivo SPECT planar imaging and biodistribution
studies when the xenograft masses reached a size of 5 to
10mm.

2.6. SPECT Planar Imaging. Imaging studies were per-
formed in the tumor-bearing mice using SPECT (Sym-
bia T6, Siemens, Erlangen, Germany) with a 3.0mm pin-
hole collimator. Briefly, under isoflurane anesthesia, after
intravenous injection of 99mTc-HYNIC-VCAM-1scFv (7.4–
11.1MBq), images were acquired at 1, 2, and 4 h postinjection.
For the blocking study, B16F10 tumor-bearing mice were
given a 50-fold excess dose of unlabeled VCAM-1scFv 1 h prior
to the injection of 99mTc-HYNIC-VCAM-1scFv. The acquisi-
tion time was 10min for each mouse.

2.7. Biodistribution Study. For biodistribution studies, five
B16F10 tumor-bearing mice were injected with 99mTc-
HYNIC-VCAM-1scFv (1.85MBq) via tail vein and sacrificed
at 1, 2, and 4 h postinjection. For the blocking study, B16F10
tumor-bearing mice (𝑛 = 5) were sacrificed at 1 h after the
injection. The biological tissues of interest (i.e., blood, brain,
myocardium, liver, spleen, lung, kidney, stomach, intestine,
muscle, bone, and tumor) were removed, washed, and
weighed, and their radioactivity was measured with decay
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Figure 1: Stability of 99mTc-HYNIC-VCAM-1scFv in FBS and PBS at
different time points. All data are expressed as the means ± SD (𝑛 =
5). FBS = fetal bovine serum. PBS = phosphate-buffered saline.

correction using an automatic well-type gamma counter.The
uptake in the tissues was expressed as a percentage of the
injected dose per gram of tissue (% ID/g). Five groups of five
mice, each group grafted with one of the five other tumors,
were sacrificed 4 h postinjection of 99mTc-HYNIC-VCAM-
1scFv (1.85MBq), and the % ID/g was calculated as described
above. Portions of the tumors, livers, and kidneys in the 4 h
biodistribution groups were removed to check the expression
of VCAM-1 with immunofluorescence staining. The results
were analyzed using ImageJ software (version 1.46r, Wayne
Rasband, National Institutes of Health, Bethesda, MD, USA).

2.8. Statistical Analysis. Statistical Package for the Social
Sciences (SPSS) software (version 13.0, SPSS Inc., Chicago,
IL, USA) and GraphPad Prism (version 5.0, San Diego,
CA, USA) were applied in statistical analysis. All data are
presented as themean± standard deviation (SD).Meanswere
compared using Student’s 𝑡-test with 𝑃 < 0.05 being statisti-
cally significant.

3. Results

3.1. Radiolabeling Yield, Radiochemistry, and Stability. 99mTc-
HYNIC-VCAM-1scFv had a high radiolabeling yield of 81.5
± 3.6% and a specific activity of 16.2 ± 1.1MBq/nmol (𝑛 =
5). After purification, the radiochemical purity of 99mTc-
HYNIC-VCAM-1scFv reached 96.5 ± 1.7% and was >90% at
1, 3, 6, and 12 h in FBS and PBS (Figure 1), indicating good
stability in vitro.

3.2. VCAM-1 Expression In Vitro. The relative VCAM-1 ex-
pression levels in the cancer cell lines evaluated by immuno-
fluorescence are shown in Figure 2.The results demonstrated
strong intensities in B16F10 and HT1080 cells, a moderate
intensity in SKOV3.ip cells, and low intensities in A375m,

MDA-MB-231, and 786-O cells, which correlated with the
VCAM-1 expression levels of these cells.

3.3. Cell Binding Assay. As shown in Figure 3(a), the uptake
of 99mTc-HYNIC-VCAM-1scFv by B16F10 and HT1080 cells
(2 × 105) increased with time and reached a plateau (6.07 ±
0.55%, 5.73±0.41%) at 4 h.The accumulation of radioactivity
in SKOV3.ip cells (3.40 ± 0.26%, 4 h) had amoderate increase
and the binding of 99mTc-HYNIC-VCAM-1scFv to A375m,
MDA-MB-231, and 786-O cells remained relatively stable
over time (2.47 ± 0.09%, 2.67 ± 0.13%, and 2.53 ± 0.18%,
4 h). These data reveal that 99mTc-HYNIC-VCAM-1scFv binds
strongly to B16F10 andHT1080 cells, moderately to SKOV3.ip
cells, and weakly to A375m, MDA-MB-231, and 786-O cells.
The blocking study (Figure 3(b)) showed that the uptake
of 99mTc-HYNIC-VCAM-1scFv in the presence of 100 nM
unlabeledHYNIC-VCAM-1scFv or 100 nMunlabeled VCAM-
1scFv in B16F10 cells wasmuch lower than their corresponding
nonblocked groups at 4 h (6.07 ± 0.55%, 2.67 ± 0.12%, and
2.77 ± 0.15%, 𝑃 < 0.01). The blocking study demonstrates the
specificity of 99mTc-HYNIC-VCAM-1scFv for VCAM-positive
cells.

3.4. SPECT Planar Imaging. B16F10 and HT1080 tumors
images were clearly visualized, with high tumor-to-back-
ground contrast at all scan time points (3.20 ± 0.63, 3.90 ±
0.85, and 3.21 ± 1.05 for B16F10; 3.39 ± 0.65, 3.28 ± 0.84,
and 3.13 ± 0.63 for HT1080, Figures 4(a) and 4(b)). We
chose contralateral limb of the tumor as background value.
Weaker uptake was observed by SKOV3.ip tumor (2.75 ±
0.57, 1 h, Figure 4(c)), and the probe uptakes in A375m,
MDA-MB-231, and 786-O tumors (Figures 4(d), 4(e), and
4(f)) were indistinguishable from background (1.85 ± 0.32,
1.84 ± 0.75, and 1.77 ± 0.47, 1 h). As shown in Figure 5,
the accumulation of radioactivity in B16F10 tumors clearly
decreased in the presence of excess unlabeled VCAM-1.
These results indicate that 99mTc-HYNIC-VCAM-1scFv can
specifically target VCAM-1-positive tumors. In addition, the
images of the kidneys and the livers were visualized clearly,
which confirmed that in vivo clearance of the probe is mainly
through the renal and hepatic routes.

3.5. Biodistribution Study. We also assessed tumor targeting
and nontumor tissue distribution of 99mTc-HYNIC-VCAM-
1scFv in the six tumor models (Figure 6). In B16F10 tumor
models (Figure 6(a)), highest accumulation was noted in the
kidneys at all time points, and the radioactivities in kidneys
decreased steadily. The results indicated urinary system was
the main pathway of 99mTc-HYNIC-VCAM-1scFv excretion.
The B16F10 tumor uptakes were 5.51 ± 0.37% ID/g, 5.04 ±
0.61% ID/g, and 4.93 ± 0.52% ID/g at 1, 2, and 4 h postin-
jection, respectively, and tumor-to-blood (T/B) and tumor-
to-muscle (T/M) ratios increased over time from 1.25 ±
0.08 and 6.68 ± 0.79 at 1 h postinjection to 1.88 ± 0.17 and
8.47 ± 1.05 at 4 h postinjection in B16F10 xenograft mice
(Figure 6(c)), which bodes well for the application of 99mTc-
HYNIC-VCAM-1scFv as an in vivo molecular imaging agent.



4 Contrast Media & Molecular Imaging

B16F10
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MDA-MB-231

DAPI FITC Merge DAPI FITC Merge

HT1080

A375m

786-O

Figure 2: Immunofluorescence staining of six cancer cell lines. The cells were incubated with VCAM-1 antibody (green) and nuclei were
stained with 4,6-diamidino-2-phenylindole (DAPI). Representative images are displayed at the same scale (×600) (𝑛 = 5). DAPI = 4,6-
diamidino-2-phenylindole. FITC = fluorescein isothiocyanate.
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Figure 3: Cell uptake and blocking studies of 99mTc-HYNIC-VCAM-1scFv in vitro. The 99mTc-HYNIC-VCAM-1scFv (2 nM) cell uptake studies
(a) were performed on a series of cancer cell lines at serial time points.The comparisons of 99mTc-HYNIC-VCAM-1scFv uptake in the blocking
experiments (b) with no other VCAM-1scFv, excess unlabeled VCAM-1scFv, and HYNIC-VCAM-1scFv.

∗
𝑃 < 0.01. All data are expressed as

mean ± SD in triplicate.

As expected, the tumor concentration of 99mTc-HYNIC-
VCAM-1scFv in the blocked mice was significantly lower
than that in the unblocked mice (2.92 ± 0.26% ID/g versus
5.51 ± 0.37% ID/g, 𝑃 < 0.001, Figure 6(b)) at 1 h, while
the uptake in nontumor tissues was not significantly reduced
by the blocking dose, suggesting that nontumor tissues did
not express significant VCAM-1 and took up the tracer
nonspecifically. The uptakes of 99mTc-HYNIC-VCAM-1scFv
in HT-1080, SKOV3.ip, A375m, MDA-MB-231, and 786-O
tumor models were 4.65 ± 0.39% ID/g, 2.99 ± 0.44% ID/g,
1.33±0.22% ID/g, 1.49±0.23% ID/g, and 1.47±0.31% ID/g at

4 h postinjection (Figures 6(d) and 6(e)), respectively, which
were in agreement with in vivo images. The ratios of T/B and
T/M (Figures 6(f) and 6(g)) were also similar.

As shown in Figure 7, immunofluorescence staining of
the kidneys and liver showed relatively low signals, indicating
that these tissues did not express VCAM-1 significantly, again
showing that high uptake in the kidneys and liver was unre-
lated to specific binding to VCAM-1 in these organs and
largely attributed to the clearance of the probe.The immuno-
fluorescence intensities of the tumor tissues (Figure 7), which
were extracted from different tumor-bearing mice of the 4 h
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Figure 4: Representative SPECT planar imaging of 99mTc-HYNIC-VCAM-1scFv in six tumor models (𝑛 = 5 per group) obtained at 1, 2, and
4 h, respectively. Arrows refer to tumors.

1 Ｂ 2 Ｂ 4 Ｂ

B16F10

Blocked

Figure 5: SPECT planar imaging of B16F10 tumor-bearing mice at
the indicated time points after 99mTc-HYNIC-VCAM-1scFv injection,
with/without preinjection of excess unlabeled VCAM-1scFv. Arrows
indicate tumors.

biodistribution groups, further validated the differentVCAM-
1 expression levels of six tumor models. 99mTc-HYNIC-
VCAM-1scFv accumulation in the tumors significantly corre-
lated well with average integral optical density of VCAM-1
expression (Figure 8, 𝑅2 = 0.875, 𝑃 < 0.0001), which suggest-
ed the possibility of semiquantitative evaluation for VCAM-1
noninvasively in vivo.

4. Discussion

Recently, strategies for targeting VCAM-1 [5–8], such as 18F
labeled nanobodies and 111In labeled peptides, have been
investigated. VCAM-1 expressed in atherosclerosis has been
the main target of research. For the availability and low costs,
99mTc is an ideal radionuclide for radiopharmaceutical syn-
thesis andhas beenusedmorewidely than 18F and 111In inclin-
ical applications. Therefore, we used 99mTc-HYNIC-VCAM-
1scFv to target VCAM-1 in various tumors to assess the binding
affinity and characteristics of VCAM-1scFv.
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Figure 6: Tissue biodistribution of 99mTc-HYNIC-VCAM-1scFv in tumor xenografts. Biodistribution of 99mTc-HYNIC-VCAM-1scFv was
assessed in mice bearing B16F10 tumors at 1, 2, and 4 h postinjection ((a), 𝑛 = 5). The blocking study with excess VCAM-1scFv was performed
at 1 h after 99mTc-HYNIC-VCAM-1scFv injection in B16F10 tumor-bearing mice (b). Tumor-to-blood (T/B) and tumor-to-muscle (T/M)
ratios in mice bearing B16F10 tumors at the indicated time points (c). Biodistribution was similarly examined in five tumor models at 4 h
postinjection (d). The comparison of tumor uptake (e), T/B (f), and T/M (g) in the different tumors. ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, ∗∗∗𝑃 < 0.001,
and ∗∗∗∗𝑃 < 0.0001.

99mTc has a half-life of 6 h, which is well matched with the
relatively short physiological blood half-life of VCAM-1scFv,
making the probe’s clinical translation feasible in future [15].
In addition, HYNIC-NHS, as a bifunctional chelating agent,
participates in the radiolabeling of 99mTc with peptides or
antibodies, which is easily prepared, with a high radiolabeling
yield, radiochemical purity, and stability [16, 17]. As an
alternative to PET, we sought to evaluate the feasibility of
a 99mTc-HYNIC-VCAM-1scFv as a SPECT tracer to target
VCAM-1, which is much cheaper and more easily available.
In the uptake studies, six cell lines with different VCAM-1
expression levels confirmed by immunofluorescence staining
showed corresponding binding affinities of the radiolabeled
VCAM-1scFv. The uptake value in B16F10 cells (VCAM-1
positive) was effectively blocked by an excess of unlabeled
VCAM-1scFv, further verifying the specificity of 99mTc-
HYNIC-VCAM-1scFv to VCAM-1 in vitro.

The uptake pattern and blocking studies in the different
cell lines closely correlated with the SPECT planar imag-
ing and biodistribution study of xenograft models. In the
imaging of B16F10 and HT1080 xenograft mice, tumors were
visualized clearly from normal tissues as early as 1 h after

injection of 99mTc-HYNIC-VCAM-1scFv. Based on the high
tissue penetrability of small antibody fragments, the probe
can reach the tumor site more quickly [18]. It is significantly
different from tumor imaging with intact monoclonal anti-
bodies,mainly due to slow clearance of the larger tracers from
the blood pool [19]. Moderate uptake was seen in SKOV3.ip
tumors, measuring 2.99 ± 0.44% ID/g at 4 h. In contrast
with VCAM-1-111In peptide distribution in omentum of
SKOV3ip1 cells (about 2% ID/g), 99mTc-HYNIC-VCAM-1scFv
has a relatively higher binding affinity with SKOV3.ip tumors
[8]. No obvious tracer uptake could be seen in the imaging
of A375m, MDA-MB-231, and 786-O tumor models, which
are consistent with the lack of VCAM-1 expression in these
tumor tissues and also confirmed by immunofluorescence
staining of the tissues.HighT/M ratios in B16F10 andHT1080
xenografts (8.47 ± 1.05 and 6.89 ± 0.64) were observed at
4 h postinjection, showing ideal contrast for imaging of
these tumors. These results suggest the targeting ability and
specificity of the probe in vivo.

As the main excretory organs, the kidneys showed the
highest accumulation in the biodistribution study, which is
in agreement with Broisat et al. [20]. This is due to the small
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Figure 7: Immunofluorescence staining of kidneys, livers, and various tumors. The tissues were incubated with VCAM-1 antibody (green),
followed by staining with DAPI. Representative images are displayed at the same scale (×600, 𝑛 = 5).
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molecular weight (∼28 kDa) of scFv, which is below the
cut-off for renal clearance. Immunofluorescence staining
showed liver and kidneys do not express significant VCAM-1,
demonstrating that the accumulations in the kidneys and liv-
ers is mainly related to the excretion mode. The immunoflu-
orescence intensity of VCAM-1 has a relationship with the
radioactivity accumulated in tumors, which indicates the fea-
sibility of achieving semiquantitative evaluation of VCAM-1
expression in vivo.

There are various methods to detect protein expression
using molecular biological techniques [21], such as immuno-
histochemistry, immunofluorescence, western blotting, and
ELISA. Among them, ELISA is mainly applied for the

detection of secretory proteins [22]. Although the specificity
of western blotting is high, the procedure is complex. This
research focuses on the study of immunofluorescence and
radioimmunoassay, which are both based on the antigen-
antibody reaction. VCAM-1 expression detected by 99mTc-
HYNIC-VCAM-1scFv relies on the binding of the radioactive
antibody fragment (VCAM-1scFv) with the antigen. After the
binding, the radioactivity uptake is measured to quantitate
the antigen expression [23].This technique is easy to perform
with high sensitivity. Immunofluorescence, which makes
use of labeling antibodies with fluorescent substances, has
gained more and more attention due to its high sensitivity
and superiority of obtaining anatomic and physiological
information. However, it needs to get specimen which is
invasive and hard to repeat in the living body, and it also has
some shortcomings, such as inadequate penetration depth
[24]. In contrast, PET and SPECT imaging with the ability to
image the living human body deeply, are more advantageous
in clinical applications.The results of immunofluorescence in
our study are consistent with radioimmunoassay, indicating
that 99mTc-HYNIC-VCAM-1scFv has the potential to be used
to detect VCAM-1 noninvasively and repeatedly in vitro and
in vivo.

There are several issues that need to be pointed out in
this study. First, high activity in blood was also observed,
which renders T/B ratios (1.25 ± 0.08) not ideal in VCAM-
1 positive tumor models at 1 h. Fortunately, the accumulation
in blood decreased rapidly (from 4.54 ± 0.13% ID/g at 1 h to
2.67±0.32% ID/g at 4 h) and the T/B value increased steadily.
Second, although lower accumulation was seen in liver than
that with intactmonoclonal antibodies [25], the liver retained
high amounts of activity after 99mTc-HYNIC-VCAM-1scFv
administration. This will interfere with imaging of lesions in
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the liver and surrounding tissues. Further studies will focus
onmodifying and optimizing the probe tominimize its blood
and liver accumulation.

5. Conclusion

We successfully labeled an scFv-based probe, 99mTc-HYNIC-
VCAM-1scFv, that specifically binds toVCAM-1.We identified
different expression levels of VCAM-1 with SPECT planar
imaging of corresponding tumor lesions, which potentially
provides a qualitative and semiquantitative method for non-
invasive evaluation of VCAM-1 expression in vivo.
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[4] Q. Chen and J. Massagué, “Molecular pathways: VCAM-1 as
a potential therapeutic target in metastasis,” Clinical Cancer
Research, vol. 18, no. 20, pp. 5520–5525, 2012.

[5] B. A. Kaufmann, C. L. Carr, J. T. Belcik et al., “Molecular imag-
ing of the initial inflammatory response in atherosclerosis: Im-
plications for early detection of disease,”Arteriosclerosis,Throm-
bosis, and Vascular Biology, vol. 30, no. 1, pp. 54–59, 2010.

[6] C. Liu, X. Zhang, Y. Song et al., “SPECT and fluorescence imag-
ing of vulnerable atherosclerotic plaque with a vascular cell
adhesion molecule 1 single-chain antibody fragment,” Athero-
sclerosis, vol. 254, pp. 263–270, 2016.

[7] G. Bala, A. Blykers, C. Xavier et al., “Targeting of vascular cell
adhesion molecule-1 by 18F-labelled nanobodies for PET/CT
imaging of inflamed atherosclerotic plaques,” European Heart
Journal—Cardiovascular Imaging, vol. 17, no. 9, pp. 1001–1008,
2016.

[8] J. M. Scalici, S. Thomas, C. Harrer et al., “Imaging VCAM-1 as
an indicator of treatment efficacy in metastatic ovarian cancer,”
Journal of Nuclear Medicine, vol. 54, no. 11, pp. 1883–1889, 2013.

[9] Y. Liu, X. Jin, X. Lan, J. Lang, Q.Wen, and R. An, “SPECT imag-
ing of colorectal cancer by targeting CD133 receptor with
99mTc-labeled monoclonal antibody,”The Quarterly Journal of
Nuclear Medicine and Molecular Imaging, 2016.

[10] C. Li, H. Feng, X. Xia et al., “99mTc-labeled tetramer and pen-
tamer of single-domain antibody for targeting epidermal
growth factor receptor in xenografted tumors,” Journal of
Labelled Compounds and Radiopharmaceuticals, vol. 59, no. 8,
pp. 305–312, 2016.

[11] C. Li, Y. Zhang, L. Wang et al., “A novel multivalent 99𝑚Tc-
labeled EG2-C4bp𝛼 antibody for targeting the epidermal
growth factor receptor in tumor xenografts,” Nuclear Medicine
and Biology, vol. 42, no. 6, pp. 547–554, 2015.

[12] C.M.Hammers and J. R. Stanley, “Antibody phage display: tech-
nique and applications.,” Journal of Investigative Dermatology,
vol. 134, no. 2, p. e17, 2014.

[13] A. K. Iyer, X. Lan, X. Zhu et al., “Novel human single chain anti-
body fragments that are rapidly internalizing effectively target
epithelioid and sarcomatoid mesotheliomas,” Cancer Research,
vol. 71, no. 7, pp. 2428–2432, 2011.

[14] S. K. Sharma, M. Wuest, J. D. Way, V. R. Bouvet, M. Wang, and
F. R. Wuest, “Synthesis and pre-clinical evaluation of an (18)F-
labeled single-chain antibody fragment for PET imaging of
epithelial ovarian cancer,”American Journal of NuclearMedicine
and Molecular Imaging, vol. 6, no. 3, pp. 185–198, 2016.

[15] F. Li, T. Cheng, Q. Dong et al., “Evaluation of 99mTc-HYNIC-
TMTP1 as a tumor-homing imaging agent targeting metastasis
with SPECT,” Nuclear Medicine and Biology, vol. 42, no. 3, pp.
256–262, 2015.

[16] L. K. Meszaros, A. Dose, S. C. G. Biagini, and P. J. Blower, “Syn-
thesis and evaluation of analogues of HYNIC as bifunctional
chelators for technetium,” Dalton Transactions, vol. 40, no. 23,
pp. 6260–6267, 2011.

[17] J. D. G. Correia, A. Paulo, P. D. Raposinho, and I. Santos,
“Radiometallated peptides for molecular imaging and targeted
therapy,” Dalton Transactions, vol. 40, no. 23, pp. 6144–6167,
2011.

[18] P. P. Monnier, R. J. Vigouroux, and N. G. Tassew, “In vivo appli-
cations of single chain Fv (variable domain) (scFv) fragments,”
Antibodies, vol. 2, no. 2, pp. 193–208, 2013.

[19] J. Lang, X. Lan, Y. Liu et al., “Targeting cancer stem cells with
an 131I-labeled anti-AC133 monoclonal antibody in human
colorectal cancer xenografts,”NuclearMedicine and Biology, vol.
42, no. 5, pp. 505–512, 2015.

[20] A. Broisat, J. Toczek, L. S. Dumas et al., “99mTc-cAbVCAM1-
5 imaging is a sensitive and reproducible tool for the detection
of inflamed atherosclerotic lesions in mice,” Journal of Nuclear
Medicine, vol. 55, no. 10, pp. 1678–1684, 2014.

[21] X. Ying and T. M. Monticello, “Modern Imaging Technologies
in Toxicologic Pathology: An Overview,” Toxicologic Pathology,
vol. 34, no. 7, pp. 815–826, 2006.

[22] L. E. Ott and S. Carson, “Immunological tools: Engaging stu-
dents in the use and analysis of flow cytometry and enzyme-
linked immunosorbent assay (ELISA),” Biochemistry and
Molecular Biology Education, vol. 42, no. 5, pp. 382–397, 2014.

[23] V. A. Lennon, S.Whittingham, P. R. Carnegie, T. A.McPherson,
and I. R. Mackay, “Detection of antibodies to the basic protein
of human myelin by radioimmunoassay and immunofluores-
cence.,” The Journal of Immunology, vol. 107, no. 1, pp. 56–62,
1971.

[24] G. Hong, J. T. Robinson, Y. Zhang et al., “ In Vivo Fluorescence
Imaging with Ag ,” Angewandte Chemie, vol. 124, no. 39, pp.
9956–9959, 2012.

[25] Z. Liu, T. Ma, H. Liu et al., “177Lu-labeled antibodies for
EGFR-targeted SPECT/CT imaging and radioimmunotherapy
in a preclinical head and neck carcinoma model,” Molecular
Pharmaceutics, vol. 11, no. 3, pp. 800–807, 2014.



Research Article
Thallium Labeled Citrate-Coated Prussian Blue Nanoparticles as
Potential Imaging Agent

Krisztián Szigeti ,1 Nikolett Heged4s ,1 Kitti Rácz,1 Ildikó Horváth,1

Dániel S. Veres,1 Dávid Szöllysi,1 Ildikó Futó,1 Károly Módos,1 Tamás Bozó,1

Kinga Karlinger,2 Noémi Kovács,3 Zoltán Varga ,1,4 Magor Babos,5 Ferenc Budán,3,6

Parasuraman Padmanabhan ,7 Balázs Gulyás,7,8 and Domokos Máthé 1,3

1Department of Biophysics and Radiation Biology, Semmelweis University, Budapest 1094, Hungary
2Department of Radiology and Oncotherapy, Semmelweis University, Budapest 1094, Hungary
3CROmed Translational Research Centers, Budapest 1047, Hungary
4Institute of Materials and Environmental Chemistry, Research Center for Natural Sciences of the Hungarian Academy of Sciences,
Budapest, Hungary
5Mediso Medical Imaging Systems Ltd., Budapest 1022, Hungary
6Department of Public Health Medicine, Medical School, University of Pécs, Pécs 7624, Hungary
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Background. The aim of this study was to develop and characterize a nanoparticle-based image-contrast platform which is
biocompatible, chemically stable, and accessible for radiolabeling with 201Tl. We explored whether this nanoparticle enhanced
the T1 signal which might make it an MRI contrast agent as well. Methods. The physical properties of citrate-coated Prussian
blue nanoparticles (PBNPs) (iron(II);iron(III);octadecacyanide) doped with 201Tl isotope were characterized with atomic force
microscopy, dynamic light scattering, and zeta potential measurement. PBNP biodistribution was determined by using SPECT
and MRI following intravenous administration into C57BL6 mice. Activity concentrations (MBq/cm3) were calculated from the
SPECT scans for each dedicated volume of interest (VOI) of liver, kidneys, salivary glands, heart, lungs, and brain. Results. PBNP
accumulation peaked at 2 hours after injection predominantly in the kidneys and the liver followed by a gradual decrease in activity
in later time points. Conclusion. We synthetized, characterized, and radiolabeled a Prussian blue-based nanoparticle platform
for contrast material applications. Its in vivo radiochemical stability and biodistribution open up the way for further diagnostic
applications.

1. Introduction

Two or more imaging techniques applied simultaneously
or within a very close timeframe ideally complement each
others. Powerful new high-resolution imaging tools such as
optical whole body imaging, micro-X-ray-based computed
tomography (CT), and magnetic resonance imaging (MRI)

could thus nowadays enable very good anatomical detail
fusion to functional image data of living organisms and
disease.These functional data have been obtained for decades
in nuclear medicine using positron emission tomography
(PET) and single photon emission computed tomography
(SPECT). PET and SPECT possess unparalleled sensitivity
and functionality but their resolution can be enhanced much
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further by hybrid imaging. This provides the ability of
acquiring (almost) simultaneous in vivo images of highly
resolved anatomy and accurately measured physiology in
a noninvasive manner in animal models, clinical research,
or diagnostics. This approach enables the explicit localiza-
tion as well as the quantification of metabolic activity in
target tissues [1, 2]. Nanoparticles embody unique imaging
possibilities. A high signal concentration for well-amplified
biologic readouts can be combined by their use for both
anatomy and (patho)physiology. With the availability of
novel multimodal imaging devices, the demand for inno-
vative multimodal contrast materials is higher than ever
before [1, 3]. The greatest concern of in vivo functional
imaging with isotopes is whether the isotope’s binding to
the nanoparticle is stable enough in the living organism.
Magnetic resonance imaging (MRI) is an ideal modality
to elucidate morphological qualities in living organisms. In
the past two decades, research of MRI contrast agents such
as nanoparticles (NP) with paramagnetic properties started
to burgeon. These particles were mostly paramagnetic iron
oxides such as magnetite (Fe

3
O
4
), maghemite (𝛾Fe

2
O
3
),

and other ferrites. The contrast property of these materials
(hypointense signal in T2-weighted images) is not optimal for
anatomical mapping [4, 5], where, in turn, an enhancement
(positive) in MRI signal is expected from contrast materials.
To overcome these difficulties, the development of a properT1
enhancing iron-containing particulate contrast agent seemed
to be a good solution.

Our aim was to create a biocompatible Prussian blue
nanoparticle (PBNP) (iron(II);iron(III);octadecacyanide)
platform for preclinical imaging which has three important
qualities: first, the long-term stability of the NP platform
(surface characteristics, i.e., coating to avoid phagocytosis
and aggregation, the stability of the NP component’s
diameter, and homogeneity and colloidal stability); second,
T1 signal enhancement suitable for MR imaging; and third,
the stability of the bond between the radionuclide and
nanoparticle structure in most environments.

Thanks to the special structure of PBNP (Figure 1), it is
capable of very stably binding thallium cations and thereby
acts as an appropriate SPECT radiotracer [6, 7].

The exact binding mechanism has not been published
until this time. In general chemical ion-exchange, physical
adsorption (Prussian blue crystals are dubbed “chemical
sponges” to absorbmetal ions [4, 8]), and ion trappingmay all
be involved in the PBNP-thalliumbinding process depending
on the pH condition and physical properties of particles
(e.g., particle size or moisture content) [6]. The stability of
the PBNP-thallium binding is high as quantified by Gupta
which makes Prussian blue a suitable antidote for thallium
poisoning [9].

The investigation of in vivo stability and biodistribution
of the radiolabeled PBNPs was our goal as well. Quantitative
tomographic imaging using emitted gamma rays was carried
out in a dedicated small animal SPECT/CT instrument.
Briefly, we wished to explore 201Tl radiolabeled PBNPs as a
form of chemically stable contrast material with applications
in MRI and SPECT.This approach has been patented in 2012
by two of the authors [10].

C
N
Fe

O
TI

Figure 1: The structure of Prussian blue. Citrate bound to Fe(III)
forms the coating. The colors represent the following ions or atoms,
respectively: red: C; green: N; black: Fe (both of Fe(II) and Fe(III));
blue: O; gray: 201Tl.

2. Materials and Methods

2.1. Synthesis of PBNPs. A modified method of Shok-
ouhimehr was used to prepare citrate-coated PBNPs [4].
Briefly, PBNPs were prepared by slowly adding 20mL of a
1.0mMFe(III) chloride (anhydrous) (FeCl

3
) (Sigma-Aldrich)

solution containing 0.5mmol of citric acid (Sigma-Aldrich)
to a solution containing an equimolar amount of potassium
ferrocyanide (anhydrous) (K

4
[Fe(CN)

6
]) (Sigma-Aldrich)

under rigorous stirring at 40∘C. Three samples (𝑛 = 3) were
synthesized. The products were isolated by centrifugation at
29000 rpm (Beckman Ti 50.2 rotor, 30min at 4∘C) and then
dialyzed for 3× 1 hour (14 kDa filter) (Sigma-Aldrich, D9277).

2.2. In Vitro Measurements

2.2.1. Atomic Force Microscopy. After 15min incubation the
mica surface was dried in N

2
stream. AFM images were col-

lected in noncontact mode with a Cypher S instrument (Asy-
lum Research, Santa Barbara, CA) at 1Hz line-scanning rate
in air, using a silicon cantilever (OMCLAC-160TS, Olympus,
Japan) oscillated at its resonance frequency (300–320Hz).
Temperature during the measurements was 29 ± 1∘C. AFM
amplitude-contrast images are shown in this paper. AFM
images were analyzed by using the built-in algorithms of
the AFM driver software (IgorPro, WaveMetrics Inc., Lake
Oswego, OR). Particle statistics was done by analyzing a 10
× 10 𝜇m height-contrast image with 𝑛 = 1162 particles.
Maximum height values were taken as height of particles;
rectangularity was calculated as the ratio of the particle area
to the area of a nonrotated inscribing rectangle. The closer a
particle is to a rectangle the closer this value is to unity.
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2.2.2. Transmission Electron Microscopy (TEM). Morpho-
logical investigations of the NPs were carried out on a
MORGAGNI 268(D) (FEI, Eindhoven, Netherlands) trans-
mission electron microscope. Diluted sample was dropped
and dried on a carbon-coated copper grid. Size distribution
was determined by manually measuring the diameter of 700
particles on the images, using a software custom designed for
this purpose (tem circlefind by András Wacha, MTA TTK,
Hungary).

2.2.3. Zeta Potential and Light Scattering Measurement. Zeta
potential and hydrodynamic diameter measurements were
performed using a Zetasizer Nano ZS instrument (from
Malvern Instruments Ltd., Worcestershire, UK), fitted with a
He-Ne laser (𝜆 = 633 nm) and a backscatter detector fixed at
173∘. For zeta potential measurements, PBNP samples were
diluted thirtyfold with a solution containing 0.9% NaCl in
order to mimic physiological ion concentrations. The pH of
the sample was adjusted by the addition of a 0.01M NaOH
solution. DLS measurement was performed in a W130i DLS
instrument (Avid Nano Ltd., High Wycombe, UK) using
low volume disposable cuvettes (UVette, Eppendorf Austria
GmbH).The sample was diluted tenfold with ultrapure water
and filtered through a 0.22 um membrane filter. Data were
processed with iSize 2.0 software utilizing the CONTIN
algorithm. DLS measurements were performed weekly for a
period of 6 weeks to determine colloidal stability. Samples
were stored at 4∘C.

2.2.4. Magnetic Resonance Imaging (MRI). MRI measure-
ments were performed in vitro with a nanoScan� PET/MR
system (Mediso, Hungary) in a permanent magnetic field
of 1 T in a 450mT/m gradient system using a volume
transmit/receive coil with a diameter of 60mm. A phantom
consisting of six 1.5ml microcentrifuge tubes was prepared,
with each microcentrifuge tube containing a 150 𝜇l aliquot
of a PBNP solution. PBNP concentrations were 0.00mM,
0.125mM, 0.25mM, 0.38mM, 0.76mM, and 1.25mM. Parti-
cle concentrations were based on themolecular weight calcu-
lated using the illustrated crystal structure model (Figure 1).
Four different sequences were used for imaging, two of them
for relaxivity measurements and two others for basic imaging
to exploit different contrast mechanisms. T1-weighted 2D
Spin Echo sequence was acquired using the below parame-
ters: field of view (FOV) 74mm, 0.41mm in-plane resolution,
1.6mm slice thickness, and TR/TE 500/9.2ms. Fast spin
T2-weighted echo sequence was acquired with the same
geometric parameters but with TR/TE 4000/77.1ms and 4
averages. T1 relaxation rates and r1 relaxivity were calculated
from inversion prepared snapshot gradient echo (IR GRE-
SNAP) images acquired with 50mmFOV, plane resolution of
0.39mm, slice thickness of 2mm, 8 averages, TR/snap TR/TE
12000/8.2/3ms, flip angle of 8∘, and 8 different transmission
intervals ranging from 50 to 6400ms. T2 relaxation rates
and r2 relaxivity were calculated from multiecho spin echo
(ME-SE) images scanned with 50mm FOV, plane resolu-
tion of 0.5mm, slice thickness of 2mm, TR of 2000ms,
and 32 different TEs ranging from 15 to 480ms. MRI
signal enhancement of PBNPs was measured at six different

concentrations (0.00mM, 0.125mM, 0.25mM, 0.38mM,
0.76mM, and 1.25mM). After scanning the concentration
dependent signal changes were calculated and compared to
the signal of pure water.

2.2.5. Viability Assay. Human cervical carcinoma (HeLa)
cells were chosen for cell viability assay tests. They were
seeded at a density of 104 cells/mL to each Petri dish.The cells
were exposed to saline (negative control) and three different
PBNP containing solutions (4-, 16-, and 32-fold dilutions of
PBNP) for 20min. The medium was then removed and the
cells were rinsed in Hanks’ Balanced Salt Solutions (HBSS;
Sigma-Aldrich) twice. The rinsed cells were harvested by
adding 200𝜇l of 0.1% trypsin (Sigma-Aldrich) for 3min,
then adding 800𝜇l of modified eagle medium (MEM; Sigma-
Aldrich) with 0.1% trypan blue, and counting the number of
living cells.

2.2.6. Radiolabeling with 201Tl. Thallium-201labeled PBNPs
were prepared as follows: 15 𝜇l (37MBq) [201Tl]TlCl (Covi-
dien, Netherlands) was added to 20 𝜇l PBNP in 250 𝜇l iso-
tonic 0.9% NaCl solution (Braun, Hungary) and the reaction
mixture was incubated at room temperature for 60 minutes.
The calculated specific activity of the radiolabeled product
was 62GBq/g, based on the specific activity of [201Tl]TlCl,
the size and molar weights of nonhydrated PBNPs, and the
molar amount of Fe in the reaction vial.

2.2.7. Chromatography of Radiolabeled NP Suspension.
Radiochemical purity of the labeled suspension was
determined by paper chromatography using 18 cm long
Mackerey-Nagel 813 paper strips and double distilled water
as mobile phase (𝑛 = 7). After photographic evaluation the
chromatography paper was cut into 0.5 cm pieces and the
activity of each piece was measured in a well-type NaI (Tl)
scintillation detector (NZ-310 Gamma, Budapest). Retention
factors (RF) were calculated as a ratio of the distance the
spots and the solvent front had moved from the baseline.

2.3. In Vivo Measurements

2.3.1. Animals. In vivo imaging was carried out in C57BL/6
male mice (𝑛 = 5 for SPECT/CT scans, 𝑛 = 2 for MRI
scans, Charles River, Hungary). Animals had ad libitum
access to food andwater andwere housed under temperature-
, humidity-, and light-controlled conditions. All procedures
were conducted in accordance with the ARRIVE guidelines
and the guidelines set by the EuropeanCommunities Council
Directive (86/609 EEC) and approved by the Animal Care
and Use Committee of Semmelweis University (protocol
number: XIV-I-001/29-7/2012). Mice were 10–12 weeks old
with an average body weight of 28 ± 5 g. During imaging
animals were kept under anesthesia using a mixture of 2.5%
isoflurane gas and medical oxygen. Their body temperature
was maintained at 37∘C throughout imaging.

2.3.2. SPECT/CT Imaging. Images were acquired with a
NanoSPECT/CTPLUS (Mediso Ltd., Hungary) sequential
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animal SPECT/CT imaging system. For SPECT/CT imaging,
21.07 ± 2.38MBq of 201Tl labeled PBNP was injected in 150 𝜇l
physiological saline (Braun, Hungary) into a lateral tail vein.

During imaging animals were fixed to a MultiCellTM
Imaging Chamber (Mediso Ltd., Hungary) to avoid move-
ment and placed in the center of the FOV. Image acquisitions
startedwithCT scanning (without any contrast agent) 60min
after the intravenous injection of 201Tl-labeled PBNP. Further
SPECT/CT scans were acquired at 24, 48, and 72 hours
after injection. Both the CT and subsequent SPECT imaging
took 30min each. The reconstructed cubic voxel side size
was 150 𝜇m in a 198 × 198 × 546 voxel matrix in both the
SPECT and CT modalities. Fusion (Mediso Ltd., Hungary)
and VivoQuant (inviCRO LLC, US) image analysis software
were used to further analyze the reconstructed, reoriented,
and coregistered images by drawing appropriate volumes
of interests (VOIs) over the specified target organs. These
VOIs were delineated manually on each CT scan. Activity
concentrations (MBq/cm3) were determined for each volume
of interest and data was corrected for the scatter and isotopic
decay during the reconstruction.Organswere initially ranked
based on the visually representative uptake of activity.Then a
quantitative threshold (0.1% of injected activity) was applied
on the images. Organs with a higher uptake of 0.1% were
quantified by placing three-dimensionally corresponding
activity measuring VOIs on them. With this method the
uptake of radioactivity was selected and measured in the
following organs: liver, kidneys, salivary glands, heart, lungs,
and brain.

2.3.3. Magnetic Resonance Imaging (MRI). Images were
acquired before (prescan) and after the PBNP injection
with a nanoScan� PET/MR system (Mediso, Hungary) in
a permanent magnetic field of 1 T in a 450mT/m gradient
system using a volume transmit/receive coil with a diameter
of 60mm. For imaging 1.25mM PBNP was injected in 250𝜇l
physiological saline (Braun, Hungary) into a lateral tail vein.

Two different sequences were used for imaging. T2-
weighted 2D Fast Spin Echo sequence was acquired using
the below parameters: field of view (FOV) 70mm, 0.35mm
in-plane resolution, 0.2mm slice thickness, and TR/TE
4809/70ms. T1-weighted Gradiens-echo sequence was
acquired using the below parameters: field of view (FOV)
70mm, 0.40mm in-plane resolution, 0.4mm slice thickness,
and TR/TE 3.4/25ms.

3. Results

3.1. In Vitro Measurements

3.1.1. Atomic Force Microscopy. AFM images are shown in
Figure 2. PBNPs appeared as objects with a flat rectangular
surface protruding from a rounded halo (Figure 2(a)). The
rectangular surface represents the real geometry of the parti-
cles (Figure 2(b)), while their halo is the consequence of tip
convolution, that is, the effect of imaging a rectangular prism
by a tetrahedral AFM tip. Rectangularity of the particles
(together with their halo) was found to be 0.81 ± 0.09 (mean

± SD), indicating that PBNPs indeed represent rectangular
topography. Height of the particles showed monomodal
distribution with a mean ± SD of 23.0 ± 8.3 nm (Figure 2(c)).

3.1.2. Transmission Electron Microscopy. The nonhydrated
shape and size of the NPs were also analyzed with TEM. The
shape of the nanoparticles on TEM and AFM images was
similar. PBNPs appeared as flat rectangular, dense objects in
this case as well. The mean diameter of the nanoparticles was
17.54 ± 4.56 nm (average ± SD, 𝑛 = 700) (Figure 3).

3.1.3. Zeta Potential and Light Scattering Measurement. The
mean zeta potential of PBNPs at the measured pH range did
not exceed 15mV (𝑛 = 3). At pH 7.4 the zeta potential was
−25.7 ± 1.8mV (𝑛 = 3).

The mean hydrodynamic diameter (intensity-based har-
monic mean or 𝑧-average) of citrate-coated PBNPs was 32.10
± 0.1801 (average ± SD, 𝑛 = 10), as determined by DLS. This
had only changed slightly with time.There was no significant
colloidal alteration during the 6-week duration of the study,
as the calculated 0.203 ± 0.004 polydispersity index (PDI)
shows the PBNPs did not flocculate or aggregate during this
time (not illustrated).

3.1.4.Magnetic Resonance Imaging. T1-weighted (Figure 4(a))
and T2-weighted spin echo (Figure 4(b)) images of a
phantom (containing five different concentrations (0.00mM,
0.125mM, 0.25mM, 0.38mM, 0.76mM, and 1.25mM) of
PBNP solutions and a pure solvent) were scanned to visu-
ally evaluate the signal enhancement on T1-weighted image
instead of decreased signal on T2-weighted image. Based on
the inversion prepared gradient echo scan and the multislice
multiecho scan T1 and T2 relaxation rates were calculated.
Afterward from these values, longitudinal relaxivity (𝑟1 =
0.64 ± 0.02mM−1ms−1) and transversal relaxivity values (𝑟2
= 0.96 ± 0.03mM−1ms−1) were fitted and are presented in
Table 1.

3.1.5. Viability Assay. The survival rate of HeLa cells exposed
to PBNP was above 95%. There was almost no difference
between the numbers of intact cells in case of different PBNP
concentration. For detailed information, see Table S1.

3.1.6. Stability of Radiolabeling. Using paper chromatography,
we found that both unlabeled and radiolabeled particles
have an Rf value of 0.0–0.1. Nonreacted 201Tl ions moved
together with the solvent front. Only 2% of the whole 201Tl
activity was detected at the solvent front. Therefore, the
radiochemical purity was estimated as being >98% in all
experiments (Table 2). Comparing the total added activity
of 201Tl to the solution and particle-bound 201Tl activity the
radioactive labeling yield was 99.84% (SD: 1.01%).

3.2. In Vivo Biodistribution Studies

3.2.1. SPECT/CT Imaging. Activity originating from 201Tl-
radiolabeled (doped) PBNPs was detected 2 hours after
injection in the liver (7.89 ± 2.25% ID) and in the intestines
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Figure 2: ((a) and (b)) AFM amplitude-contrast images of PBNPs on mica surface. Contours of particles are shown by white dashed lines on
(b). (c) Height distribution of PBNPs (𝑛 = 1162).

200 nm

Figure 3: TEM image of PBNPs on carbon-coated copper grid.

(6.88 ± 1.37% ID). In later time points (24 hours, 48 hours,
and 72 hours) activity in the liver gradually decreased to

Table 1: Result of relaxivities (𝑟1 and 𝑟2), ordered to examine
concentrations of 201Tl doped PBNPs.

Relaxivity (mM−1ms−1) 𝑅 (mM−1ms−1) Error of 𝑅 (mM−1ms−1)
𝑟1 = 0.64 + / − 0.02 3089 91
𝑟2 = 0.96 + / − 0.03 2119 350

Table 2: Retention factors of 201Tl(I) ions and 201Tl doped PBNP
examined with paper chromatography.

Sample Retention factor Activity
Standard [201Tl]TlClaq 0.85 86.8%
201Tl doped PBNP 0.02 85.2%

5.92 ± 1.78%, 4.17 ± 0.43%, and 4.11 ± 0.64%, respectively.
Meanwhile, the activity in the intestines increased to 12.34 ±
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Figure 4: T1-weighted inversion prepared snapshot gradient echo
(a) and T2-weighted multiecho spin echo (b) images of a phan-
tom containing five different concentrations 0.125mM, 0.25mM,
0.38mM, 0.76mM, and 1.25mM of PBNP solutions were scanned
and signal changes compared to the bidistilled water signal.

1.67%, 19.25 ± 2.32%, and 19.48 ± 3.02%, respectively (Figures
5 and 6(a)).

In the kidneys 15.24 ± 4.06% of the injected activity was
recovered 2 hours after the administration of 201Tl doped
PBNPs, gradually decreasing to 8.45± 0.38% by 72 hours after
injection (Figures 5 and 6(b)).

In the salivary glands relatively high (0.83 ± 0.08%)
activity of 201Tl doped PBNPs was observed 2 hours after
injection. By 24 hours after injection a statistically significant
increase in salivary gland uptake was observed (1.27 ± 0.21%,
𝑝 < 0.05). By 48 and 72 hours after injection activity
measured in the salivary glands decreased to 0.78 ± 0.05%
and 0.82 ± 0.58%, respectively (Figure 6(c)).

In the heart ventricles constantly decreasing activity was
observed in every time point when compared to the initial
value of 0.59 ± 0.08% (Figures 5 and 6(c)). This is contrary to
the usually observed free 201Tl ion uptake by heart muscles
due to both the very small accumulation and the constant
decrease.

In the lungs the level of 201Tl doped PBNPs was 0.39 ±
0.29% 2 hours after injection, slightly decreasing with time to
0.29 ± 0.05% at 24 hours, 0.27 ± 0.08% at 48 hours, and 0.30
± 0.06% at 72 hours (Figure 6(d)).

In the brainnegligable PBNPuptakewas recorded 2 hours
after injection which did not increase significantly in the next
70 hours (not illustrated).

3.2.2. MRI Measurements. T2-weighted Fast Spin Echo and
T1-weighted gradient echo images were acquired to visually
evaluate the in vivo biodistribution of PBNP. No signal
changes were registered under the applied conditions com-
pared to the prescans.

4. Discussion

PB has long been used as a treatment agent of radioactive
137Cs poisoning in human medicine based on its successful

application in the accident of Goiânia, Brazil [11]. It easily
adsorbs Cs+ and thus facilitating its excretion from the
human body. PB has been registered for the above indication
by Food and Drug Administration (FDA) and European
Medicines Agency (EMA) as well.

AFM is one of the foremost tools for imaging, measuring,
and manipulating subnanometer samples [12]. It measures
the shape of nonhydrated particles.The exact diameter ofNPs
was difficult to determine by AFM due to the tip convolution
which leads to artificially increased lateral dimensions on
AFM images [13]. Only the height of the particles should be
taken into account because the measured width is influenced
by tip convolution. The measured height by AFM supported
the results of TEM measurements which describe the shape
of nonhydrated particles. In both cases the particles appeared
as flat rectangular objects which represent the real geometry
of the particles. Furthermore, the size distribution of PBNP
showed monomodal distribution in cases of TEM and AFM
measurements, too.

The average diameter of our PBNPsmeasured byDLSwas
similar to the size range reported by Shokouhimehr et al. [4].
These measured hydrodynamic diameters of particles with
the small PDI values represent a monodisperse and stable
nanobased system in the investigated time frame.

According to the homogeneity and colloidal stability
results of PBNPs, the measurements of their other properties
were constant. The thermodynamic stability of PB ensured
that the synthesized PBNPs could fulfill requirements of long
stability as well.

Based on the claims found in the present study authors’
2012 US patent [10], Gallium incorporating PBNP (Ga-
PBNP) production studies were performed at the University
of Ohio [14]. The resulting structurally very similar Ga-
PBNPs to the Tl-PBNPs reported in our study have been
throughly characterized. They were also found to be cubic
shaped as shown in our results. The size differences could be
attributed to the different surface-capping agent (polyvinyl-
pyrrolidone).

Citric acid as surface-capping agent to control size and
biocompatibility and to avoid agglomeration of the syn-
thetized particles is able to chelate Ca2+ ions [15]. However,
physiological Ca2+ concentration does not affect in vivo
colloidal properties [16]. At physiological pH of 7.4, the zeta
potential of PBNPs and the steric stabilization effect of citrate
coating further enhance the colloidal stability.

MRI T1- and T2-weighted scans showed a more signifi-
cant T1 shortening effect for PBNPs than T2 shortening. Fe2+
in the PB structure is carbon-bound and has a low-spin (𝑆 =
0), while the nitrogen-bound Fe3+ has high spin (𝑆 = 5/2).
Thus, the compound is able to alter both the longitudinal and
transverse relaxation times of protons in water molecules [4].
Based on the longitudinal and transversal relaxivity results, a
local concentration in the range of 0.5mM of the 201Tl doped
PBNPs is needed to achieve properMRI signal enhancement.

In the case of in vivo MRI scans, we were not able to
register any contrast changes between the pre- and postin-
jection scans. Presumably the iron content of the injected
PBNP sample (2.5mM 250 uL PBNP) was not high enough



Contrast Media & Molecular Imaging 7

(a) (b) (c)

ROI 3 h 24 h

Figure 5: VOI of liver, kidneys, heart, and brain (a). Biodistribution of 201Tl labeled PBNPs after 2 hours (b) and 24 hours (c) injection. The
mice were under isoflurane anesthesia during the 30 minutes long SPECT scans. The injected activity was 21.07 ± 2.38MBq.

after the intravenous administration to alter the microscopic
magnetic properties of the living system. Further chemical
improvement is needed in the future which can enhance
the iron (paramagnetic agent) content of the NP or alter
the relaxivity of our contrast material. The newly developed
iron-based contrast material should be a reliably applicable
multimodal contrast agent for in vivo biodistribution studies.

In vivo SPECT scans (based on heart and blood biodistri-
bution measurements) seem to justify that we have attained
our main goal of long-term in vivo stability of the labeled PB
particles.

No sign of 201Tl accumulation in the heart muscles points
to any significant in vivo release of free 201Tl ions from the
particles. As a “biological quality control,” no physiological
cardiomyocyte uptake of that free 201Tl (which is a potassium
ion analogue) is measured.

According to Kevin et al. the in vivo behavior of NPs
is mostly regulated by their characteristics such as size,
shape, composition, surface chemistry, and associated physi-
cal properties [17]. In accordancewith the colloidal stability of
PBNPs determined by DLS and zeta potential measurements,
they were stable in vivo and they did not aggregate in a
biologically relevant manner.

The reported citrate-coated PBNPs accumulate in the
liver followed by biliary excretion into the intestines. The
measured activity in the liver gradually decreased, while the
activity in the intestines increased during the 72-hour time
period. Uptake mechanisms by Kuppfer cells favor larger,
negatively charged particles and are responsible for the reten-
tion of most NPs in the liver. Other cell types (liver sinusoidal

endothelial cells (LSEC), hepatic stellate cells (HSC), hep-
atocytes, cholangiocytes, and resident immune cells) also
interact with NPs. Uptake by hepatocytes favors smaller
and more positively charged particles and leads to their
hepatobiliary clearance [18]. Based on the available literature,
the size of our PBNPs suggests they were able to extravasate
into the spaces of Disse where they were most likely taken up
directly by hepatocytes. Kupffer cells and LSECs uptake could
have also taken place based on the measured zeta potential.
The assumption of Disse-space extravasation and hepatocyte
uptake could be further investigated with ultrastructural
methods as it represents a targeting opportunity.

Histological examination of previous studies about the
biodistribution of NPs provides imporant insight into the
routes of accumulation of PBNPs inside the kidneys [19–
21]. Based on these experiments, filtration of PBNPs is not
possible due to their negative charge and large size; larger
PBNPs deposit in the mesangium while smaller NPs remain
inside the peritubular vessels.

Kaiser et al. published that salivary glands took up
some hydrophilic and negatively charged, cubic shaped NPs
already one hour after the i.v. administration [22]. With
regard to early tissue distribution pattern of NPs (in our
study 2 hours after injection), our results were similar to
those of other research groups [17]. The accumulation of our
201Tl doped PBNPs in the salivary glands was continuous
in the first 24 hours due to the negative surface charge of
PBNPs (negative zeta potential) and the abundance of sodium
hydrogen carbonate (NaHCO

3
) in the salivary glands which

are essencial for entrapping the injected PBNPs. 48 hours
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Figure 6: The biodistribution of 201Tl doped PBNPs in (a) intestines (square) and liver (diamond), (b) kidneys (square); (c) salivary glands
(square) and heart (diamond); and (d) lungs (diamond) in 2, 24, 48, and 72 hours after injection. Brain uptake constantly remained under
the threshold level. The mice were under isoflurane anesthesia during the 30 minutes long SPECT scans. The injected activity was 21.07 ±
2.38MBq.

after injection the activity detected in the salivary glands
decreased most probably due to the excretion of PBNPs into
the saliva. Activity levels in the salivary glands decreased and
in parallel activity recovered from the intestines continued to
increase due to continuous hepatic excretion.

The heart, skeletal muscles, and lungs are not supposed
to accumulate PBNPs. The very small radioactivity detected
in these organs could be the result of a minuscule proportion
of 201Tl ions probably released by PBNPs in the bloodstream,

where just like in the liver and in the intestines the activity is
decreasing.

Because of the radioactive metal binding capability of
PBNPs (e.g., 201Tl-labeled PBNP), it could be a useful SPECT
tracer in preclinical research (in biliary obstructive diseases
(e.g., hepatocarcinoma, pancreatic tumors) due to the high
and intensive liver uptake and biliary excretion [18]) and
could have the potential for translation into clinical practice
too. 201Tl could be substituted with other radiometals that
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similarly could be doping the PB structure to 201Tl, for
example, the beta emitters 64Cu, 90Sr, 90Y, and 161Tb and the
alpha emitters 149Tb and 213Bi.

Altogether further development of our NP platform for
dual diagnostic and therapeutic functions (theranostics) is
of great interest [1]; appropriately modified PBNPs could
fulfill the above-mentioned criteria and be useful for the
diagnosis and therapy of various diseases including the local
radiotherapy of cancer.

5. Conclusions

In this study, we successfully synthesized, characterized, and
demonstrated the biodistribution of citrate-coated Prussian
blue nanoparticles labeled using 201Tl isotope. The results
show a chemically stable and biocompatible 201Tl-labeled
nanoparticulate SPECT tracer. Important hepatic and sali-
vary glands uptake was seen to be of particular interest upon
evaluation of the particle biodistribution. These PB-based
particles could be applied as a drug delivery platform or a
contrast agent in preclinical research. They could further be
tailored towards clinical application, too.
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Cholecystokinin-2 receptors (CCK2R) are overexpressed in a variety of malignant diseases and therefore have gained certain
attention for peptide receptor radionuclide imaging. Among extensive approaches to improve pharmacokinetics and metabolic
stability of minigastrin (MG) based radioligands, the concept of multivalency for enhanced tumour targeting has not been
investigated extensively. We therefore utilized fusarinine C (FSC) as chelating scaffold for novel mono-, di-, and trimeric
bioconjugates for targeting CCK2R expression. FSC-based imaging probes were radiolabelled with positron emitting radionuclides
(gallium-68 and zirconium-89) and characterized in vitro (log𝐷, IC50, and cell uptake) and in vivo (metabolic stability in BALB/c
mice, biodistribution profile, and microPET/CT imaging in A431-CCK2R/A431-mock tumour xenografted BALB/c nude mice).
Improved targeting did not fully correlate with the grade ofmultimerization.The divalent probe showed higher receptor affinity and
increased CCK2R mediated cell uptake while the trimer remained comparable to the monomer. In vivo biodistribution studies 1 h
after administration of the 68Ga-labelled radioligands confirmed this trend, but imaging at late time point (24 h) with 89Zr-labelled
counterparts showed a clearly enhanced imaging contrast of the trimeric probe compared to the mono- and dimer. Furthermore,
in vivo stability studies showed a higher metabolic stability for multimeric probes compared to the monomeric bioconjugate. In
summary, we could show that FSC can be utilized as suitable scaffold for novel mono- and multivalent imaging probes for CCK2R-
related malignancies with partly improved targeting properties for multivalent conjugates. The increased tumour accumulation of
the trimer 24 h postinjection (p.i.) can be explained by slower clearance and increased metabolic stability of multimeric conjugates.

1. Introduction

Receptor targetingwith radiolabelled peptides has become an
emerging field in nuclear medicine for early diagnosis and
therapy of cancerous diseases [1, 2]. The overexpression of
cholecystokinin receptor subtype 2 (CCK2R) is involved in
various malignancies, such as medullary thyroid carcinoma
(MTC), small cell lung cancer (SCLC), and neuroendocrine
tumours (NET) [3, 4] and therefore represents an interest-
ing target for peptide receptor radionuclide imaging and

therapy. In a preclinical study, different derivatives based
on human minigastrin (H2N-Leu-(Glu)5-Ala-Tyr-Gly-Trp-
Met-Asp-Phe-NH2) for targeting CCK2R expression were
investigated in order to find the ideal targeting sequence [5].
This study reported that four C-terminal amino acids (-Trp-
Met-Asp-Phe-NH2) are mandatory for selectivity and high
affinity towards CCK2R. Different variations are allowed in
theN-terminal region to improve in vivo targeting properties
and pharmacokinetics, especially kidney uptake which is
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closely related to the appearance of negatively charged amino
acids. Based on this knowledge a variety of MG derivatives
have been synthesized by different groups with the aim of
reducing kidney but retaining tumour uptake [6]. Further
studies have shown that thesemodifications are unfortunately
accompanied by low metabolic stability predominantly for
MG11 [7, 8]. In vivo stability is a major issue for imaging
of receptor expression with small peptide-based molecules.
Rapid degradation may lead to decreased tumour uptake and
low imaging contrast. Several attempts have been made to
overcome this issue, for example, coinjection of the neutral
endopeptidase inhibitor phosphoramidon [9]with promising
results. Less effort has been spent on a different approach:
the design of multivalent constructs. This could increase
the probability of receptor target interaction and therefore
increase receptor avidity [10, 11] as well as promoting the
formation of metabolites able to rebind to the receptor. By
this, increased apparent stability tumour uptake and therefore
improved imaging contrast would be achieved as has been
proposed by Carlucci and coworkers [12]. Sosabowski and
coworkers were, to the best of our knowledge, the only
group so far reporting on a divalent probe (MGD5) for
nuclear imaging of CCK2R expression.This tracer consisting
of the bifunctional chelator (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid, DOTA) conjugated to a MG deriva-
tive crosslinked via thiol-maleimide to a second sequence
of the peptide was radiolabelled with indium-111 for single
photon emission tomography (SPECT). It showed increased
affinity and tumour uptake compared to itsmonomeric coun-
terpart 111In-APH070 [13]. Our group recently reported on
fusarinine C (FSC), a cyclic siderophore based bifunctional
chelator, providing a scaffold for site-specific conjugation
of up to three targeting vectors with excellent complexing
properties towards the PET radionuclides gallium-68 and
zirconium-89 [14, 15]. As positron emission tomography
(PET) provides higher resolution compared to SPECT we
initiated this study to compare novel mono-, di-, and trimeric
FSC-conjugates for targeting CCK2R expression. Due to
low metabolic stability minigastrin analogue (MG11) was
chosen as model peptide and was conjugated via thiol-
maleimide crosslink as shown in Scheme 1. The resulting
mono- and multimeric conjugates were radiolabelled with
gallium-68 and zirconium-89 followed by in vitro and in vivo
characterization.

2. Experimental Section

2.1. Analytical [Radio]-RP-HPLC. Reversed-phase (RP) high-
performance liquid chromatography (HPLC) analysis was
carried out using the following instrumentation: Ulti-
Mate 3000 RS UHPLC pump, UltiMate 3000 autosam-
pler, UltiMate 3000 column compartment (25∘C oven
temperature), UltiMate 3000 Variable Wavelength Detec-
tor (Dionex, Germering, Germany; UV detection at 𝜆
= 220 nm), radio-detector (Gabi Star, Raytest; Strauben-
hardt, Germany), Jupiter 5 𝜇m C18 300 Å 150 × 4.6mm
(Phenomenex Ltd. Aschaffenburg, Germany) column with
acetonitrile (ACN)/H2O/0.1% trifluoroacetic acid (TFA) as
mobile phase; flow rate of 1mL/min; gradient: 0.0–3.0min 0%

ACN, 3.0–5.0min 0–30% ACN, 5.0–20.0min 30–60% ACN,
20.0–25.0min 60–80% ACN.

2.2. Preparative RP-HPLC. Sample purification via RP-HPLC
was performed on a Gilson 322 Pumpwith a Gilson UV/VIS-
155 detector (UV detection at 𝜆 = 220 nm) using a PrepFC�
automatic fraction collector (Gilson, Middleton, WI, USA).
Following ACN/H2O/0.1% TFA multistep gradients were
used on a Eurosil Bioselect Vertex Plus 30 × 8mm 5 𝜇m
C18A 300 Å precolumn and Eurosil Bioselect Vertex Plus
300 × 8mm 5𝜇m C18A 300 Å column (Knauer, Berlin, Ger-
many) and a flow rate of 2mL/min: gradient A: 0.0–1.0min
10% ACN, 1.0–25.0min 10–50% ACN, 25.0–28.0min 50%
ACN, 28.0–30.0min 10% ACN; gradient B: 0.0–1.0min 20%
ACN, 1.0–26.0min 20–60% ACN, 26.0–28.0min 60% ACN,
28.0–30.0min 60–20% ACN; gradient C: 0.0–1.0min 20%
ACN, 1.0–26.0min 20–80% ACN, 26.0–28.0min 80% ACN,
28.0–30.0min 20% CAN.

2.3. MALDI-TOF MS. Matrix-assisted laser desorption/ion-
ization time-of-flight mass spectrometry was performed on
a Bruker microflex� bench-top MALDI-TOF MS (Bruker
Daltonics, Bremen, Germany). Samples were prepared on a
microscout target (MSP96 target ground steel BC, Bruker
Daltonics) using dried-droplet method and 𝛼-cyano-4-
hydroxycinnamic acid (HCCA, Sigma-Aldrich, Handels
GmbH, Vienna, Austria) as matrix. All spectra were recorded
by summarizing 800 laser shots per spot and FlexAnalysis 2.4
software was used for data processing.

2.4. Radio-ITLC. Instant thin layer chromatography (ITLC)
analysis was performed using TLC-SG strips (Varian, Lake
Forest, CA, USA) and 0.1M sodium citrate solution (pH 5)
for 68Ga-conjugates and 0.05M EDTA solution (pH 7) for
89Zr-conjugates as mobile phase. The strips were analyzed
using a TLC scanner (Scan-RAM�, LabLogistic, Sheffield,
UK). Radiolabelled bioconjugates remained at the start (𝑅𝑓 =
< 0.1) while free radionuclidesmigratedwith the solvent front
(𝑅𝑓 = > 0.9).

2.5. Gamma Counter. A 2480 Automatic Gamma Counter
Wizard2 3 (Perkin Elmer, Waltham, MA, USA) was used to
measure the radioactivity of samples retrieved from in vitro
and in vivo experiments.

2.6. Cell Culture. The human epidermoid carcinoma cell line
(A431) stably transfected with the plasmid pCR3.1 containing
the full coding sequence for the human CCK2R (A431-
CCK2R) and with the empty vector alone (A431-mock) was
a kind gift from Aloj [16]. Both cell lines were maintained
at 37∘C in a humidified atmosphere of 95% air/5% carbon
dioxide in tissue culture flasks (Cellstar; Greiner Bio-One,
Kremsmunster, Austria) using Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10% v/v fetal bovine
serum (FBS) and 1% v/v penicillin-streptomycin-glutamine
(PSG) solution media (Gibco, Invitrogen Corporation, Pais-
ley, UK).
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Scheme 1: Route of synthesis for novel mono- and multimeric MG conjugates (stereochemistry omitted).

2.7. Precursor Preparation. The synthesis of mono- and mul-
tivalent FSC-based minigastrin derivatives is presented in
detail in the supplementary materials sections.

2.8. Radiochemistry

2.8.1. Radiolabelling with Gallium-68. Fractionated elution
of a commercially available 68Ga/68Ge-generator (IGG100,
Eckert &Ziegler Isotope Products, Berlin, Germany; nominal
activity of 1850MBq) with 0.1M hydrochloric acid (HCl,
Rotem Industries, Israel) was used to obtain 68GaCl3 (gallium
chloride, ∼310MBq) in 1mL eluate. For labelling 20 𝜇g
(5–10 nmol) of conjugate (mono-, di-, or trimer) was mixed
with 100–500𝜇L eluate (∼30–160MBq) and the pH was
adjusted to 4.5 by adding 20𝜇L of sodium acetate solu-
tion (1.14M) per 100 𝜇L eluate. The mixture was incubated
for 5–15min at RT and then analyzed by radio-ITLC and

radio-RP-HPLC. Following this procedure but using a 100-
fold molar excess of GaBr3 (gallium bromide) dissolved in
0.1 NHCl instead of generator eluate gave the natGa-chelated
peptides which were used for binding affinity measure-
ments.

2.8.2. Radiolabelling with Zirconium-89. The cyclotron pro-
duced radionuclide was purchased from PerkinElmer
(Waltham, US) and delivered as 89Zr-oxalic acid solution
(1M and ∼1MBq/𝜇L). Approximately 10MBq (10 𝜇L)
was neutralized with 9.6𝜇L sodium carbonate solution
(1M) at RT. After 3min 100 𝜇L of 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) buffer (0.5M, pH
6.98) was mixed with the radionuclide solution followed
by addition of the corresponding peptide (20𝜇g) and the
mixture was incubated for 30–60min at ambient temper-
ature. The reaction was monitored by radio-ITLC. In case of
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animal experiments 20𝜇L of CaCl2 (calcium chloride) was
added to precipitate CaC2O4 (calcium oxalate). The resulting
suspension was centrifuged for 5min at 14 × 103 rpm
(Eppendorf Centrifuge 5424, Hamburg, Germany) and an
aliquot from the supernatant was further diluted in PBS
for in vivo evaluation. Representative chromatograms are
shown in the Supplementary Materials (Figure S1).

2.9. In Vitro Characterization

2.9.1. Stability Study. To assess the stability of the radionu-
clide complex the radiolabelled peptides were diluted with
PBS to a concentration of 5 𝜇M. Aliquots of 50 𝜇L were
mixed with PBS (as control), human serum, and a 1.000-fold
molar excess over radioligand of either EDTA (pH 7), DTPA
(pH 7), or FeCl3 (pH 5). Then samples were incubated in
duplicate at 37∘C up to 4 h for gallium-68 and up to 7 days
for zirconium-89 labelled peptides. Samples were analyzed
at selected time points via radio-RP-HPLC for 68Ga-labelled
probes and radio-ITLC for 89Zr-labelled peptides. The ITLC
strips were cut into half and measured in the gamma counter
to determine the percentage of labelled peptide (origin) to
free radionuclide (solvent front).

2.9.2. Distribution Coefficient (log𝐷). Aliquots (50 𝜇L) of
68Ga- and 89Zr-labelled mono-, di-, and trimer (10 𝜇M)
were diluted in 450𝜇L PBS. After adding 500𝜇L octanol
the mixture was vortexed with 1400 rpm (MS 3 basic vor-
texer, IKA, Staufen, Germany) for 15min at RT followed by
centrifugation for 2min at 4500 rpm. Subsequently, 100 𝜇L
aliquots of the organic and the aqueous layer were collected
and log𝐷 values were calculated using Excel (𝑛 = 3, six
replicates) after gamma counter measurement.

2.9.3. Protein Binding. For protein binding measurement
68Ga- and 89Zr-labelled peptides were incubated in PBS as
control and fresh human serumand samplesweremaintained
at 37∘C. After 1, 2, and 4 h aliquots (25 𝜇L) were analyzed
by size exclusion chromatography using MicroSpin G-50
columns (Sephadex G-50, GE Healthcare, Vienna, Austria)
according to manufacturer’s protocol. The samples were
measured in the gamma counter and the percentage between
protein-bound (eluate) and free conjugate (column) was
calculated.

2.9.4. Whole Cell Receptor Binding Affinity Studies (IC50).
A431-CCK2R cells were diluted to a density of 5× 106 cells/mL
in 50mM HEPES buffer (pH 7.3) containing 5mMMgCl2
(magnesium chloride) and 0.3% bovine serum albumin
(BSA). MultiScreen Filter Plates HTS (96-wells, 1 𝜇m glass
fiber filter, Merck Millipore, Darmstadt, Germany) were
washed twice with 200𝜇L of 10mM TRIS-buffered saline
(pH 7.3) and 100 𝜇L of cell suspension was added to each
well. Hereafter cells were incubated in triplicate with increas-
ing concentrations [0.001−1.000 nM] of competitor solution
(50 𝜇L of metal-bound ([natGa]) mono-, di-, and trimer as
well as DOTA- MG11 as reference diluted in 20mM HEPES,
10mMMgCl2 and 0.1% BSA). After 10min incubation at RT

50 𝜇L of radioligand (human 125I-[Leu15]-Gastrin I, 4.5 ×
104 cpm, prepared as previously published [17]) was added
and the plate was maintained under shaking conditions
(Compact Shaker KS-15 control, 200/min) for 1 h. Thereafter
eachwell waswashed twicewith 200 𝜇LTRIS-buffered saline.
Then the filters were measured in the gamma counter and
IC50 values were calculated by using nonlinear curve fitting
withOrigin 6.1 software (Northampton,MA,USA) according
to the following formula: [NS + SB/(1 + 𝑥/IC50)].

2.9.5. CCK-2 Receptor Internalization Assay. Determination
of the receptor-mediated radioligand uptake inA431- CCK2R
cells was conducted as previously published [17]. Briefly,
2 × 106 cells were seeded per well (12-well plates, Nunc,
Thermo Scientific) and left to grow over night. After washing
twice and adjusting the volume to 1.2mL with DMEM
containing 1% FBS, 150 𝜇L blocking solution (100-fold molar
excess of pentagastrin in PBS/0.5% BSA solution) was added
to one-half while 150 𝜇L PBS/0.5% BSA was added to the
other half of wells for volume compensation. Hereafter,
150 𝜇L of the radiolabelled conjugate (diluted in PBS/0.5%
BSA, approximately 30.000 cpm) was added to have a final
concentration of approximately 1 nM in the assay and the
plates were incubated at 37∘C. After 1 h, 2 h, and 4 h (in case
of zirconium-89) the cells were washedwith ice-coldmedium
(=wash fraction), with ice-cold 0.05M glycine buffer (pH
2.8) (membrane bound fraction) and finally lysed with 2M
sodium hydroxide (internalized fraction). All fractions were
measured in the gamma counter to determine the percentage
of cell associated radioactivity in relation to total activity
added.

2.10. In Vivo Characterization. All animal experiments were
conducted in compliance with the Austrian and Dutch
animal protection laws and with approval of the Austrian
Ministry of Science (BMWF-66.011/000604-II/3b/2012 and
BMWFW-66.011/0049-WF/II/3b/2014). In vivo stability stud-
ies were conducted in 5-week-old female BALB/c mice (in-
house breed, ZVTA Innsbruck, Dr. Hermann Dietrich).
The biodistribution studies were performed using female
8−10-week-old athymic BALB/c nude mice (Charles River
Laboratories, Sulzfeld, Germany). Tumour xenografts were
induced by subcutaneous injection of 2 × 106 A431-CCK2R
cells (receptor positive) in the right and the same amount
of A431-mock (receptor negative) in the left flank. Tumours
were allowed to grow until they had reached a volume of
0.3–0.6 cm3.

2.10.1. InVivo Stability. 68Ga-labelled conjugateswere injected
via a lateral tail vein using an amount of 1.5 nmol and a
radioactivity of 15MBq. After 5min mice were euthanized
by cervical dislocation and blood samples were taken by
heart puncture. Aliquots of the blood were immediately
precipitated by adding 0.1% TFA/ACN (1 : 1 v/v) and the
supernatant was diluted withH2O and analyzed by radio-RP-
HPLC.

2.10.2. Ex Vivo Biodistribution. To evaluate the biodistribu-
tion profile nude mice (𝑛 = 4) were intravenously injected
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with either 1-2MBq 68Ga- or 0.3MBq 89Zr-labelled mono-,
di-, and trimer (0.1–0.2 nmol).The animals were sacrificed by
cervical dislocation after 1 h as well as 2 h and 4 h in case of
68Ga- and 89Zr-labelled trimer, followed by the collection of
organs and tissue.The collected samplesweremeasured in the
gamma counter and the results were calculated as percentage
of injected dose per gram tissue (% ID/g).

2.10.3. MicroPET/CT Imaging. Small animal imaging exper-
iments were carried out with an Inveon microPET/CT
scanner (Siemens Preclinical Solutions, Knoxville, USA).
A group of eight double tumour xenografted mice were
injected intravenously with either 8–13MBq of 68Ga-labelled
tracers (0.2–0.5 nmol) or 3–5MBq of 89Zr-labelled peptides
(0.4–1.0 nmol). MicroPET images were acquired under gen-
eral anaesthesia (isoflurane/O2) for 15–60min with static
PET/CT scans after 1 h and additionally after 4 and 24 h
for 89Zr-labelled conjugates. The microPET/CT scans were
reconstructed with OSEM3D-SPMAP (PET, matrix size 256
× 256) and Feldkamp (CT, Shepp Logan filter).

2.11. Statistical Analysis. Statistical analysis was performed
using the Student’s 𝑡-test with 𝑃 value < 0.05 indicating
significance.

3. Results

3.1. Precursor Synthesis. MG11-SH could be obtained in good
yield following SPPS protocol. [Fe]FSC could be extracted
from fungal culture in sufficient purity to be used for further
modification without additional purification. Acetylation
reaction resulted in a mixture of mono- and multiple acety-
lated derivatives of [Fe]FSC due to three identical primary
amines but the desired products were easily accessible via
preparative RP-HPLC purification. Functionalization with
maleimide linker was straightforward utilizing a NHS-ester
strategy and conjugation of up to three targeting vectors
was conducted site-specifically via maleimide-thiol crosslink
reaction. All intermediates as well as final conjugates were
obtained in good yield, with excellent chemical purity (>95%;
analytical RP-HPLC, UV absorption at 𝜆 = 220 nm), and
corresponding mass analysis was in good agreement with the
calculated values.

3.2. Radiolabelling. Mono- and multimeric conjugates were
quantitatively labelled with gallium-68 after 5–15min and
after 30–60min with zirconium-89 at high molar activities
and used without further purification.

3.3. In Vitro Characterization. The complex stability was
evaluated by incubating the radiolabelled conjugates in 1000-
fold molar excess of EDTA, DTPA, FeCl3 (iron chloride),
fresh human serum, and PBS over a period of 4 h for gallium-
68 and 7 days for zirconium-89, respectively. The radiola-
belled peptides showed no significant release of radionuclide
in all media except EDTA after 7 d where 20 to 30% release
of radionuclide was observed indicating excellent stability of
68Ga and 89Zr-FSC. The data from this transchelation study
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Figure 1: Binding affinity (IC50 values) of metal-bound (natGa)
mono-, di-, and trimer on whole A431-CCK2R cells.

are presented in detail in the Supplementary Materials (Table
S1).

Distribution coefficient (log𝐷) values and protein bind-
ing data are summarized in Table 1. The results indicate
a hydrophilic character of all conjugates but, as expected,
clearly showed that the grade of multimerization is accompa-
nied by increased lipophilicity. Binding to serumproteinswas
low (<10%) for monomeric, moderate (10–25%) for dimeric,
and high for (30–50%) trimeric conjugates. Furthermore,
protein binding was consistent over time for 68Ga-labelled
mono- and dimer but increased for 68Ga-trimer whereas all
89Zr-labelled counterparts showed a slight increase over a
period of 4 h.

Competition assays on whole A431-CCK2R (Figure 1)
revealed high binding affinity as the IC50 values were in
the low nanomolar range for all bioconjugates. The affinity
of the dimer (0.85 ± 0.15 nM) was approximately 10-fold
higher while the monomer (9.7 ± 3.5 nM) and the trimer
(8.3 ± 2.2 nM) remained comparable to the reference peptide
DOTA-MG11 (9.5 ± 0.5 nM) [17].

Cellular processing of A431-CCK2R cells incubated with
68Ga- and 89Zr-labelled mono- and multimeric tracers is
summarized in Figure 2. In general, all conjugates showed
increasing uptake over time while the unspecific cell bound
fraction of corresponding blocking studies remained <1%,
thus indicating highly specific receptor-mediated cell uptake.
Furthermore the 68Ga-dimer showed significantly increased
uptake after 1 h-incubation compared to the monomer (𝑃 =
9.01 × 10−6) and the trimer (𝑃 = 0.009) while after 2 h-
incubation only the uptake of the monomer remained lower
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Table 1: Distribution coefficient and protein binding of mono- and multimeric conjugates radiolabelled with gallium-68 and zirconium-89.

68Ga-labelled 89Zr-labelled
Monomer Dimer Trimer Monomer Dimer Trimer

Distribution
coefficient

log𝐷
(pH 7.4) −2.99 ± 0.02 −2.38 ± 0.04 −2.20 ± 0.07 −3.17 ± 0.06 −2.83 ± 0.02 −2.41 ± 0.04

Protein binding
(%)

1 h 3.71 ± 0.86 15.94 ± 1.25 40.69 ± 0.93 5.51 ± 0.41 15.86 ± 0.31 31.52 ± 0.19

2 h 4.16 ± 0.22 18.77 ± 2.93 44.33 ± 1.41 6.48 ± 0.45 20.83 ± 0.15 35.73 ± 0.92

4 h 3.16 ± 0.49 17.86 ± 0.32 48.32 ± 1.71 7.28 ± 0.40 26.75 ± 0.49 41.39 ± 2.81

Data are presented as mean ± SD (𝑛 = 3).
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Figure 2: Cell-uptake studies of A431-CCK2R cells incubated with 68Ga-labelled mono- and multimers (a) and 89Zr-labelled counterparts
(b). Blocking was performed with pentagastrin in 100-fold molar excess over the conjugate.

(𝑃 = 0.001). This trend was observed in the same manner for
the 89Zr-labelled counterparts and was substantiated by the
results after 4 h of incubation.

3.4. In Vivo Characterization. Investigations on the in vivo
stability are shown in Figure 3. RP-HPLC analysis of the
corresponding blood samples showed increasing amount of
intact radioligand to be found in following order trimer >
dimer >monomer, indicating that multimerization is accom-
panied with increased metabolic stability. The results of the
ex vivo biodistribution studies in double tumour xenografted
nude mice are summarized in Table 2 and corresponding
tumour-to-organ ratios are presented in Table 3. Mono-
and dimeric bioconjugates radiolabelled with gallium-68
were rapidly cleared from the bloodstream and showed
highly specific tumour targeting properties as the uptake in
nontargeted tissue was very low, except kidneys, 1 h after
administration of the radiotracers. Furthermore, the dimer
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Monomer Dimer Trimer
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Figure 4: Three-dimensional volume projections of fused microPET/CT static images in A431-CCK2R [Tu (+)] and A431-mock [Tu (−)]
tumour xenograft-bearing BALB/c nude mice 1 and 2 h p.i. of the 68Ga-labelled conjugates. [Ki: kidneys]

showed significantly (𝑃 < 0.005) increased tumour uptake
compared to the monomer but also higher accumulation in
renal tissue. However, the corresponding tumour-to-organ
ratios revealed no significant difference inmost of the organs.
In contrast, the 68Ga-trimer cleared slowly from the body and
showedhigher blood level 1 h p.i.Thiswas substantiated as the
uptake in malignant tissue was comparable to the monomer
1 h p.i. but increased consistently over time accompanied by
very high accumulation renal tissue. In addition, also an
elevated accumulation in nontargeted tissue was observed for
the 68Ga-trimer, resulting in significantly lower tumour-to-
organ ratios compared to mono- and dimer. In comparison,
the respective 89Zr-labelled counterparts showed a similar
behaviour in vivo with somewhat lower tumour uptake 1 h
p.i. but consistently higher accumulation in renal tissue. 89Zr
mono- and dimers revealed a trend towards reduced tumour-
to-organ ratios as compared to the 68Ga-counterparts. In
contrast, over time the 89Zr-trimer showed a faster elimi-
nation from blood and lower unspecific tissue uptake. This
resulted in higher tumour-to-organ ratios compared to the
68Ga-labelled counterpart especially 4 h p.i. and may be
attributed to the increased hydrophilic character of this
radiotracer. Small animal PET/CT imaging studies confirmed
these findings and the results for 68Ga-labelled conjugates

are presented in Figure 4 whereas imaging of the 89Zr-
labelled counterparts is shown in Figure 5. The predominant
accumulation of radioactivity found in the kidneys, related
to elimination via renal pathway accompanied by tubular
reabsorption, was in good agreement with the results of our
biodistribution studies and clearly showed that kidney uptake
is increased with the grade of multimerization. Furthermore,
imaging showed highly specific targeting properties for all
conjugates as CCK2 related malignancies were clearly visu-
alized already 1 h after injection without major differences
between the bioconjugates. However, imaging at 2 h p.i. for
68Ga-labelled and that at 24 h p.i for 89Zr-labelled trivalent
probe pronounce the increased uptake in CCK2R expressing
tissue.

4. Discussion

The cyclic siderophore based chelator FSC enables a straight-
forward multistep synthesis of multivalent imaging probes.
Three amines attached to the chelating scaffold of FSC can
be utilized for further modifications whereas DOTA, for
example, offers only one binding site for conjugation of
targeting probes.This results in a different but more symmet-
rical architecture of FSC-related multivalent bioconjugates.
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Figure 5: Animal imaging studies of 89Zr-labelled conjugates in
A431-CCK2R/A431-mock tumour xenografted BALB/C nude mice;
3D volume rendered projections of fused static microPET/CT
images.

Asymmetric tracer design might not be critical in case of
small peptides for targeted imaging but can become an
issue in case of multimerization of larger biomolecules (e.g.,
engineered scaffold proteins, ESP) as the asymmetry can
result in less flexibility or increased sterically hindrance at
the target interaction site. The suitability for FSC as chelating
scaffold for ESP has recently been shown although acetyla-
tion of two amines was conducted to design a monovalent
affibody construct [18]. Furthermore, FSC can be labelled
with gallium-68 and zirconium-89 at RT with sufficient

complex stability (Table S1), which is beneficial in case of
heat-sensitive molecules.This is also of particular interest for
CCK2R targeting peptide derivatives containing methionine
as previous studies have shown that heating related oxidation
is accompanied by reduced receptor affinity [19]. In contrast,
DOTA-conjugates have to be heated for efficient radiola-
belling with gallium-68 and in case of oxidation sensitivity of
the targeting probe additives (e.g., ascorbic acid) are needed
to improve radiochemical purity. Both 68Ga and 89Zr FSC-
conjugates showed high in vivo stability; there was also no
significant difference in bone uptake between 68Ga and 89Zr
counterparts, indicating insignificant in vivo release of 89Zr,
confirming recent findings [15].

Overall FSC-based imaging probes showed high CCK2R
binding affinity (Figure 1) with values in the low nanomo-
lar range. The divalent probe showing higher affinity is
quite consistent with previous reports on 111In-MGD5 [11].
Interestingly, increasing the valency from mono- to trimeric
constructs, no increase in binding affinity was achieved.

All FSC-based conjugates showed highly specific receptor
targeting as demonstrated in vitro (Figure 2) and also in
vivo imaging (Figures 4 and 5) confirmed these findings.
Multimerization is accompanied by decreased hydrophilicity
and increased binding to serum proteins (Table 2) leading
to slower pharmacokinetics in vivo, especially for the trimer.
Furthermore, kidney retentionwas considerably increased by
the grade of multimerization (Table 3). This is substantiated
by the faster blood clearance of 89Zr-labelled counterparts
due to higher hydrophilicity but increased kidney uptake
which may be related to the additional charge introduced
as the hexadentate chelator FSC only compensates three of
four positive charges of Zr4+. Overall, high kidney retention
might be critical in case of therapeutic use but is tolerable for
diagnostic applications of radiopharmaceuticals [20].

Interestingly, improvement due to multimerization was
more pronounced at later time points. While internalization
data revealed higher cell uptake at 1 h for the dimer over
the trimer, at later time points the trimer showed higher
internalization rates. This phenomenon was also seen in vivo
where the dimer revealed a higher tumour uptake at 1 h p.i.,
whereas the uptake increased substantially after 2 and 4 h
p.i for the trimer exceeding the values of the dimer at 1 h.
p.i.. This in vivo effects may be explained by a slower target
accumulation of the trimer but also by the higher protein
binding and slow blood clearance that may act as depot to
prolong the tracer concentration at the tumour site, improv-
ing imaging contrast over time (Table 3). Furthermore, the
improved metabolic stability (Figure 3) of multimeric radi-
oligands targeting CCK2R expression, which has been shown
in this study for the first time, also may result in the
formation of rebinding metabolites enhancing the imaging
contrast over time. This hypothesis is substantiated by the
slow tumour washout particularly observed for 89Zr-trimer
at 24 h p.i (Figure 5) making imaging at late timepoints with
multivalent peptides tracers radiolabelled with zirconium-89
not per se uninteresting. Additionally, improving metabolic
stability by this multivalency-approach might also be highly
interesting for non-radiopharmaceutical-based applications
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such as therapeutic peptides but definitely warrants further
investigations regarding formation of metabolites and their
target interaction ability.

5. Conclusion

In this study, novel mono- and multimeric bioconjugates uti-
lizing FSC for radiolabelling with gallium-68 and zirconium-
89 for PET applications targeting CCK2R expression were
synthesized and evaluated for the first time. The resulting
imaging probes showed highly specific receptor targeting
characteristics which were only partly improved in terms
of binding affinity and in vivo targeting by the grade of
multimerization. However, the higher metabolic stability and
improved target retention in vivo of multivalent conjugates
warrant further investigations on the formation of metabo-
lites with the retained receptor binding ability. Overall this
study established FSC as a promising scaffold for the devel-
opment of mono- and multimeric targeted bioconjugates for
molecular imaging with PET.
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This section contains a detailed description regarding the
synthesis of the conjugates. Furthermore representative RP-
HPLC chromatograms of 68Ga-labelled as well as radio-ITLC
analysis of 89Zr-labelled probes are shown in Figure S1. The
results of transchelation studies for 68Ga- and 89Zr-labelled
conjugates are presented in Table S1. Figure S1: (A) radio-
RP-HPLC chromatograms of 68Ga- and (B) radio-ITLC
analysis of 89Zr-labelled mono- and multimeric conjugates.
Table S1: transchelation studies of 68Ga and 89Zr mono- and
multimers; data is expressed as percentage of peptide-
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We investigated the effect of shed antigen mesothelin on the tumor uptake of amatuximab, a therapeutic anti-mesothelin mAb
clinically tested in mesothelioma patients. The B3 mAb targeting a nonshed antigen was also analyzed for comparison. The mouse
model implanted with A431/H9 tumor, which expresses both shed mesothelin and nonshed Lewis-Y antigen, provided an ideal
system to compare the biodistribution and PET imaging profiles of the two mAbs. Our study demonstrated that the tumor and
organ uptakes of 89Zr-B3 were dose-independent when 3 doses, 2, 15, and 60 𝜇g B3, were compared at 24 h after injection. In
contrast, tumor and organ uptakes of 89Zr-amatuximab were dose-dependent, whereby a high dose (60 𝜇g) was needed to achieve
tumor targeting comparable to the low dose (2 𝜇g) of 89Zr-B3, suggesting that shed mesothelin may affect amatuximab tumor
targeting as well as serum half-life. The autoradiography analysis showed that the distribution of 89Zr-B3 was nonuniform with the
radioactivity primarily localized at the tumor periphery independent of the B3 dose. However, the autoradiography analysis for
89Zr-amatuximab showed dose-dependent distribution profiles of the radiolabel; at 10 𝜇g dose, the radiolabel penetrated toward
the tumor core with its activity comparable to that at the tumor periphery, whereas at 60𝜇g dose, the distribution profile became
similar to those of 89Zr-B3. These results suggest that shed antigen in blood may act as a decoy requiring higher doses of mAb
to improve serum half-life as well as tumor targeting. Systemic mAb concentration should be at a severalfold molar excess to the
shed Ag in blood to overcome the hepatic processing of mAb-Ag complexes. On the other hand, mAb concentration should remain
lower than the shed Ag concentration in the tumor ECS to maximize tumor penetration by passing binding site barriers.

1. Introduction

Monoclonal antibody- (mAb-) based solid tumor therapy is
challenging due to various parameters that can impede the
tumor delivery and penetration of mAb. Some parameters
are related to tumor environment factors, including vascular
and stroma density, interstitial pressure, and tumor binding
site barriers [1–3]. In addition, the antigen- (Ag-) mediated
tumor targeting of mAb may be hampered by the presence
of high levels of shed Ag in blood which could act as a

decoy preventing mAbs from binding to antigens expressed
on tumor cells [4–7]. We previously reported that shed
mesothelin (MSLN) in blood circulation negatively affected
the tumor targeting of amatuximab labeled with 111In or 64Cu
by increasing its liver and spleen uptakes while decreasing
its blood retention and tumor uptake when the injection
dose of amatuximab was not sufficient to saturate the shed
MSLN in blood circulation [5, 6]. In contrast to the negative
effect of shed MSLN in blood circulation, a mathematical
simulation suggested that the shedMSLN in the extracellular
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space (ECS) could positively affect the tumor uptake by
improving the penetration of the antibody toward tumor core
[8].

In this study, we investigated the effects of shed Ag on
the tumor targeting and penetration of mAb. To achieve
this goal, we used a nude mouse model implanted with
A431/H9 tumor that overexpresses both shed MSLN (5
million Ag molecules/cell) and nonshed Lewis-Y (4 million
Ag molecules/cell). MSLN is a membrane glycoprotein of
40 kDa that is actively internalized into the cell’s cytosol as
well as shed from the tumor cell surface, generating soluble
MSLN in the tumor’s interstitial space and blood circulation
with its concentrations proportional to the size of tumor
[5, 7, 9]. Lewis-Y is a carbohydrate antigen that is not
actively internalized nor shed from the tumor surface [9–
13]. As model antibodies, we used two mAbs: anti-MSLN
mAb amatuximab (mouse/human chimeric antibody with
82.6% amino acid sequence identity to a human IgG1𝜅 and
10−9M 𝐾

𝐷
binding affinity), a therapeutic mAb currently

investigated in mesothelioma patients, and control anti-
Lewis-Y mAb B3 (murine IgG1𝜅 with 10−8M 𝐾

𝐷
binding

affinity). Comparative studies using this system enabled us
to define the effects of shed Ag on the tumor uptake and
penetration of mAb apart from the effects of other factors
such as vascular density, high interstitial fluid pressure (IFP),
and extracellular protein contents.

The two mAbs were labeled with 89Zr (decay half-life,
78.4 h), which decays with a low positron emission energy of
395.5 keV, allowing for PET imaging with higher resolution
[14–16]. 89Zr can enhance PET radioimmune detection of
labeled mAbs and extend autoradiography preparation time
due to the longer half-life and higher imaging resolution
compared with 111In and 64Cu. In addition to the biodis-
tribution (BD), PET imaging, and autoradiography studies
for the two 89Zr-labeled mAbs, here we also report a new
autoradiography analysis method to define the tumor uptake
profile of the two 89Zr mAbs irrespective of tumor size and
shape.

2. Materials and Methods

Amatuximab was obtained from Morphotek, Inc. (Exton,
PA), andB3was provided byDr. Ira Pastan (LMB,NCI,NIH).
p-Isothiocyanatobenzyl-desferrioxamine (p-SCN-Df) was
purchased from Macrocyclics, Inc. (Dallas, TX). Zirconium-
89 (89Zr) was produced at the National Institute of Health
(Bethesda, MD) cyclotron facility using a 16.5MeV proton
cyclotron (PET trace, General Electric, Fairfield, CT) by
proton irradiation (beam energy; 14MeV, current; 20𝜇A)
(𝑝, 𝑛) reaction (2∼5 h) on 89Y-metalmesh (200mg, 4Npurity,
American Elements). 89Zrwas separated as 89Zr-oxalate from
irradiated 89Y-metal mesh using 0.1M oxalic acid solution
[16].

2.1. Conjugation of p-SCN-Df to Amatuximab or B3 Antibody.
ThemAbswere radiolabeled with 89Zr using desferrioxamine
(Df) with an isothiocyanate linker as a chelating agent
following a method of Vosjan et al. [17]. Briefly, amatuximab

or B3 was reacted with p-SCN-Df at a molar ratio of 1 : 3
in 0.1M sodium bicarbonate, at pH 9.5 at 37∘C. The Df-
amatuximab or Df-B3 conjugate was purified with a size
exclusion PD-10 column (GE Healthcare Bio-Sciences AB,
Uppsala, Sweden) and concentrated with a Microcon� filter
with a 30 kDa cutoff (Millipore, Bedford, MA). The column
or the filter was pretreated with 25mg BSA containing
1 𝜇mol DTPA to block nonspecific protein binding sites
and remove potential metal contaminants and then washed
with metal-free sodium acetate (0.25M, pH 5.5). The mAb
concentrations were measured according to the method of
Bradford [18]. The level of p-SCN-Df conjugated per mAb
was determined by the percent 89Zr distribution between the
peaks corresponding to Df-mAb and free DF on the size
exclusion HPLC when the product mixture was radiolabeled
as described below.

2.2. Radiolabeling. Purified Df-amatuximab or Df-B3
(1.0mg/ml, 6.9 𝜇M) was labeled with 89Zr (344MBq/0.15M
oxalic acid for Df-amatuximab and 148MBq/0.15M oxalic
acid for Df-B3), which was neutralized with a solution
containing sodium carbonate (0.135M)/HEPES buffer (pH =
7, 0.25M) and d-mannitol (5.5mg/mL) at 25∘C for 1 h. One
mL of 0.25M sodium acetate containing 5mg/mL gentisic
acid (pH 5.5) was then added to the reaction solution. The
labeled product was purified with PD 10 columns eluted with
metal-free elution buffer (0.25M sodium acetate containing
5mg/mL gentisic acid, pH 5.5). Each PD 10 column was
pretreated with 25mg BSA containing 1 𝜇mol DTPA to
block nonspecific protein binding sites and remove potential
metal contaminants and then washed with metal-free elution
buffer. The radiolabeling yield and the radiochemical purity
were assessed by analytical size exclusion HPLC (Gilson,
Middleton, WI) before and after the purification (please see
the Materials and Methods section in the previous paper
for detailed information [5]). The radiolabeling yield was
determined based on the distribution of 89Zr between 89Zr-
labeled amatuximab (retention time: 8.53min) and unbound
89Zr (retention time: 9.45min) on the HPLC profiles.

2.3. Immunoreactivity Determination. The immunoreactivity
of 89Zr-amatuximab or B3 was determined by a modified
cell-binding assay of Lindmo and Bunn [19], as previously
reported [5]. Aliquots (5 ng/50𝜇L) of the conjugate samples
were incubated side-by-side with an increasing number of
A431/H9 cells (positive for both mesothelin and Lewis-Y;
2 × 104–1 × 106 cells) in 100𝜇L of PBS with 1% BSA at 4∘C
for 3 hours. Nonspecific binding to the cells was determined
by performing the cell-binding assays under a condition of
excess amount of antibodies (50 𝜇g amatuximab and 50 𝜇g
B3).

2.4. TumorModel. A431/H9 is a derivative of theA431 epider-
moid carcinoma cell line that has been stably transfected
with vectors for human mesothelin and grown in media
supplemented with 750mg/mL G-418 (Geneticin) for selec-
tion [20]. This cell line was grown at 37∘C with 5% CO

2
in

media supplemented with 10% FBS, 2mmol/L L-glutamine,
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100U penicillin, and 100mg streptomycin (Invitrogen Cor-
poration). The cell line was authenticated at the source and
grown from frozen stocks prepared from an early passage of
the original line [21].

2.5. Biodistribution Studies. For the BD studies with 89Zr-
labeled amatuximab or B3 conjugate with Df molecules,
groups (𝑛 = 4-5 mice/group) of mice were injected (i.v.) with
89Zr-labeled mAb conjugates (111 kBq for89Zr-amatuximab;
74 kBq for 89Zr-B3) mixed with corresponding unlabeled
intact antibodies (2, 10, or 60 𝜇g amatuximab; 2, 15, or 60 𝜇g
B3) in 0.2mL PBS containing 1% BSA. The tumor sizes at
the time of the BD studies were as follows: 245.5 ± 6.5,
190.8 ± 5.0, and 226.4 ± 7.1mm3 for 2, 10, and 60𝜇g
amatuximab, respectively, and 205.9 ± 3.4, 321.2 ± 9.0, and
372.5 ± 8.2mm3 for 2, 15, and 60𝜇g B3, respectively. The
animals were euthanized at 24 hours by CO

2
inhalation

and exsanguination by cardiac puncture. We performed the
BD studies as described previously (please see the Materials
and Methods section in the previous paper for detailed
information [5]). All animal experiments were performed
under a protocol approved by the NIH Animal Care and Use
Committee.

2.6. PET Imaging. PET imaging studies were performed as
described in the previous study of 64Cu-NOTA-amatuximab
(please see PET Imaging section in the previous paper [5]).
Themice (𝑛 = 5)withA431/H9 tumorwere injected (i.v.) with
89Zr-amatuximab (2.96MBq/10 or 60 𝜇g total amatuximab)
or 89Zr-B3 (2.22MBq/15 or 60 𝜇g total B3) in 0.2ml of
normal saline through the tail vein and then 15min static
PET scans were performed at 3, 24, and 48 h p.i. The tumor
sizes at the time of the PET imaging were as follows: 429 ±
141mm3 (range: 253–599mm3) for 10 𝜇g amatuximab and
406 ± 23mm3 (range: 385–440mm3) for 60 𝜇g amatuximab;
700±220mm3 (range: 436–1042mm3) for 15 𝜇g B3 and 441±
126mm3 (range: 304–630mm3) for 60 𝜇g B3.

2.7. Autoradiography and Its Analysis. For Ex vivo autoradio-
graphy, the mice were selected according to tumor volume
by PET and euthanized immediately after 48 h PET imaging
session and the tumors were excised. The tumors with the
following sizes were used for autoradiography studies: 285 ±
46mm3 (range: 252–318mm3; 𝑛 = 2) and 388 ± 5mm3
(range: 385–392mm3; 𝑛 = 2) for 10 and 60 𝜇g amatuximab,
respectively, and 574 ± 121mm3 (range: 437–666mm3; 𝑛 =
3) and 364 ± 60mm3 (range: 304–424mm3; 𝑛 = 3) for
15 and 60𝜇g B3, respectively. The tumors were embedded
and frozen in Tissue-Tek� CRYO-OCT compound (Sakura�
Finetek USA Inc., Torrance, CA, USA) at −20∘C for 3 h.
Serial 20𝜇m thick short axis sections were cut in 400 𝜇m
intervals covering the entire tumor. Two or three consecutive
tumor slices were selected at 3 tumor regions (25%, 50%,
and 75% long axis regions from the tumor surface) as
representative sections throughout the tumor and exposed
on the phosphor screen for 16 h. Signals were obtained by
the use of the Typhoon FLA 7000 (GE Healthcare Life

Sciences, Pittsburgh, PA, USA) with 25 𝜇m pixel resolution
and analyzed with Image Quant TL8.1 software. Values were
grouped together from the 3 tumor regions to represent a
tumor. Each tumor was treated as an independent sample.
To analyze the microdistribution of the radioactivity in the
tumor sections, we introduced a normalized length analysis
method as described below. The first line was drawn along
the longest axis, and the second line was drawn along a
short axis perpendicularly at the center of the first longest
line (see Figure 1). The center was selected as the point
where the two lines meet. Additional lines were drawn evenly
and continuously between the two original lines passing
through the same center point (total of 8 lines). Radioactivity
profile of each line was analyzedwith ImageJ (NIH, Bethesda,
MD) and exported into Excel files to redefine values with
Matlab’s interpolation function interp1.Themaximum length
of each line in 𝑥-axis was normalized to 1 to correct for
the differences in the length of each line for reconstruction
of the radioactivity versus tumor penetration distance pro-
files of each tumor section. The maximum signal intensity
within each tumor section in 𝑦-axis was also normalized
to 100 to correct for the differences in the signal inten-
sity between each tumor section. Mean radioactivity versus
distance profiles with standard deviation were then recon-
structed for tumor sections obtained at 25%, 50%, and 75%
regions.

2.8. Statistical Analysis. Statistical analysis was performed
using ANOVA for comparing multiple groups, and Student’s
𝑡-test was performed for unpaired data between two groups.
All tests were two-sided, and a probability value (𝑝) of less
than 0.05 was considered significant.

3. Results

3.1. Characterization of 89Zr mAbs. The level of Df conjuga-
tion was 1.6 ± 0.3 (𝑛 = 3) for B3 and 0.9 ± 0.2 (𝑛 = 3) for
amatuximab. The 89Zr-labeled mAbs were purified on PD-
10 columns eluted with acetate buffer (pH 5.5) containing
gentisic acid at 5mg/ml. The purified products were >95%
radiochemically pure based on the size exclusion HPLC
profiles. The specific activities of the purified product were
296 kBq/𝜇g for 89Zr-amatuximab and 148 kBq/𝜇g for 89Zr-
B3.The immunoreactivities of 89Zr-amatuximab and 89Zr-B3
were 84.0±2.2% (𝑛 = 2) and 70.0±1.0% (𝑛 = 2), respectively.

3.2. Biodistribution Studies. The results of comparative BD
studies at 24 h indicated that the uptake of 89Zr-amatuximab
in tumor, liver, spleen, and blood directly correlated with
dose levels whereas the uptake of anti-Lewis-Y antibody
89Zr-B3 in these organs was dose-independent. In fact, 89Zr-
amatuximab tumor uptake and blood retention increased
as the injection dose increased (Figure 2(a) and Table 1).
However, the liver and spleen uptake decreased as the injec-
tion dose increased. The tumor-to-organ ratios increased
and conversely the tumor-to-blood ratio decreased as the
dose increased, as previously reported for 64Cu-NOTA-
amatuximab [5]. In contrast, a dose effect on tumor uptake,
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Figure 1: Procedure of a new normalized length analysis method for autoradiography. Step 1: draw lines on autoradiography image imported
into ImageJ. Step 2: export each line plot data file and plot the original intensity versus line length profile. Step 3: normalize each length and
replot with the interpolation function, interp1, in Matlab. Step 4: plot mean and standard deviation intensity profile with normalized length.
Step 5: plot normalized intensity profile with normalized length. Step 6: repeat steps 1–5 for each tumor section and get mean normalized
intensity profile to represent tumor sections cut at 25%, 50%, and 75% regions of the long tumor axis.
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Figure 2: Effects of total injection dose of mAb on the BD of 89Zr-mAb in nude mice (𝑛 = 4-5 per group) with A431/H9 tumor: (a) the BD
data from 89Zr-amatuximab (111 kBq) with different injection doses of amatuximab (2 𝜇g, 10 𝜇g, and 60 𝜇g) are compared at 24 h p.i. in nude
mice with tumor sizes 245.5±6.5, 190.8±5.0, and 226.4±7.1mm3 for 2, 10, and 60 𝜇g amatuximab.The results demonstrate that tumor uptake
and blood retention significantly increased whereas liver uptake decreased as the antibody dose was increased; (b) the BD data from 89Zr-B3
(74 kBq) with different injection doses of B3 (2𝜇g, 15 𝜇g, and 60 𝜇g) are compared at 24 h p.i. in nude mice with tumor sizes 205.9 ± 3.4,
321.2 ± 9.0, and 372.5 ± 8.2mm3 for 2, 15, and 60𝜇g. The results demonstrate that tumor uptake, blood retention, and liver uptake were not
affected by the antibody dose. The data are mean ± SD. Analysis of statistical significance in each organ uptake data compared to the data
from 2 𝜇g injection: ∗𝑝 < 0.001, 0.001 < ∗∗𝑝 < 0.01, and 0.01 < ∗∗∗𝑝 < 0.05; column: mean; bar: SD.



6 Contrast Media & Molecular Imaging

blood retention, and liver uptake, as well as the tumor-to-
organ and the tumor-to-blood ratios for 89Zr-B3, was not
appreciable (Figure 2(b) and Table 1).

3.3. PET Imaging Studies. The findings from the BD studies
were supported by the PET imaging results. 89Zr-amatuximab
tumor uptake was visualized as early as 3 h postinjection (p.i.)
at both dose levels, while themajority of radioactivity was still
localized in heart (blood pool) and liver (Figure 3(a)). During
the 3–48 h period, 89Zr-amatuximab was cleared rapidly
from blood at the 10 𝜇g dose while tumor uptake remained
unchanged (Figures 3(a) and 4(a)). In contrast, at the 60 𝜇g
dose 89Zr-amatuximab cleared more gradually from blood
and produced a drastic increase in tumor uptake (%ID/g)
at 24 h and 48 h (Figure 4). The tumor uptake (%ID/g) was
7.46 ± 1.26, 9.88 ± 1.25, and 7.74 ± 1.22 at 3, 24, and 48 h,
respectively, for 10 𝜇g and 9.85 ± 21.3, 22.37 ± 4.18, and
22.90 ± 6.18 at 3, 24, and 48 h, respectively, for 60 𝜇g. Blood
retention (%ID/g) was 20.43±2.49, 5.09±1.78, and 2.52±0.78
at 3, 24, and 48 h, respectively, for 10 𝜇g and 27.37 ± 4.03,
12.44 ± 3.66, and 6.80 ± 2.04 at 3, 24, and 48, respectively, for
60 𝜇g. Liver uptake (%ID/g) was 24.17 ± 3.11, 25.64 ± 2.43,
and 23.03 ± 3.51 at 3, 24, and 48 h, respectively, for 10 𝜇g and
22.33 ± 3.89, 21.14 ± 2.21, and 20.78 ± 3.67 at 3, 24, and
48 h, respectively, for 60𝜇g. Thus, these data indicate that
a higher injection dose of amatuximab is advantageous for
the tumor visualization by PET. The tumor-to-organ and the
tumor-to-blood ratios from PET imaging had similar values
observed in 64Cu-NOTA-amatuximab study [5]. The tumor-
to-liver ratio showed a value>1 at 24 and 48 h p.i. for 60 𝜇g but
a value <1 for 10 𝜇g (Table 2), suggesting that it is feasible to
visualize tumors in the upper abdomen with the higher dose.

The PET images of 89Zr-B3 showed tumor uptake as early
as 3 h p.i. at both 15 and 60 𝜇g doses. Compared to 89Zr-
amatuximab, the PET images from 89Zr-B3 did not show
any significant dose effects on its uptake and the clearance
pharmacokinetics from tumor, blood, and liver (Figure 3(b)).
The tumor uptake of the 89Zr-B3 increased steadily over a 48 h
period while clearing gradually from the blood and the liver
as follows (Figure 4): tumor uptake (%ID/g) of 7.36 ± 0.54,
14.43 ± 1.94, and 20.99 ± 4.33 at 3, 24, and 48 h, respectively,
for 15 𝜇g and 6.71 ± 0.78, 15.36 ± 3.98, and 20.78 ± 2.21 at 3,
24, and 48 h, respectively, for 60𝜇g; blood retention (%ID/g)
of 21.28 ± 1.54, 12.99 ± 2.83, and 10.21 ± 1.92 at 3, 24, and
48 h, respectively, for 15 𝜇g and 21.05 ± 1.85, 12.40 ± 0.56,
and 9.92 ± 1.33 at 3, 24, and 48 h, respectively, for 60𝜇g; liver
uptake (%ID/g) of 25.04±1.03, 20.37±3.4, and 16.55±3.98 at
3, 24, and 48 h, respectively, for 15 𝜇g and 25.21 ± 1.90%ID/g,
18.90 ± 1.06, and 16.72 ± 1.83 at 3, 24, and 48 h, respectively,
for 60 𝜇g.The tumor-to-organ and the tumor-to-blood ratios
from PET imaging did not change as the dose increased
(Table 2).

These results suggest a significant difference in biodistri-
bution characteristics between 89Zr-amatuximab and 89Zr-
B3, which may be due to the presence of shed mesothelin in
blood and tumor tissue that may affect the serum half-life as
well as Ag-specific tumor uptake of radiolabeled amatuximab
as previously reported [5].

3.4. Autoradiography Studies. To investigate if the shedmeso-
thelin in the ECS of tumor could affect the penetration
of 89Zr-amatuximab, we performed the autoradiography of
tumor segments at 48 h p.i. immediately after the completion
of the PET imaging studies. The data of autoradiography
images analysis (see Figure 1 for image analysis method)
demonstrated that 89Zr-amatuximab had similar radioactiv-
ity intensity at the tumor core and the periphery when the
injection dose was 10 𝜇g (Figures 5(a) and 6(a)). However,
increasing the dose to 60𝜇g increased the uptake to the
periphery but not to the center of the tumor (Figures 5(b) and
6(b)). In contrast, the radioactivity data and the normalized
radioactivity versus distance profiles for 89Zr-B3 showed that
the uptake peaked at the tumor periphery while it decreased
rapidly toward the tumor core at either dose levels (Figures
5(c), 5(d), 6(c), and 6(d)).

4. Discussion

The studies reported here highlight an important property
of anti-mesothelin mAb amatuximab as compared to anti-
Lewis-Y mAb B3 for the Ag-mediated targeting of A431/H9
tumor overexpressing both a shed Ag, mesothelin, and a
nonshed Ag, Lewis-Y, in a mouse model. The comparative
BD, PET imaging, and autoradiography studies between
these two mAbs allowed us to define the effect of shed Ag on
the tumor targeting and penetration, apart from the effects of
other factors related to the tumor microenvironment. While
the biodistribution and tumor uptake of 89Zr-B3 were not
significantly affected by the injected dose, the tumor uptake of
89Zr-amatuximab increased whereas the uptake in liver and
spleen decreased as the injected dose increased. This finding
is consistent with the previously reported dose-dependent
effect on the biodistribution and tumor uptake of 64Cu-
NOTA-amatuximab [5]. The BD and tumor uptake of 89Zr-
B3 were not appreciably affected by the injection dose levels
because its target, Lewis-Y Ag, is not shed by tumor cells.The
ROI analysis of PET images corresponded to the BD results
and is consistent with the hypothesis of a decoy effect caused
by soluble shed Ag in blood and tumor.

These findings could be explained by a threshold effect
whereby 89Zr-amatuximab is mostly bound to shed MSLN
in blood at the lower dose (10 𝜇g) and sequestered into
the reticular endothelial system of liver and spleen, thereby
lowering both blood retention and tumor uptake. Based on
this knowledge, we hypothesized that a dose of 60 𝜇g could
be sufficiently high to saturate shed MSLN as well as create
an excess of 89Zr-amatuximab available for a more effective
tumor targeting.This effect could be explained by correlating
the concentration of shed MSLN in the blood and in the
ECS of A431/H9 tumor, as estimated in previous studies [8,
22, 23], similarly to that of 64Cu-NOTA-amatuximab. 89Zr-
amatuximab injected at 10𝜇g dose results in an estimated
blood concentration of 43.3 nM (assuming blood volume of
1.6mL for a 20 g mouse) immediately after injection and
1.75 nM at 48 h (based on 2.52%ID/g blood in Figure 3).
Because the average concentration of shed MSLN in the
blood is ∼6 nM in a tumor of ∼300mm3, 89Zr-amatuximab
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Figure 3: Representative PET images of 89Zr-mAb in nudemice with A431/H9 tumor: (a) 89Zr-amatuximab (2.96MBq) coinjected with 10 𝜇g
and 60 𝜇g amatuximab; (b) 89Zr-B3 (2.22MBq) coinjected with 15𝜇g and 60𝜇g B3. Fifteen-minute static PET scans were performed at 3, 24,
and 48 h p.i. PET images demonstrate that (a) the tumor uptake significantly increased when the injection dose of 89Zr-amatuximab was
60 𝜇g compared with 10 𝜇g dose and (b) there was no significant dose effect on the tumor uptake of 89Zr-B3 and the tumor uptake gradually
increased over time.
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Figure 4: Effect of mAb dose on accumulation of 89Zr-mAb in nude mice (𝑛 = 5 per group) with A431/H9 tumor by PET analysis: (a)
effect of amatuximab dose (10 𝜇g and 60 𝜇g) on accumulation of 89Zr-amatuximab (2.96MBq) in nude mice with tumor (429 ± 141mm3;
range: 253–599mm3) for 10 𝜇g amatuximab and (406 ± 23mm3; range: 385–440mm3) for 60 𝜇g amatuximab. (b) Effect of B3 antibody dose
(15𝜇g and 60 𝜇g) on accumulation of 89Zr-B3 (2.22MBq) in nude mice with tumor (700 ± 220mm3; range: 436–1042mm3) for 15 𝜇g B3
and (441 ± 126mm3; range: 304–630mm3) for 60 𝜇g B3. The uptake value (%ID/g) was calculated by ROI analysis of PET images. Analysis
of statistical significance in each organ uptake data (a) compared to the data from 10 𝜇g for amatuximab or (b) 15 𝜇g for B3. ∗𝑝 < 0.001,
0.001 < ∗∗𝑝 < 0.01, and 0.01 < ∗∗∗𝑝 < 0.05.
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Figure 5: Representative autoradiography images of 89Zr-labeled antibody. 89Zr-amatuximab (2.96MBq) coinjected with (a) 10 𝜇g and (b)
60 𝜇g amatuximab; 89Zr-B3 (2.22MBq) coinjected with (c) 15𝜇g and (d) 60 𝜇g B3 mAb.

(1.75 nM) would be mostly bound to shed MSLN in blood
during a 48 h period and this complex sequestered into liver
and spleen. At 48 h, unbound 89Zr-amatuximab would have
crossed the tumor vasculature and diffused into tumor ECS
(5.36 nM based on 7.74%ID/g tumor at 48 h and 53.6 nM
in the ECS, assuming that ECS constitutes 10% of total
tumor volume). Because the concentration of shed MSLN
is ∼300 nM in the ECS of a tumor of 300mm3, 89Zr-amat-
uximab (53.6 nM) in the ECS would mostly exist as an
antibody-Ag complex distributed throughout the entire
tumor, presumably bypassing the binding sites on the surface
of tumor cells nearest to the vasculature. On the other
hand, 89Zr-amatuximab injected at 60 𝜇g dose results in an

estimated blood concentration of 260 nM immediately after
injection and 28.3 nM at 48 h (6.8%ID/g blood), that is,
at a molar excess compared to the average concentration
of shed MSLN in the blood (∼6 nM). Consequently, 89Zr-
amatuximab would remain mostly unbound, overcoming
the sequestration into the hepatic reticuloendothelial system
during a 48 h period. Therefore, a larger portion of the
injected dose (95.2 nM based on 22.90%ID/g tumor at 48 h
and 952 nM in the ECS) would have crossed the tumor vas-
culature and diffused into the tumor ECS.This concentration
(952 nM) is larger than the shed MSLN concentration in
the tumor ECS. The excess of 89Zr-amatuximab not bound
to shed MSLN would bind to MSLN on tumor cells in
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Figure 6: Autoradiography analysis of 89Zr-mAbs depicted as normalized intensity versus normalized length profiles: 89Zr-amatuximab
(2.96MBq) was coinjected with (a) 10 𝜇g and (b) 60 𝜇g amatuximab. 89Zr-B3 (2.22MBq) was coinjected with (c) 15𝜇g and (d) 60 𝜇g B3. The
results demonstrate that the normalized radioactivity of 89Zr-amatuximab at the tumor core and the periphery was similar with the low dose
of amatuximab but the relative 89Zr intensity at the tumor periphery was higher as the injection dose was increased to 60 𝜇g. In contrast, the
radioactivity profile of 89Zr-B3 was not affected by the B3 dose between 15 and 60 𝜇g B3 and the radioactivity preferentially accumulated in
the tumor periphery.

the periphery rather than in the tumor core, as observed
for 89Zr-B3 as well as Alexa-labeled B3 [24]. According to
Boucher et al. the interstitial fluid pressure is often elevated
in solid tumors but declines in the tumor periphery in the
outer 0.2–1.1mm [25]. Therefore, the accumulation in the
tumor periphery might be favored by the lower interstitial
fluid pressure in this region allowing for more antibody
extravasation than in tumor core.

It is noteworthy that our PET study demonstrated that the
tumor localized outside of the abdomen could be visualized
even with the lower dose (10 𝜇g) at 24 h and thereafter
because the tumor-to-blood and tumor-to-muscle ratios of
89Zr-amatuximab were higher than 2. However, it would

be necessary to inject the higher dose (60 𝜇g) to visualize
the tumor in the abdominal area. The PET study also
suggests that 89Zr-amatuximab could be useful in a clinical
setting because 89Zr with a long half-life (78.4 h) would be
more suitable for the detection of tumor and the tumor-to-
background ratio increased over time with the injection of
the higher dose (60𝜇g).

In this study, we demonstrated the effect of shedmesothe-
lin on the tumor targeting and tumor microdistribution of
anti-mesothelin mAb amatuximab in A431/H9 tumor using
anti-Lewis-Y B3 as a negative control. However, it is possible
that other shed antigens with a different binding epitope or a
different affinity for the targetingmAbmight show a different
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degree of shed antigen effects. Thus, careful investigation of
other shed antigen systems would be needed to determine
whether our findings could be generalized.

5. Conclusion

The use of A431/H9 tumor which overexpresses both the
shed Ag mesothelin and the nonshed Ag Lewis-Y as a tumor
model and the use of anti-mesothelin mAb amatuximab
and anti-Lewis-Y mAb B3 as model mAbs for the BD, PET,
and autoradiography studies allowed us to make a direct
assessment on the effect of the shed Ag on the tumor and
organ uptakes and tumor penetration, apart from the effects
of other factors related to the tumor microenvironment. In
addition, the use of 89Zr with a 3.4-day half-life to label the
mAbs for PET imaging and autoradiography studies provided
the advantages of high image sensitivity and resolution which
enabled us to quantify the tumor and organ uptakes as well as
tumor penetration of the mAbs.

The findings of this study imply that the systemic mAb
concentration should be at a severalfold molar excess to
the shed Ag concentration in the blood to increase the
concentration of freemAb available for the tumor uptake and
reduce the fraction of the mAb bound to the shed Ag in the
blood and the subsequent hepatic processing of the mAb-Ag
complexes. However, the mAb concentration in the tumor
ECS should remain lower than the shed Ag concentration
in the tumor ECS to maximize the tumor penetration of the
mAb-Ag complexes by bypassing the binding site barrier. It
will be the future challenge for both antibody engineers and
clinical investigators to find this balance.
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A novel tumor stroma targeting and membrane-penetrating cyclic peptide, named iCREKA, was designed and labeled by
fluorescein isothiocyanate (FITC) and positron emitter 18F to build the tumor-targeting tracers. The FITC-iCREKA was proved
to have significantly higher cellular uptake in the glioma U87 cells in the presence of activated MMP-2 than that in absence of
activated MMP-2 by cells fluorescence test in vitro. The tumor tissue fluorescence microscope imaging demonstrated that FITC-
iCREKA accumulated in the walls of the blood vessels and the surrounding stroma in the glioma tumor at 1 h after intravenous
injection. While at 3 h after injection, FITC-iCREKA was found to be uptaken in the tumor cells. However, the control FITC-
CREKA can only be found in the tumor stroma, not in the tumor cells, no matter at 1 h or 3 h after injection. The whole-animal
fluorescence imaging showed that the glioma tumor could be visualized clearly with high fluorescence signal. The microPET/CT
imaging further demonstrated that 18F-iCREKA could target U87MG tumor in vivo from 30min to 2 h after injection.The present
study indicated the iCREKA had the capacity of tumor stroma targeting and the membrane-penetrating. It was potential to be
developed as the fluorescent and PET tracers for tumor imaging.

1. Introduction

Currently, the diagnosis and treatment of malignant tumors
remain extremely difficult. Molecular imaging and high-
precision targeted therapy represent important directions
for the future development of cancer therapy. Molecular
recognition is the cornerstone of molecular imaging and
targeted therapy. The construction of molecular probes that
not only are capable of recognizing specific molecular targets
in tumor tissues but also possess the ability to penetrate
into tumor cells is of great significance for the specific
diagnosis of tumors. Constructing such molecular probes is
even more important for specific targeted therapies that need
to overcome the biological barrier effect of the cellmembrane.

Cell-penetrating peptides (CPPs), also known as protein
transduction domains (PTDs), are a special class of polypep-
tides that have the ability to overcome the physiological
barrier imposed by the cell membrane. These peptides can
freely penetrate the cell membrane and enter the cytoplasm
through endocytosis or specific channels. In addition, CPPs

may serve as carriers, carrying exogenous macromolecules
up to 100 times their molecular weight (such as drugs or
imaging agents) into cells. Therefore, CPPs have been used
as important vectors to deliver imaging agents or therapeutic
drugs into cells. However, conventional CPPs have no tumor-
targeting activity, entering tumor cells and normal cells with
equal ease [1–13]. Numerous studies have been carried out
to develop CPPs that possess both tumor-targeting and cell-
penetrating properties. In particular, conventional CPPs have
been chemically modified and screened to identify CPPs
capable of binding to specific targets (such as tLyP-1 and
RGD) [14–20]. However, in general, broad-spectrum tumor-
specific targeting is extremely difficult to achieve.

To this end, a novel multifunctional polypeptide molec-
ular probe that possesses both tumor-targeting and cell-
penetrating properties, iCREKA, was designed in the present
study.The probewas constructed by connecting the following
3 main parts (Figure 1): the homing peptide CREKA, which
is capable of targeting the tumor stroma, the cell-penetrating
peptide Tat, and a linker (PLGLAG) that can be cleaved by
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Figure 1: The structure (a) and the mechanism of action (b) of iCREKA.

matrix metalloproteinase-2 and -9 (MMP-2/9). To improve
the stability of iCREKA in the blood, the 2 terminal cysteine
(Cys) residues in the homing peptide and the membrane-
penetrating peptide were covalently linked via a disulfide
bond, forming a cyclic peptide. In addition, a lysine residue
was added to the C-terminus of the cyclic peptide, which was
used for fluorescein or radionuclide labeling.

The cyclic peptide iCREKA reaches tumor tissues via
blood circulation. CREKA is expected to bind specifically
to the fibrin-fibronectin complexes that are widely and
abundantly distributed in tumor stroma but rarely present in
normal tissues. Tumor tissues also overexpressMMP-2/9 and
hydrolytic enzymes. MMP-2/9 recognize and cleave iCREKA
between CREKA and the membrane-penetrating peptide,
while hydrolytic enzymes hydrolyze the disulfide bond. As
a result, the fluorescent or radionuclide-labeled membrane-
penetrating peptide is released, which penetrates the plasma
membrane and enters tumor cells. Since normal tissues
express no or low levels of fibrin-fibronectin complexes and
MMP-2/9, the cyclic peptide probe iCREKA should not be
accumulated and be cleaved in normal tissues. Consequently,
iCREKA is unable to enter normal cells.Thus, tumor-specific
targeting and cell penetration are achieved (Figure 1).

In order to verify whether the cyclic peptide iCREKA
specifically targets tumor tissues and possesses cell-
penetrating function, the present study used CREKA as
a control peptide and employed a fluorescent labeling
approach to investigate the differences between iCREKA
and CREKA at the cell, tissue, and whole-animal levels.
In addition, the present study attempted to label iCREKA
using the positron-emitting nuclide fluorine-18 (18F) and
examine the in vivo tumor-targeting activity of labeled

iCREKA using live-animal positron emission tomography
(PET)/computerized tomography (CT) imaging. The results
are reported below.

2. Materials and Methods

2.1. Materials. 18Fwas produced in our center using the PET-
trace accelerator (GE Healthcare, USA). iCREKA, fluores-
cein isothiocyanate-conjugated iCREKA (FITC-iCREKA),
and the control peptides CREKA and FITC-CREKA were
custom-synthesized at Shanghai Qiangyao Biological Tech-
nology Co., Ltd.The anti-fibrinogen antibody was purchased
from Abcam, UK (number: ab34269). The anti-MMP-2
antibody was purchased from ABclonal, America (number:
A1558). Cyanine 3- (Cy3-) labeled goat anti-rabbit IgG
and 4,6-diamidino-2-phenylindole dihydrochloride (DAPI)
were purchased from Beyotime Biotechnology Co., Ltd.

2.2. Tumor Cell Lines. A human glioma cell line U87 was
used in this study, and it was purchased from the Institute
of Biochemistry and Cell Biology, Shanghai Institutes for
Biological Sciences, Chinese Academy of Sciences (Shanghai,
China). Cells were cultured at 37∘C in a humidified 5% carbon
dioxide-containing atmosphere, using Dulbecco’s modified
Eagle’s medium (DMEM) (Hyclone, America) supplemented
with 10% fetal calf serum (Hyclone, America).

2.3. Animal Model. Animal experiments were conducted
under a protocol approved by the Nanfang hospital animal
ethics committee at the Southern Medical University (Appli-
cation number NFYY-2011-126). All surgery was performed
under isoflurane anesthesia, and all efforts were made to
minimize suffering.
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The Laboratory Animal Center at the Southern Medical
University provided female BALB/C athymic nude mice
(nude mice) 4–6wk of age. Glioma xenografts (U87 cells)
were transplanted into subcutaneous of nude mice by inject-
ing 1 × 106 cells intramuscularly into the right flank. Tumor
xenografts were monitored until the largest tumor diameter
was approximately 0.5–1 cm, which took 2-3 weeks. Forty
mice were inoculated, and models of human glioma in nude
mice were made successful in 32 mice. The success rate was
80%.

2.4. Chemical Synthesis of the Cyclic Peptide iCREKA and
the Fluorescent Probes FITC-iCREKA and FITC-CREKA.
The linear polypeptide CREKAPLGLAGRKKRRQRRRCwas
synthesized using solid-phase peptide synthesis (SPPS) [21].
Subsequently, cyclization was performed between the two
Cys residues located at the N- and C-termini of the peptide.
A lysine residue was then added to the C-terminus of the
cyclized peptide, generating the cyclic peptide iCREKA.
To prepare the fluorescent probe FITC-iCREKA, FITC was
coupled to the amine group of the lysine side chain.

The control peptides CREKA and FITC-CREKA were
synthesized using the same approach.

2.5. Cytotoxicity. The cytotoxicity of iCREKA was examined
in U87 glioma cells using the Cell Counting Kit-8 (KeyGen
Biotech) according to the instruction of the manufacturer.
Cells were seeded at a density of 1 × 104 cells/well in 96-
well plates, allowed to grow for 24 h, and exposed to various
concentrations of iCREKA for 24 h. The absorbance of each
well at 450 nm was measured with an absorbance microplate
reader (BIOTEK ELX800, USA). The cell viability was calcu-
lated by

Viability % =
Absorbancetest − Absorbanceblank

Absorbancecontrol − Absorbanceblank

× 100%.
(1)

2.6. The Membrane Penetration Effect of FITC-iCREKA after
Cleavage by MMP-2. (1) Examination of the binding of
FITC-iCREKA to U87 glioma cells after MMP-2 addition.

(a) MMP-2 activation: to obtain active MMP-2, 80 𝜇l of
0.7mg/ml mouse MMP2/Tris-HCl solution was mixed with
0.1ml of 2.5mmol/l4-aminophenylmercuric acetate (APMA)
and incubated for 2 h in a 37∘C water bath.

(b) Fluorescence examination: one hundred microliters
of active MMP-2/1640 solution (0.7mg/ml) was mixed with
0.9ml of freshly prepared serum-free cell culture medium
containing FITC-iCREKA (10 𝜇M). Following filter steriliza-
tion, 1ml of the mixture was added to cell culture dishes
containing exponentially growing U87 glioma cells. After
incubation at 4∘C for 60min, U87 cells were washed with
phosphate-buffered saline (PBS, 5min × 3 times), fixed with
75% ethanol, and stained with DAPI. Fluorescence distribu-
tion in live cells was examined on a confocal microscope.

U87 cells were seeded into 96-well plates at a density
of 1 × 104 per well and grew to confluence over 24 h.
The cells were incubated with 10 𝜇M of FITC-iCREKA with

activated MMP-2 as test group and 10 𝜇M of FITC-iCREKA
without activated MMP-2 as control one for 1 h at 37∘C.
After the incubation, the culture media were removed and
the cells were washed twice using the PBS. The cells were
then trypsinized, centrifuged (4∘C, 5min, 1000 rpm), and
diluted to 1 × 106 cells/mL.The test and control samples were
analyzed on a flow cytometer (Becton Dickinson, Oxford,
UK) to measure the cellular fluorescence.
(2) Examination of the binding of FITC-iCREKA to U87

glioma cells without MMP-2 addition.
FITC-iCREKA (the same amount as above) was sterilized

by filtration. Subsequently, 1ml of the FITC-iCREKA solution
was added to U87 glioma cells. After incubation at 4∘C for
60min, U87 cells were washed 3 times with PBS (5min each).
The fluorescence distribution in live cells was examined
on a confocal microscope. The intracellular fluorescence
intensity, which reflected the level of FITC-iCREKA uptake,
was analyzed using flow cytometry.
(3) Examination of the binding of the control peptide

FITC-CREKA to U87 glioma cells.
The binding between U87 cells and the control pep-

tide FITC-CREKA was assayed using the same approach.
The fluorescence distribution was examined using confocal
microscopy. The intracellular fluorescence intensity, which
reflected the level of FITC-CREKA uptake, was analyzed
using flow cytometry.

2.7. Expression of Fibrin andMMP-2 inTumorTissues. Tumor
samples fromU87 tumor xenografts were examined for fibrin
and MMP-2 expression using an immunofluorescent and an
immunohistochemical staining. Tumor sliders were firstly
handled using rabbit anti-fibrinogen antibody or anti-MMP-
2 antibody as the primary antibody. Then Cy3-labeled or
horseradish peroxidase enzyme-labeled polymers conjugated
to anti-rabbit immunoglobulins as the secondary antibody
were added to react with the primary antibody. The dilution
factors for primary antibody were 1 : 1000 for antifibrin and
1 : 100 for anti-MMP-2. The images of fibrinogen and MMP-
2 expression in tumor tissues were acquired via a fluorescent
microscope and immunohistochemical staining.

2.8. The Targeting and Cell-Penetrating Activities of FITC-
iCREKA in Tumor Tissues. Tumor-bearing mice were ran-
domly divided into the experimental group (𝑛 = 6)
and the control group (𝑛 = 6). The experimental group
and the control group received FITC-iCREKA and FITC-
CREKA, respectively (1mM, 150𝜇l), via tail-vein injection.
Subsequently, tumor tissues were collected from each group
at multiple time points. The collected tumor tissues were
frozen, sectioned, and stained with DAPI. The distribution
of FITC-iCREKA and FITC-CREKA in tumor tissues was
observed and compared at each time point using confocal
microscopy.

2.9.The Tumor-Targeting Activity of FITC-iCREKA in Tumor-
Bearing Mice. Tumor-bearing mice were randomly divided
into the experimental group (𝑛 = 6) and the control
group (𝑛 = 6), which received FITC-iCREKA and FITC-
CREKA, respectively (1mM, 150𝜇l), via tail-vein injection.
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At 1 h after injection, tumors and various organs were iso-
lated, washed, and imaged using the Kodak in vivo imaging
system F. Fluorescence distribution was examined in tumors
and in various organs and tissues. Images were analyzed
using the built-in Kodak Molecular Imaging (MI) software.
Regions of interest (ROIs) were outlined on the fluorescence
images along the edges of the tumors and various tissues.
Fluorescence counts in each ROI were determined, and the
tumor/nontumor uptake ratios of FITC-iCREKA and FITC-
CREKA were calculated by comparing the corresponding
fluorescence counts in tumor and normal tissues.

2.10. The Tumor-Targeting Activity of 18F-iCREKA in Tumor-
Bearing Mice. 18F-FP-iCREKA was synthesized using the
method developed by Chin et al. [22], which involved multi-
ple reactions.The chemical and radiochemical purities of 18F-
FP-iCREKA were determined by high-performance liquid
chromatography (HPLC) and thin layer chromatography
(TLC) combined with radioactivity detection.

Tumor-bearing mice received 5.50–7.40MBq (150–
200𝜇Ci) of the imaging agent 18F-iCREKA via tail-vein
injection and were anesthetized using isoflurane. The mice
were then subjected to microPET/CT imaging at 30, 60,
and 120min after 18F-iCREKA injection. The uptake of
18F-iCREKA by tumors and various tissues was examined.

ROIs were outlined on the PET images using the Syngo
image analysis software installed on the microPET/CT sys-
tem. The radioactivity counts were determined, and the
tumor/brain ratio was calculated.

2.11. Statistical Analysis. The results were analyzed using the
SPSS 20.0 statistical software. Measurement data were pre-
sented as the mean ± standard deviation. The Kolmogorov-
Smirnov (K-S) test was employed to examine the normality of
the data. The independent two-sample 𝑡-test was conducted
to compare the fluorescent intensity and tumor/nontumor
ratios between the experimental group and the control
group. 𝑃 values less than 0.05 were considered statistically
significant.

3. Results

3.1. Chemical Synthesis of the Cyclic Peptide iCREKA and
the Fluorescent Probes FITC-iCREKAand FITC-CREKA. The
peptides iCREKA and CREKA were chemically synthesized
using the SPPS approach. The fluorescent probes FITC-
iCREKA and FITC-CREKA were prepared using FITC, a
derivative of fluorescein. The calculated molecular weights
are 2665.26 for iCREKA, 3169.81 for FITC-iCREKA, and
995.09 for FITC-CREKA, respectively. The measured molec-
ular weights of the peptides are [M + H]+. The ESI-HRMS
𝑚/𝑧 [M + H] were found to be 2665.6 for iCREKA, 3170.4
for FITC-iCREKA and 994.6 for FITC-CREKA, respectively.
HPLC analysis demonstrated that the purity of iCREKA,
FITC-iCREKA, and FITC-CREKA was 98.27%, 98.23%, and
98.66%, respectively, after purification.

3.2. Cytotoxicity. The cell viability was only slightly dam-
aged by the iCREKA. The cell viability was approximately
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Figure 2: Cytotoxicity of iCREKA at various concentrations.

88.0% when the concentration of added iCREKA was 10 𝜇M,
which was the added concentration of iCREKA in the cell-
penetrating experiments (Figure 2).

3.3. FITC-iCREKA Penetrates the Cell Membrane and Enters
Tumor Cells after Cleavage by MMP-2. The cell-penetrating
activity of FITC-iCREKA was examined in the presence and
absence of activated MMP-2. In the presence of activated
MMP-2, we found that accumulation of green fluorescence
within the tumor cells was intense, and the green fluorescence
accumulated not only into the cytoplasm, but also into the
nucleoli. of U87 cells. However, in the absence of activated
MMP-2, the uptake of green fluorescence within the tumor
cells was minimal (Figure 3). Flow cytometry indicated that
the addition of activated MMP-2 to the culture medium
resulted in significantly increased FITC-iCREKA uptake into
U87 cells (the fluorescence intensities in the presence and
absence of activated MMP-2 were 14110.0 ± 3205.65 and
3921.33 ± 821.27, resp., 𝑡 = 7.542, 𝑃 = 0.000) (Figure 4(a)).

The cell-penetrating activity of the control peptide FITC-
CREKA was examined in the presence and absence of
activated MMP-2. Only extremely low levels of green fluo-
rescence were detected in the plasma membrane of U87 cells
and inside U87 cells, regardless of the presence of activated
MMP-2 in the culture medium (Figure 3).

Flow cytometry analysis revealed that FITC-iCREKA
uptake was significantly higher than FITC-CREKA uptake
in U87 cells (14110.0 ± 3205.65 versus 2569.50 ± 975.84,
𝑡 = 8.436, 𝑃 = 0.000) (Figure 4(b)).

3.4. Fibrin andMMP-2AreHighly Expressed in Tumor Tissues.
Immunofluorescent and an immunohistochemical staining
demonstrated that fibrin and MMP-2 were highly expressed
in tumor tissue (Figures 5–7).

3.5. The Targeting and Cell-Penetrating Activities of FITC-
iCREKA in Tumor Tissues. Tumor-bearing mice received
FITC-iCREKA or the control fluorescent probe FITC-
CREKA via tail-vein injection. Fluorescence imaging
revealed that FITC-iCREKA accumulated mainly within
the stroma of tumor tissues at 1 h after tail-vein injection.
In addition, FITC-iCREKA showed the same distribution
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Figure 3: Fluorescent confocal imaging of cell internalization of FITC-iCREKA and FITC-CREKA in the fixed U87 glioma cells ((a) and
(b)). (a) Cell internalization of FITC-iCREKA in the presence and in the absence of MMP-2 (green, (A), (A1)), staining of nucleus (blue, (B),
(B1)), and merged image of FITC-iCREKA uptake and nucleus ((C), (C1)). (b) Cell internalization of FITC-CREKA in the presence and in
the absence of MMP-2 (green, (A), (A1)), staining of nucleus (blue, (B), (B1)), and merged image of FITC-CREKA uptake and nucleus ((C),
(C1)). Magnification: ×60.
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Figure 4: (a) Fluorescent intensity of FITC-iCREKA with and without activated MMP-2 in U87 cells using the flow cytometry analysis. (b)
Fluorescent intensity of FITC-iCREKA and FITC-CREKA in U87 cells using the flow cytometry analysis.

(a) (b) (c)

Figure 5: Immunofluorescent staining of the fibrin expression in the tumor tissues. (a) The immunofluorescent staining of the fibrin
expression in the tumor tissues (red). (b) DAPI staining of cell nuclei (blue). (c) Fusion of (a) and (b). Positive expression of fibrin was
detected in U87 tumor tissues. (magnification: ×200; scale bars, 3 𝜇m).

as that of fibrinogen. At 1 h after tail-vein injection, FITC-
CREKA also accumulated in the tumor stroma and exhibited
essentially the same distribution as FITC-iCREKA (Figure 8).

Three hours after tail-vein injection of FITC-iCREKA
or the control fluorescent probe FITC-CREKA into the
tumor-bearing mice, fluorescence imaging analysis revealed
that FITC-iCREKA accumulated in tumor cells. In contrast,
the control fluorescent probe FITC-CREKA remained in
the tumor stroma. No significant uptake of FITC-CREKA
fluorescence was detected in tumor cells (Figure 8).

3.6.The Tumor-Targeting Activity of FITC-iCREKA in Tumor-
BearingMice. At 1 h after tail-vein injection of tumor-bearing
mice with FITC-iCREKA or the control fluorescent probe
FITC-CREKA, tumor lesions and various organs and tissues
were isolated and subjected to fluorescence imaging. Sig-
nificant uptake of FITC-iCREKA was observed in tumors,
whereas only a low level of fluorescence uptake was detected
in normal brain tissues, yielding a tumor/brain ratio of 3.27±
0.78. The fluorescent probe FITC-iCREKA was eliminated
via biliary, intestinal, and urinary excretion. Consistently,

fluorescence largely accumulated in the gallbladder, intestinal
tract, and both kidneys. Only low levels of fluorescence were
distributed in other organs and tissues. Compared with the
control fluorescent probe FITC-CREKA, tumor lesions took
up considerably higher amounts of FITC-iCREKA. In addi-
tion, significant differences were observed in the tumor/brain
ratio between FITC-iCREKA and FITC-CREKA (3.27 ± 0.78
versus 1.63 ± 0.68, 𝑡 = 5.067, 𝑃 ⩽ 0.001) (Figure 9).

3.7. The Tumor-Targeting Activity of 18F-iCREKA in Tumor-
Bearing Mice. 18F-iCREKA was successfully prepared by
acylation. 4-Nitrophenyl-2-18F-fluoropropionate (18F-NFP)
is a reaction precursor. Its nitrophenyl group can react with
amino group of peptide, which can then form an amide bond
between 2-18F-fluoropropionate and peptide. As a result,
18F was coupled to the peptides. The synthetic procedure
was shown in Figure 10. The overall reaction time was
180min. After HPLC purification, the radiochemical purity
of 18F-iCREKA reached 97.0%. From the PET images in
Figure 11, the tumor could be clearly visualized because the
radioactivity uptake was significantly higher than that of
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(a) (b) (c)

Figure 6: Immunofluorescent staining of the MMP-2 expression in the tumor tissues. (a) The immunofluorescent staining of the MMP-2
expression in the tumor tissues (red). (b) DAPI staining of cell nuclei (blue). (c) Fusion of (a) and (b). Positive expression of MMP-2 was
detected in U87 tumor tissues. (magnification: ×200; scale bars, 3 𝜇m).

(a) (b) (c)

Figure 7: Immunohistochemical staining of the fibrin and MMP-2 expression in the tumor tissues. (a) The HE staining of tumor tissue. (b,
c) Immunohistochemical staining of fibrin and MMP-2 expressions in tumor tissue (brown). Positive expressions of fibrin and MMP-2 were
detected in U87 tumor tissues. (magnification: ×200; scale bars, 3 𝜇m).

(A) (B)

(A1) (B1)

FITC-iCREKA

FITC-CREKA

(a) 1 h after injection

(A) (B)

(A1) (B1)

FITC-iCREKA

FITC-CREKA

(b) 3 h after injection

Figure 8: Fluorescence distribution in tumor tissues at 1 h (a) and 3 h (b) after tail-vein injection of FITC-iCREKA (A) and FITC-CREKA (A1)
into model mice bearing U87 gliomas. (A) FITC-iCREKA; (A1) FITC-CREKA; (B) and (B1) merged images showing FITC-iCREKA/FITC-
CREKA and the nucleus. Magnification: ×200.
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Figure 9: In vivo fluorescence imaging of tumors and normal organs at 1 h after tail-vein injection of nude mice bearing U87 gliomas with
FITC-iCREKA (a and b) and FITC-CREKA (a1 and b1). Gallbladder was excluded from the figure. ((a) and (a1)) White light images; ((b) and
(b1)) fluorescence images.

the neighboring normal tissues. During the imaging process,
although the uptake in tumor decreased slightly over time,
the visualization of tumor was not obviously affected. High
radioactivity distribution was also noted in both kidneys,
which indicated 18F- iCREKA was eliminated mainly via
the urinary system. The radioactivity distribution in the
liver, gallbladder, and intestine was not very high, which
implied that the hepatobiliary system was not the main
elimination route of 18F- iCREKA. The radioactivity in the
brain, head and neck, lungs, heart, and muscle was also
minimal. Low radioactivity uptake in the brain contributed
to a high tumor/brain ratio of 2.11±0.24 at 30min, 3.53±0.31
at 60min, and 3.04 ± 0.37 at 120min, respectively. However,
low tumor/kidney (0.88 ± 0.11 at 60min) was observed.

4. Discussion

In the present study, the cyclic peptide iCREKA was suc-
cessfully synthesized and prepared as a fluorescent and
PET probe. Cytological examination, histological examina-
tion, and tumor imaging demonstrated that iCREKA-based
molecular probes specifically targeted the fibrin-fibronectin
complexes abundantly present in the tumor stroma. In addi-
tion, thesemolecular probeswere able to achieve a tumor cell-
penetrating effect after cleavage byMMP-2. Fluorescence and
PET imaging showed that iCREKA-based molecular probes
have the potential to be developed into molecular probes for
tumor imaging.

The development of molecular probes capable of specif-
ically targeting tumors holds great significance for tumor
diagnosis, tumor staging, and the evaluation of therapeutic

efficacy. Currently, 18F-fluorodeoxyglucose (18F-FDG) is the
most commonly used molecular probe in the diagnosis and
staging ofmalignant tumors and the evaluation of therapeutic
efficacy. The application of 18F-FDGPET/CT imaging has
a significant impact on the diagnosis and treatment of
tumors [23–27]. However, 18F-FDG is a glucose analog and
is therefore not a tumor-specific imaging agent. Some benign
lesions such as inflammation, tuberculosis, and granuloma-
tous lesions show increased metabolism, which may cause
false positive results in 18F-FDGPET/CT imaging.Therefore,
certain limitations exist in the application of 18F-FDG to
diagnose tumors. A number of other imaging agents have
been gradually developed. However, these imaging agents
have been unable to surpass 18F-FDG and achieve wide
recognition in clinical practice [28–30].

Studies have shown that fibrin-fibronectin complexes are
abundantly present in the tumor stroma. The levels of fibrin-
fibronectin complexes are significantly higher in the tumor
stroma than in normal tissues. The above findings lay a
foundation for studies that focus on targeting the tumor
stroma. Fibrin-fibronectin complexes are expected to become
targets for tumor stroma imaging. Work by Simberg et al.
has shown that the small polypeptide CREKA is capable of
specifically targeting fibrin-fibronectin complexes and thus
possesses tumor-homing functions [8, 31, 32]. However, it is
theoretically impossible to achieve tumor-specific targeting
by simply targeting the fibrin-fibronectin complexes in the
tumor stroma. In cases of inflammatory healing and trauma,
large amounts of fibrin-fibronectin complexes often accumu-
late in the lesioned tissues. Thus, distinguishing tumors from
inflammation is an important obstacle commonly facing
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Figure 10: Schematic synthetic procedure of 18F-FP-iCREKA.
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Figure 11: MicroPET/CT images at 30, 60, and 120min after tail-vein injection of nude mice bearing U87 gliomas with 18F-iCREKA.

tumor-imaging agents. In addition, as a linear polypeptide,
CREKA is readily degraded by soluble peptidases present in
the blood. The in vivo stability of CREKA is therefore much
lower than that of the cyclic peptides.

Dual-target recognition is expected to achieve better
tumor-specific targeting and be more conducive to distin-
guishing tumors from inflammation. Numerous studies have
shown that MMP-2/9 are highly expressed in tumor tissues,
which promotes the formation, repair, and maturation of
tumor neovasculature and stimulates tumor growth [33–
37]. MMP-2/9 is expressed at lower levels in normal tissues.
Targeting MMP-2/9 in tumor tissues has been attempted
in targeted cancer therapies [36–38]. In the present study,
the polypeptide iCREKA was designed to incorporate an
MMP2/9-cleavable linker. Consequently, specific penetra-
tion of iCREKA into tumor cells can be achieved only
after iCREKA is cleaved by MMP-2/9. Therefore, iCREKA
possesses dual-targeting properties, which is conducive to
the enhancement of targeting specificity. In the presence of
activated MMP-2, the accumulation of green fluorescence
within the tumor cells was intense; however, in the absence
of activated MMP-2, the uptake of green fluorescence within
the tumor cells was minimal, which indicated that Tat
mediated cellular internalization occurred in the presence of
activated MMP-2, but not in the absence of activated MMP-
2. The very slightly green fluorescence within the tumor
cells in the absence of activated MMP-2 might be due to

the self-luminescence of the substance within the cells, but
not the cellular internalization. Dual targeting of fibrin-
fibronectin complexes andMMP-2/9 in tumor tissues lays the
foundation for achieving tumor-targeting and tumor-specific
cell penetration.

The development of molecular probes that are taken up
only by tumor cells and not by normal cells or cells with
benign pathological changes is the basis for achieving tumor-
specific imaging and targeted cancer therapy. Tumor-specific
cell penetration is particularly important for targeted cancer
therapies, especially for therapies designed to damage specific
organelles in tumor cells. The tumor cell membrane often
represents an insurmountable physiological barrier to a large
number of drugs, and only after crossing this physiological
barrier may tumor-cell-organelle-targeting drugs exert their
effects. Therefore, tumor cell penetration has been a hot
topic in cancer research. The present study showed that the
addition of MMP-2 to the medium during incubation of
tumor cells with FITC-iCREKA allowed FITC-iCREKA to
penetrate into tumor cells. FITC-iCREKA not only accumu-
lated in the cytoplasm of tumor cells but also reached the
nucleus. At 3 h after intravenous injection of FITC-iCREKA
into tumor-bearing mice, a large amount of fluorescence
accumulated in the tumor cells but not in the tumor stroma.
The above results indicated that the combination of dual
targeting of fibrin-fibronectin complexes and MMP-2/9 and
MMP-2/9-mediated cleavage allowed iCREKA to achieve
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tumor cell-specific targeting andmembrane penetration. Flu-
orescence and PET imaging of tumor-bearing mice revealed
significant uptake of the imaging probe by tumors and the
accumulation of the imaging probe in normal pathways
of excretion. In contrast, no apparent accumulation of the
imaging probewas detected in other normal tissues in tumor-
bearing mice. The results of the present study indicate that
iCREKA has the potential to serve as a tumor-specific imag-
ing agent as well as a tumor-targeting cell-penetrating carrier.
It is expected that iCREKA can overcome the cell membrane
barrier and enter cells freelywhile carrying therapeutic drugs,
thereby playing a role in targeted cancer therapy.

Although the present study has demonstrated to a certain
extent that iCREKA has the potential to serve as a tumor-
targeting imaging agent or a carrier for targeted drugs, the
following aspects of the PET imaging study need to be
further addressed in detail: (1) iCREKA-based PET imaging
should be conducted on a large number of tumor models to
demonstrate repeatability. (2) iCREKA-based PET imaging
should be conducted on other types of tumors besides glioma
to determine the feasibility of broad-spectrum application
of iCREKA. (3) In this study, 18F-iCREKA was synthesized
by acylation. The labeling process was time consuming,
and the yields were fairly low. The development of other
labels to enhance synthetic yields and reduce the reaction
time is a difficult issue that needs to be solved in future
studies. Previous reports used a backbone-modified version
of CREKA in order to increase the activity in vivo, such as
David [39] that transformed CREKA into pocket-like shape
to increase its accumulation in tumors. However, in the
present study, we have not studied the differences on tumor
PET imaging between these two different versions. Although
we have confirmed the feasibility of tumor imaging of 18F-
iCREKA on PET in the present study, further research is
warranted to determine the superiority of the two versions
of CREKA.

5. Conclusions

In vivo and in vitro experiments showed that iCREKA was
able to target fibrin in the tumor stroma and subsequently
penetrate into glioma cells, allowing successful tumor imag-
ing. MicroPET/CT imaging demonstrated that 18F-iCREKA
specifically targeted glioma lesions, which enables the visual-
ization of the tumors.
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Molecular imaging probes such as PET-tracers have the potential to improve the accuracy of tumor characterization by directly
visualizing the biochemical situation. Thus, molecular changes can be detected early before morphological manifestation. The
A
3
adenosine receptor (A

3
AR) is described to be highly expressed in colon cancer cell lines and human colorectal cancer

(CRC), suggesting this receptor as a tumor marker. The aim of this preclinical study was the evaluation of [18F]FE@SUPPY
as a PET-tracer for CRC using in vitro imaging and in vivo PET imaging. First, affinity and selectivity of FE@SUPPY and its
metabolites were determined, proving the favorable binding profile of FE@SUPPY. The human adenocarcinoma cell line HT-29
was characterized regarding its hA

3
AR expression and was subsequently chosen as tumor graft. Promising results regarding the

potential of [18F]FE@SUPPY as a PET-tracer for CRC imaging were obtained by autoradiography as ≥2.3-fold higher accumulation
of [18F]FE@SUPPYwas found in CRC tissue compared to adjacent healthy colon tissue from the same patient. Nevertheless, first in
vivo studies usingHT-29 xenografts showed insufficient tumor uptake due to (1) poor conservation of target expression in xenografts
and (2) unfavorable pharmacokinetics of [18F]FE@SUPPY in mice. We therefore conclude that HT-29 xenografts are not adequate
to visualize hA

3
ARs using [18F]FE@SUPPY.
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1. Introduction

Colorectal cancer (CRC) is the fourth leading cause of
cancer-related deaths in men and women worldwide [1].
The primary diagnosis is usually made by colonoscopy and
biopsy, which often does not reflect the full extent of the
disease due to tumor heterogeneity and disregard of potential
metastases. Positron Emission Tomography (PET) provides a
noninvasive imaging technique, which is valuable for tumor
staging and clinical decision making and to estimate the
patient’s prognosis [2]. Besides the routinely used PET-tracer
[18F]FDG, the availability of specific tumor tracers would
enhance the characterization of colorectal tumors and help
in CRC staging and with the choice of treatment.

An essential characteristic of most solid tumors is
hypoxia, which inevitably leads to accumulation of adenosine
within the tumor microenvironment as a result of the break-
down of adenine nucleotides, which has been recognized in
the 1990s [3, 4]. Since then, many efforts have been made
to clarify the role of adenosine and its receptors in cancer
[5–7]. The expression of the A

3
adenosine receptor (A

3
AR),

which is one of four subtypes of the adenosine receptor
family, has been reported in several human tumor cell lines
including leukemia (Jurkat T, HL-60), melanoma (A375), and
astrocytoma (ADF) [8–12]. In particular, there is a rising
interest in the involvement of A

3
ARs inCRC asA

3
ARprotein

expression has been reported for various colon cancer cell
lines, including Caco-2, HCT-116, CCL-228, DLD-1, and HT-
29 [13–15]. Merighi et al. have shown that caffeine leads
to hypoxia-inducible factor-1 (HIF-1) protein accumulation
and increased vascular endothelial growth factor (VEGF)
expression through A

3
AR stimulation in HT-29 cells under

hypoxic conditions [16]. According to Sakowicz-Burkiewicz
et al., treatment with the A

3
AR agonist IB-MECA (1 𝜇M)

results in an A
3
AR-dependent growth promoting effect in

HT-29 cells. In contrast, IB-MECA causes cell apoptosis in
HCT-116 cells, similarly in an A

3
AR dependent manner [13].

High expression of A
3
AR mRNA and protein has been

reported in colon and breast carcinoma compared to adja-
cent nonneoplastic tissue by Madi et al. Remarkably, even
higher levels of A

3
AR mRNA have been found in lymph

node metastases than in primary tumor tissue, suggesting
A
3
AR-overexpression as a marker for tumor progression

[17]. Additionally, Gessi et al. studied A
3
AR expression in

colorectal cancer tissue samples of 73 patients and provided
evidence that the A

3
AR has the potential to be used as a

diagnostic marker for colon cancer. The authors have shown
≥2-fold increased A

3
AR protein expression in primary colon

carcinomas compared to normal mucosa and describe a
tendency towards higher A

3
AR expression in large adenomas

compared to small adenomas. Therefore, the authors pro-
posed a major role of the A

3
AR in cancer aggressiveness [18].

Moreover, radioligand binding experiments using the A
3
AR

antagonist [3H]MRE 3008F20 and western blot analysis
indicated that the A

3
AR is the most abundant of all four

adenosine receptor subtypes in colorectal cancer tissues as
well as in colon cancer cell lines (Caco-2, DLD-1 and HT-
29). On the contrary, RT-PCR experiments showed relatively

low levels of A
3
AR mRNA in the mentioned colon cancer

cell lines compared to mRNA levels of the other adenosine
receptor subtypes [15]. As mRNA levels do not necessarily
correlate with protein levels [19] and protein transcription is
a prerequisite for targeted receptor imaging approaches such
as PET imaging, protein expression data is the most relevant
for this study.

The A
3
AR antagonist [18F]FE@SUPPY has been pre-

sented as the first PET-tracer for hA
3
AR imaging in 2008 by

Wadsak et al. [20, 21]. First preclinical PET imaging using
CHO-K1-hA

3
AR xenografts has shown promising results

leading to further evaluation of this PET-tracer in oncology
[22]. Besides [18F]FE@SUPPY and [18F]FE@SUPPY:2, only
a few other PET-ligands have been proposed for A

3
AR

imaging, including carbon-11 labeled 1,2,4-triazolo[4,3-
a]quinoxalin-1-one derivatives and bromine-76 labeled
nucleoside ligands ([76Br]MRS3581 and [76Br]MRS5147)
[23–25]. To our knowledge, no preclinical in vivo PET
imaging has been reported for these A

3
AR PET-ligands

so far. In our preclinical study, we aimed to evaluate
[18F]FE@SUPPY as a PET-tracer for human cancer using
in vitro imaging and in vivo PET imaging in a CRC tumor
model.

2. Methods

2.1. General

2.1.1. Cell Culture. HT-29 cells and CHO-K1 cells were
purchased from ATCC. HT-29 cells were cultured in RPMI
1640 medium supplemented with 10% fetal calf serum,
2mML-glutamine, and 10 𝜇g/mL gentamicin sulfate. Human
A
3
adenosine receptor-expressing CHO-K1 cells (CHO-K1-

hA
3
AR) were purchased from PerkinElmer (ValiScreen�

GPCR cell line) and were grown using Ham’s F12 sup-
plemented with 10% FCS, 2mM L-glutamine, penicillin
(100U/M), streptomycin (100 𝜇g/mL), and 0.4mg/mL G418.
Parental CHO-K1 cells were cultured likewise, but without
selection antibiotics. Cells were maintained under standard
conditions in a humidified incubator (37∘C, 5% CO

2
).

2.1.2. Animals. Six-week-old male BALB/c mice (BALB/
cAnNRj, Division of Laboratory Animal Science and Genet-
ics, Himberg, Austria) were kept under conventional housing
conditions, with food and water supply ad libitum and
a 12 h day/night cycle. Male, immunodeficient CB17-SCID
mice (CB-17/Icr-𝑃𝑟𝑘𝑑𝑐scid/Rj, Janvier Labs, France) of the
same age were kept under specific pathogen-free conditions
in individually ventilated cages. All animals were treated
according to the European Union rules on animal care.
The corresponding animal experiments were approved by
the Austrian Ministry of Sciences (BMWFW-66.009/0031-
WF/V/3b/2015, BMWFW-66.009/0029-WF/V/3b/2015).

2.1.3. Tumor Grafting. After 10 to 14 days upon arrival, CB17-
SCID mice were injected subcutaneously with 2 × 106 HT-
29 cells into one flank and 2 × 106 CHO-K1 cells in the
opposite flank (𝑛 = 9). Body weight and tumor development
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were monitored every second day by caliper measurement.
The respective tumor volume was calculated according to the
following equation: tumor volume (mm3) = 𝑑2×D/2 (where d
is the shortest diameter andD the longest diameter). Animals
were subjected to 𝜇PET imaging 10 days after inoculation,
when tumors reached a volume of at least 300mm3. Tumor
volume never exceeded 1 cm3.

2.1.4. Human Tissues. Colorectal carcinoma tissue and adja-
cent healthy colon tissue were obtained directly after
tumorectomy from two patients after full informed consent
and quick-frozen in 2-methylbutane (−40∘C). Tissue was
sliced into 16𝜇m slices using a microcryotome (Thermo
Scientific Microm HM 560) and stored at −80∘C until usage.
Depending on the sample size, 3 to 4 different regions were
defined and analyzed by means of autoradiography and
immunohistochemistry.

2.2. Characterization of Binding and Target Expression

2.2.1. Competitive Binding Assay. Competitive binding assays
were performed using hA

1
AR, hA

2AAR, or hA3AR express-
ing cell membranes (18.5 ng/𝜇L, 16.7 ng/𝜇L, or 1.7 ng/𝜇L
final protein concentration, resp.) and 1.7 nM [3H]DPCPX
(𝐾
𝐷
= 1.7 nM), 50 nM [3H]CGS21680 (𝐾

𝐷
= 23 nM), or

0.4 nM [125I]AB-MECA (𝐾
𝐷
= 0.78 nM) as the respective

radioligands (all purchased from PerkinElmer, Inc.Waltham,
USA). The assay was performed according to the manufac-
turer’s instructions in a final volume of 500 𝜇L. Increasing
concentrations of test compounds were added, whereby the
concentration of dimethyl sulfoxide (DMSO) in final assay
volume remained≤10% (hA

1
AR and hA

2AAR assay) and≤1%
in the hA

3
AR assay. Nonspecific binding was determined

using 1𝜇MDPCPX (hA
1
R assay), 1 𝜇MSCH-442,416 (hA

2AR
assay), or 10 𝜇M I-AB-MECA (hA

3
AR assay). Filtration

through GF/B filters (Whatman�, presoaked in 0.1% PEI
or 0.5% BSA) was performed using a cell harvester (Bran-
del�), and receptor-bound radioactivity was determined via
gamma counting (2480 Wizard2, PerkinElmer) or liquid
scintillation counting (Hidex 300 SL). IC

50
fitted binding

curves were generated using the GraphPad Software 5.0, and
𝐾
𝑖
values were calculated using the Cheng-Prusoff equa-

tion.

2.2.2. Flow Cytometry. For the flow cytometric evaluation
of hA

3
AR expression, single-cell suspensions of HT-29 cells

(2 × 105 per tube) were fixed and permeabilized using
Cytofix/Cytoperm� kit (BD Biosciences). Cells were incu-
bated with mouse monoclonal anti-human A

3
AR (100 𝜇L

of 4 𝜇g/mL in PBS + 2% FCS, Abnova H00000140-M01)
or mouse IgG2b kappa isotype control (100 𝜇L of 4𝜇g/mL
in PBS + 2% FCS, eBioscience� 14-4732-85) for 1 h at
4∘C. Following a washing step, bound primary antibodies
were detected with rabbit anti-mouse IgG FITC (100 𝜇L of
40 𝜇g/mL in PBS + 2% FCS, Dako F0261) for 30min at 4∘C
in the dark. Samples were analyzed on a FACSCalibur� flow
cytometer (BD Bioscience), whereby 10,000 single cells were
recorded.

2.2.3. Western Blot. Cell lysates were prepared from 75 cm2
cell culture flasks when cells reached 80% confluency using
radioimmunoprecipitation assay (RIPA) buffer and protease
inhibitor cocktail according to the manufacturer’s instruc-
tions. Tissue lysates from HT-29 xenografts were prepared
according to a standard protocol using RIPA buffer (accord-
ing to sample size approx. 4 times of lysis buffer), protease
inhibitor, andUltra-Turrax� for homogenization.The protein
concentration of cell lysates was determined using Pierce�
BCAProteinAssayKit (Thermo Scientific), and 20 𝜇g protein
per well was loaded onto TGX� precast gels (Bio-Rad). After
gel electrophoresis (200V, 30min), proteins were transferred
to nitrocellulose membranes (Amersham� Protran� Pre-
mium 0.2𝜇m NC, GE Healthcare Life Sciences) via semidry
blotting (80mA per gel). Membranes were incubated with
rabbit polyclonal anti-A

3
AR (Santa Cruz Biotechnology, Inc.

sc-13938) (1 : 750, 2 h, RT) and further incubated with goat
anti-rabbit IgG HRP conjugate (1 : 5000, 1 h, RT). Detection
was performed using the dedicated kit (SuperSignal West
Pico Chemiluminescent Substrate detection kit, Thermo
Scientific), and chemiluminescence imaging was conducted
(Bio-Rad VersaDoc� Imaging System).

2.3. In Vitro Imaging

2.3.1. Immunofluorescence Microscopy. HT-29 cells were
seeded on chamber slides (3 × 105/mL, 200𝜇L per well,
8 well slides) and incubated at 37∘C until 50% confluency
was reached. Cells were then fixed (4% paraformaldehyde
in PBS, 15min, 4∘C), permeabilized (0.2% Triton X in PBS,
2min, room temperature (RT)), and blocked (2% FCS in
PBS, 30min, RT). Mouse monoclonal anti-human A

3
AR

(Abnova H00000140-M01) and mouse IgG2b kappa isotype
control (eBioscience 14-4732-85) were used 1 : 50 in PBS +
2% FCS and incubated for 1 h at RT. Cells were washed three
times with PBS and incubated with the secondary antibody
(rabbit anti-mouse IgG FITC, Dako F0261) for 1 h at RT.
After washing, cells were incubated with DAPI (1 : 5000)
for 10min at RT, and subsequently, slides were embedded
with an aqueous mounting medium (Fluoromount�, Sigma
F4680). Slides were recorded on an Axioplan II fluorescence
microscope (Carl Zeiss Microscopy).

2.3.2. Autoradiography. Tissue slices were thawed and
reconstituted in assay buffer (50mM Tris-HCl pH 7.4,
100mM NaCl, 1mM EDTA, 1% BSA, 1 unit adenosine
deaminase/100mL) for 30min at RT. Radiosynthesis of
[18F]FE@SUPPY was performed as previously described and
the product was physiologically formulated (EtOH/0.9%
saline 10/90) [20]. Tissue slices were incubated with 50 kBq
[18F]FE@SUPPY (40–200 GBq/𝜇mol) in 100𝜇L assay buffer
for 1 h at RT. Slices were thoroughly washed with ice-cold
wash buffer (50mM Tris-HCl pH 7.4), dried, and exposed to
a phosphor screen overnight. The readout of the phosphor
storage screen was performed on a Cyclone Phosphor
Imager (Perkin Elmer), and data analysis was performed
using OptiQuant� Software as previously described [26].
Statistical testing was performed using GraphPad Prism
5.0 Software. Differences among groups (colorectal cancer
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versus healthy colon) were analyzed using a two-tailed,
unpaired Student’s 𝑡-test with Welch’s correction.

2.3.3. Immunohistochemistry. Vicinal cryosections of col-
orectal carcinoma and healthy colon tissue were stained
to identify regions with hA

3
AR expression following a

standard protocol. In brief, cryosections were fixed (96%
ethanol, 10min), permeabilized (0.2% Triton X-100 in PBS,
5min), and blocked using Bloxall� Blocking Solution and
a dedicated avidin/biotin blocking kit (Invitrogen, Thermo
Fisher Scientific). Additionally, sections were incubated with
goat serum (1 : 10 in PBS) to reduce nonspecific binding.
Rabbit polyclonal anti-A

3
AR (1 : 100, ab203298; Abcam) was

used 1 : 100 in PBS + 0.1% BSA for 1 h in a humid, dark
chamber. Purified rabbit IgG (Life technologies) was used
as an isotype control likewise. Cryosections were washed 3
times for 5min (PBS + 0.1% Tween-20) and incubated with
biotinylated anti-rabbit IgG (1 : 200, PBS + 5% goat serum)
for 30min. After washing, further detection was performed
with the Vectastain� ABC kit (Vector Laboratories) accord-
ing to the manufacturer’s instructions. DAB substrate kit
(Abcam) was used as a chromogen to detect peroxidase, and
haematoxylin was used for counterstaining of cell nuclei.
Immunohistochemically stained slides were acquired on an
automated TissueFAXS microscope system (TissueGnostics,
Vienna, Austria) at a 5-fold and 20-fold magnification.

2.4. Tracer Stability in Mice

2.4.1. In Vitro Stability Tests. Stability of [18F]FE@SUPPY
was tested against mouse liver microsomes, mouse S9 frac-
tion, and mouse plasma (BD Sciences). Amount of intact
tracer (%) was determined after 5, 10, 20, 40, 60, and 120min
using an Agilent series 1100/1200 HPLC system connected to
a radioactivity detector (Raytest, Ramona Star) (𝑛 = 2 in
triplicate). The assay was conducted as previously described
for respective rat and human enzymes [27].

2.4.2. Ex Vivo Blood Stability. Radiosynthesis was performed
as described elsewhere [20] and the product was processed as
follows: ethanol was totally evaporated and the dry product
was again physiologically formulated in 1.5–2mL Tween-
20/EtOH/0.9% saline 1/9/90 to obtain activity concentrations
of approximately 1 GBq/mL. Healthy BALB/c mice were
injectedwith 18±2MBq (molar activity = 70–200GBq/𝜇mol)
retroorbitally and sacrificed after 5, 10, 20, 40, and 70min
(𝑛 = 3 for each time point). Blood samples were collected
and immediately precipitated using acetonitrile/methanol
(10 : 1) and centrifuged (12,000 rpm, 5min, 4∘C).Theobtained
supernatants were subjected to radio-HPLC as previously
described [22].

2.5. Biodistribution. Ex vivo biodistribution of
[18F]FE@SUPPY was assessed 70min after tracer application
in BALB/c mice. Radioactivity was determined using a
gamma counter (2480 Wizard2, PerkinElmer), organs were
wet-weighted, and percentage of injected dose per gram of
organ was calculated (%ID/g).

2.6. In Vivo Imaging. Xenograft-bearing CB17-SCID mice
were anesthetized using isoflurane (2.5%) mixed with oxy-
gen (1.5 L/min) to avoid movement during the imaging.
Blocking agents (2mg/kg BW FE@SUPPY or MRS1523) or
the respective vehicle control (Tween-20/EtOH/0.9% physi-
ological saline 1/9/90) was administered retroorbitally 2min
prior to the radiotracer administration (𝑛 = 3 per group).
Subsequently, the animals received another retroorbital injec-
tion of 17.42 ± 4.5 MBq [18F]FE@SUPPY into the venous
plexus of the opposite eye. With a minor delay after the
application of the radiotracer (2-3min), mice were placed
into the field of view of the scanner (𝜇PET/CT Inveon,
Siemens Medical Solution, Knoxville, USA), and dynamic
imaging was performed for 60min to follow tracer distribu-
tion. Vital parameters (respiration, body temperature) were
continuously monitored using a dedicated monitoring unit
(bioVet; m2m imaging, Cleveland, OH, USA) to ensure the
depth of anesthesia andwellbeing of the animals. Retroorbital
application volumes did not exceed 100 𝜇L per application.

3. Results and Discussion

3.1. Characterization of Binding and Target Expression. Affin-
ity and selectivity of FE@SUPPY and its potential metabo-
lites upon cleavage by carboxylesterases, DFE@SUPPY, and
FE@SUPPY:11 [28] were determined in competitive binding
assays. FE@SUPPY has been first described by Li et al., who
reported a𝐾

𝑖
value of 4.22 ± 0.7 nM for human A

3
AR. How-

ever, this study only provided the selectivity ratio towards
rat A
1
AR (rA

1
AR/hA

3
AR = 7400) [29]. Here, we confirmed

the affinity of FE@SUPPY towards the human A
3
AR (𝐾

𝑖

= 6.02 ± 0.4 nM, 𝑛 = 3) and demonstrated its selective
hA
3
AR binding compared to the other human adenosine

receptors. Moreover, the respective theoretical metabolites
show little affinity for the hA

3
AR, supporting the potential

of FE@SUPPY as a ligand for human in vivo application
(Table 1).

The human colorectal adenocarcinoma cell line (HT-29)
was characterized regarding its hA

3
AR protein expression

using flow cytometry and western blot. Flow cytometric
analysis resulted in mean fluorescence intensity (ΔMFI) of
53.6 ± 22 in three independent experiments (Figure 1).
Additionally, A

3
AR protein expression in HT-29 cells was

determined by western blot (Figure 8) (western blot results
are discussed separately below). This is in line with previous
studies, which reported A

3
AR expression for this cell line as

well [13, 15]. Thus, HT-29 cells were subsequently chosen for
tumor graft experiments.

3.2. In Vitro Imaging. Fluorescence microscopy of HT-29
cells showed cell membrane-specific staining, pointing at the
expression of hA

3
AR on the cell surface, which is typical for

GPCRs (Figure 2).
In all investigated regions of the two CRC patients,
[18F]FE@SUPPY accumulation was higher in colorectal car-
cinoma tissue slices than in healthy colon tissue slices of
the same individual (for detailed analysis see supplementary
(available here)). In 5 of 7 regions, a ≥2.3-fold higher binding
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Table 1: Affinity and selectivity data of FE@SUPPY and metabolites towards adenosine receptor subtypes (𝑛 = 3–5 in triplicate; amount
of DMSO never exceeded 1% of total assay volume in hA

3
AR assay; DMSO was added up to 10% in hA

1
AR and hA

2AAR assay;∗𝑛 = 2 in
triplicate; exact 𝐾

𝑖
value could not be determined due to limited solubility).

Compound hA
1
AR hA

2AAR hA
3
AR hA

1
/hA
3
AR hA

2A/hA3AR
FE@SUPPY 4.03 ± 1.0 𝜇M 1.72 ± 0.4 𝜇M 6.02 ± 0.4 nM 669 285
DFE@SUPPY 5.46 ± 0.4 𝜇M 37.13 ± 16 𝜇M 2.58 ± 1.2 𝜇M 324 112
FE@SUPPY:11 ≥57 𝜇M∗ 5.86 ± 0.8 𝜇M 2.80 ± 1.4 𝜇M ≥20 2

0

100

200

300

100 101 102 103

Figure 1: Flow cytometric analysis of HT-29 cells revealed expres-
sion of hA

3
AR protein (green). The isotype control did not show

fluorescence signal (blue).

of [18F]FE@SUPPY was found (𝑃 < 0.05). This finding is in
accordance with Gessi et al., who reported similar ratios by
means of [3H]MRE 3008F20 binding [18]. Regions with high
accumulation of [18F]FE@SUPPY corresponded to regions
with high hA

3
AR expression identified by immunohisto-

chemistry (Figure 3).

3.3. Tracer Stability in Mice. [18F]FE@SUPPY exhibited high
stability inmouse plasma, as 92.6±0.7%of intact tracer could
still be detected after 120min of incubation at 37∘C. In vitro
stability tests against mouse liver homogenates (S9 fraction)
and purifiedmouse livermicrosomes showed 66.9±6.7% and
31.4 ± 7.8% intact tracer after 120min, respectively. Ex vivo
blood stability analysis demonstratedmore rapid degradation
of [18F]FE@SUPPY in vivo than that observed in in vitro
testing as only 2.2 ± 0.4% intact [18F]FE@SUPPY could be
determined after 70min (Figure 4).This data indicates higher
metabolism inmice compared to rats described in previously
conducted studies, where 25.8 ± 5.3% intact tracer was found
in plasma after 60min [22]. However, these data could also
bemimicked by the fact that intact [18F]FE@SUPPY is rapidly
cleared from blood hepatobiliary (into the bile fluid, compare

Figures 5 and 7), and the equilibrium in blood is therefore
shifted to the metabolites.

3.4. Biodistribution. Biodistribution was assessed 70min
after tracer application in healthy BALB/cmice and revealed a
high accumulation of radioactivity in fat-rich regions (brown
adipose tissue, BAT) likely due to the tracer’s lipophilicity
[30]. Regarding the emunctory organs, liver showed the
highest accumulation (14.57 ± 0.20% ID/g), followed by
the kidneys (2.67 ± 0.24% ID/g). The additional analysis of
body liquids pointed at a mainly hepatobiliary excretion of
[18F]FE@SUPPY, as the highest amount was found in bile
fluid (162.78 ± 37.51% ID/g). The amount of radioactivity
in the kidneys and urine (43.33 ± 9.23% ID/g) suggests
the excretion of the hydrophilic radioactive metabolite, 2-
[18F]fluoroethanol [31], which was already proposed by
Haeusler et al. [28].The circulating radioactivity in bloodwas
low after 70min (1.6 ± 0.1% ID/g). This finding is in accor-
dance with the results obtained by the ex vivo blood analysis.
Moreover, pronounced accumulation of [18F]FE@SUPPY
was found inA

3
AR rich tissues such as the heart (1.13±0.04%

ID/g) and lung (1.50±0.23% ID/g). A similar biodistribution
pattern was observed for rats in a previously conducted study
[20]. [18F]FE@SUPPY accumulation in the brain was low
after 70min (0.23 ± 0.03% ID/g) (Figure 5).

3.5. In Vivo Imaging. 𝜇PET imaging of the mouse xenograft
model revealed high uptake of [18F]FE@SUPPY in the
emunctory organs, which was again most pronounced in
the liver (SUV = 6.68 ± 0.80). Low standardized uptake
values were observed in tumor masses of both HT-29 and
CHO-K1 xenograft tumors (SUV = 0.23 ± 0.06 and 0.25 ±
0.33), respectively. There was no difference between CHO-
K1 xenografts, which served as a negative control (human
A
3
AR negative), andHT-29 xenografts.Moreover, significant

blocking could not be achieved (Figure 6). The affinity of
FE@SUPPY for the mouse A

3
AR is uncertain but is expected

to be lower than that for the human A
3
AR due to the known

species differences. The lack of adequate rodent models,
mainly due to the low affinity of most hA

3
AR ligands to the

rodent A
3
AR, was already recognized by Yamano et al. who

proposed a humanized mouse model [32]. Specific uptake
was therefore not expected in mouse tissues. Interestingly,
a significant influence of the blocking was observed in BAT
(decrease in uptake) and lung (increase in uptake). However,
the data is based on a set of three individuals in each group,
and displacement was not performed in the same individuals.



6 Contrast Media & Molecular Imaging
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Figure 2: Immunofluorescent staining of HT-29 cells; left: DAPI, middle: FITC, right: merge. Upper row: mouse isotype control, lower row:
anti-human A

3
AR staining.

MAX

MIN

Figure 3: Upper row: immunohistochemical staining of hA
3
AR. Lower row: autoradiographic analysis of the corresponding vicinal tissue

slices using [18F]FE@SUPPY. Left and center: colon cancer tissue, right: healthy colon tissue.

Since tumor uptake in the chosen model was insufficient and
not blockable, this phenomenon was not investigated any
further.

For a detailed analysis of the pharmacokinetics, volumes
of interest were also generated formouse body liquids includ-
ing blood, urine, and bile fluid (Figure 7). The radioactivity

in blood was generally low (SUV = 1.21 ± 0.11) compared
to the body liquids, urine (SUV = 8.86 ± 3.44), and bile
fluid (21.85 ± 10.63), showing the highest accumulation of
[18F]FE@SUPPY, which is in line with the biodistribution
experiments.Thementioned standardized uptake values refer
to baseline conditions.
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Figure 4: In vitro stability and ex vivo blood stability of [18F]FE@SUPPY.
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Figure 5: Biodistribution of [18F]FE@SUPPY in healthy BALB/c mice (𝑛 = 3). (a) shows biodistribution in organs. (b) shows accumulation
in body liquids.

Adenosine concentrations of ∼0,5 𝜇M have been pro-
posed inHT-29 tumors grown as xenografts [4]. Even though
adenosine displays only intermediate affinity for the A

3
AR

(∼1 𝜇M at the rat A
3
AR [33]), the PET-tracer would have to

compete with the endogenous ligand for A
3
AR occupancy.

This may decrease accumulation of [18F]FE@SUPPY in the
xenografts. However, more importantly, despite the fact that
western blot analysis demonstrated hA

3
AR expression in

HT-29 cells, hA
3
AR protein could not be detected in tissue

lysates derived fromHT-29 xenografts.This indicates that the
human receptor is poorly conserved inmice upon tumor graft
(Figure 8). To our knowledge, this phenomenon has not been
described in literature so far but has tremendous impact on
in vivo imaging. PET imaging is only feasible if an abundant
amount of the target is available, as only nanomolar or even
lower concentrations of PET-tracers are applied.

4. Conclusion

We found a favorable binding profile of [18F]FE@SUPPY
displaying high affinity for the human A

3
AR besides low

affinity for the other human adenosine receptor subtypes.
Autoradiography showed ≥2.3-fold higher uptake in human
CRC compared to adjacent healthy colon tissues. First in
vivo studies using HT-29 xenografts showed insufficient
tumor uptake. After initial high expression rates of the
A
3
AR in the HT-29 cells, tumor masses, derived from HT-

29 xenografts, revealed low target expression. The receptor
was not conserved in the xenograft, which hampered the PET
imaging strategy. An additional drawback of the used mouse
model is the unfavorable pharmacokinetics of the PET-tracer
[18F]FE@SUPPY in mice. It is questionable how accurate
xenograft models in immunocompromised mice are to study
the role of human A

3
ARs in cancer. Despite all efforts, in vivo
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Figure 6: 𝜇PET-imaging was performed for 60min. Activity con-
centration of [18F]FE@SUPPY in organs of interest is expressed as
standardized uptake value (SUV). Blocking experiments, shown in
the figure, were performed using unlabeled FE@SUPPY. Blocking
experiments usingMRS1523 provided the same outcome and are not
shown in the figure.
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Figure 7: 𝜇PET-imaging was performed for 60min. Activity
concentration of [18F]FE@SUPPY in body liquids is expressed as
standardized uptake value (SUV). Blocking experiments, shown in
the figure, were performed using unlabeled FE@SUPPY. Blocking
experiments usingMRS1523 provided the same outcome and are not
shown in the figure.
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Figure 8:Western blot analysis of HT-29 cell lysate and tissue lysate
derived from HT-29 xenograft tumors. CHO-K1-hA

3
AR cell lysate

was loaded as a positive control. An additional bond of unknown
identity was detected in HT-29 cell lysate.

visualization of the A
3
AR has not been successful to date and

deeper understanding of A
3
AR function is still missing.
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The presence of tumor-associated macrophages (TAMs) is significantly associated with poor prognosis of tumors. Currently,
magnetic resonance imaging- (MRI-) based TAM imaging methods that use nanoparticles such as superparamagnetic iron oxide
and perfluorocarbon nanoemulsions are available for quantitative monitoring of TAM burden in tumors. However, whether MRI-
basedmeasurements of TAMs can be used as prognosticmarkers has not been evaluated yet. In this study, we used positron emission
tomography (PET) with 18F-2-fluoro-2-deoxy-D-glucose (18F-FDG) as a radioactive tracer and fluorine-19- (19F-)MRI for imaging
mouse breast cancer models to determine any association between TAM infiltration and tumor metabolism. Perfluorocarbon
nanoemulsions were intravenously administered to track and quantify TAM infiltration using a 7TMR scanner. To analyze glucose
uptake in tumors, 18F-FDG-PET images were acquired immediately after 19F-MRI. Coregistered 18F-FDG-PET and 19F-MR images
enabled comparison of spatial patterns of glucose uptake and TAM distribution in tumors. 19F-MR signal intensities from tumors
exhibited a strong inverse correlation with 18F-FDG uptake while having a significant positive correlation with tumor growth from
days 2 to 7. These results show that combination of 19F-MRI and 18F-FDG-PET can improve our understanding of the relationship
between TAM and tumor microenvironment.

1. Introduction

Many types of tumors with poor prognosis are character-
ized by dense infiltration of tumor-associated macrophages
(TAMs) [1–3]. Crosstalk between TAMs and tumor cells
through anti-inflammatory cytokines such as interleukin-10
contributes to various aspects of tumor progression by activi-
ties such as promoting tumor angiogenesis [4–6], supporting
destruction of basal extracellularmatrix [7, 8], and facilitating
metastasis [9]. Thus, TAMs have been drawing attention
as key diagnostic, prognostic, and therapeutic targets for
characterization and treatment of tumors [10–12].

Several imagingmethods have been developed for nonin-
vasive analysis of distribution and quantification of TAMs
in tumors. One of these methods is the nanoparticle-based

magnetic resonance imaging (MRI) cell-tracking method,
which exploits the high phagocytic activity ofmacrophages to
passively label them with nanoparticles through intravenous
administration. Superparamagnetic iron oxide (SPIO)
nanoparticles and perfluorocarbon (PFC) nanoemulsions
are widely used as TAM-labeling contrast agents. With SPIO
nanoparticles, TAMs are visualized as hypointense spots on
T2-weighted MR images. These nanoparticles have a high
potential for clinical translation owing to their approval
by the Food and Drug Administration (e.g., Feraheme)
[13, 14]. Upon fluorination with PFC nanoemulsions, TAMs
are visualized as “hot spots” by fluorine-19- (19F-) MRI
[15–18]. Because of the lack of 19F atoms in biological tissues,
19F-MRI confirms the presence of TAMs once 19F signals
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are detected; it also enables a simple quantification process,
because the number of 19F spins is linearly correlated with
the corresponding MR signal intensity.

While both SPIO and PFC have been shown to be
effective for monitoring and quantifying TAMs, whether
TAM burden quantified through these nanoparticle-based
methods is associated with tumor development has yet to be
examined. To investigate the prognostic implications ofMRI-
based TAMmonitoring, another imaging modality designed
for observing tumor behavior may be concurrently used,
along with histopathological analysis. We hypothesized that
positron emission tomography (PET) with 18F-2-fluoro-2-
deoxy-D-glucose (18F-FDG) as a radioactive tracer can serve
such a purpose, since it is widely practiced as a clinical
routine for staging tumor malignancy through measurement
of tumor glucose uptake [19]. Simultaneous MRI tracking
of TAMs and 18F-FDG-PET imaging of tumor metabolism
might help determine the prognostic potential of MRI-based
TAM tracking and provide new insights to understanding
tumor physiology.

Here, we report the preliminary results from combin-
ing 19F-MRI and 18F-FDG-PET for monitoring TAM infil-
tration and tumor metabolism. The feasibility of spatial
correlation of TAM distribution and glucose metabolism
patterns was investigated, and significant correlations were
observed between 19F-MR signal intensity and PET param-
eters. Overall, we demonstrate that combination of 19F-
MR-based TAM tracking and 18F-FDG-PET imaging could
provide opportunities for noninvasive yet precise profiling of
tumor microenvironment and behavior.

2. Materials and Methods

2.1. Preparation of PFC Emulsion. PFC nanoemulsions were
synthesized in accordance with a previous protocol, with a
minor modification [20]. Lutrol F68 (60mg/mL; BASF, Lud-
wigshafen, Germany) was dissolved in phosphate buffered
saline (PBS; Gibco, Waltham, MA). Perfluoro-15-crown-5-
ether (60%w/v; Oakwood Chemicals, Estill, SC) was thor-
oughly mixed into this solution using a micromixer. The
mixture was emulsified by sonication in ice-cold water
in a pulsed mode (2 s run and 2 s off) at 1.5W for
10min using a sonicator (Sonicator 3000; Misonix, Farm-
ingdale, NY). In the last 2-3 cycles of sonication, 1,1-
dioctadecyl-3,3,33-tetramethylindocarbocyanine perchlo-
rate (DiI; 4𝜇l/mL; Molecular Probes, Eugene, OR) was
added for fluorescence. The resultant emulsions were then
filter-sterilized through 0.45 and 0.2𝜇m filters (Sartorius
Stedim, Aubagne, France) and stored at 4∘C until use. The
size and polydispersity index of the PFC nanoemulsions
were determined to be 160 nm and 0.08, respectively, using
dynamic light scattering (Malvern Zetasizer, Worcestershire,
UK).

2.2. Animal Models. All animal experiments were performed
in accordance with the guidelines of the Institutional Animal
Care and Use Committee (approval number, NCC-15-249) of
the National Cancer Center, Korea. 4T1 mouse breast cancer

cells (AmericanTypeCultureCollection,Manassas, VA)were
cultured in Roswell Park Memorial Institute-1640 medium
(Hyclone, Logan, UT) supplemented with 10% fetal bovine
serum (Cellgro, Tewksbury, MA) and 1% antibiotic solution
(Gibco) at 37∘C in a 5%-CO

2
incubator. For establishing a

4T1-tumor model, 5 × 105 cells were suspended in 100𝜇l
of 5mg/mL Matrigel (Corning, Corning, NY) and subcu-
taneously injected into the left and right flanks of 6-week-
old female Balb/c mice (Japan SLC, Hamamatsu, Japan).
Tumors (n = 16) were grown until they reached a size of
50–100mm3.Themice were intravenously given 200𝜇l of the
PFC nanoemulsions 48 h before the first MRI and 18F-FDG-
PET scan.

2.3. In Vivo MRI. MR images were acquired using a 7T
scanner (BioSpec 70/20 USR; Bruker, Billerica MA) and a
custom-made 1H/19F-double-tune 35 mm volume coil. A
custom-built animal bed was used for transferring mice to
the PET scanner without altering their posture. The mice
were sedated with 2% isoflurane in 100% oxygen, and their
respiration ratesweremonitored during imaging.Anatomical
proton MR images were acquired using the rapid acquisition
with relaxation enhancement (RARE) sequence. T2-weighted
images were acquired with the following parameters: rep-
etition time (TR), 2600ms; echo time (TE), 30ms; slice
thickness (ST), 1mm; RARE factor, 4; number of acquisitions
(NA), 2; matrix size, 256 × 192; and field of view (FOV), 3.5
× 2.5 cm. For 19F image acquisition, the fast low angle shot
sequencewas usedwith the following parameters: TR, 100ms;
TE, 2.5ms; ST, 2mm; NA, 256; receiver bandwidth, 25 kHz;
FOV, 3.5 cm × 2.5 cm; and matrix size, 64 × 48. A reference
tube containing 6mg/mL PFC nanoemulsions entrapped in
acrylamide gel was placed next to the mice for tumor signal
normalization.The mice were imaged 2 (day 2) and 7 (day 7)
days after administration of the PFC nanoemulsions. 19F-MR
images were acquired only on day 2.

2.4. PET/CT and Image Analysis. In order to maintain the
orientation of the mice, PET/CT images were acquired
immediately after MRI. The mice were fasted for 6 h before
PET/CT. They were anesthetized with 2% isoflurane in 100%
oxygen. Body temperature was maintained throughout the
imaging procedure using a heating lamp and pad. 18F-
FDG was prepared by an automated module (NEPTIS�
Nx3 system, ORA, Philippeville, Belgium) using fluoride-
18 generated by our on-site cyclotron (RDS-111, Siemens,
Munich, Germany). The mice were intravenously injected
with 18.5MBq of 18F-FDG 40min before PET. PET-CT
fusion images were acquired through a three-dimensional
acquisition mode (eXplore VistaCT, GE, Fairfield, CT) using
the following X-ray parameters for CT: 250 𝜇A tube current
and 40 kV voltage for 6min; resolution, 200𝜇m; and number
of projections, 360. For PET images, the mice passed through
the 6 cm diameter × 4.6 cm deep FOV of PET detector,
and the voxel size of the reconstructed images was 0.3875
× 0.3875 × 0.775mm. The images were acquired for 9
minutes per bed position and reconstructed by iterative
reconstruction using the two-dimensional ordered subset
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expectation maximization method (32 subsets, 2 iterations).
Normalization and scatter and attenuation correction were
also applied for PET images. The images were normalized
to standardized uptake values (SUVs) using the following
formula: SUV = decay-corrected mean tissue activity con-
centration (Bq/ml)/[injected dose (Bq)/body weight (g)].
SUVmax was measured as the maximum SUV in a given
region of interest. Percentage injected dose per gram tissue
(% ID/g) was calculated as follows: [mean tumor activity
concentration (Bq/ml)/(injected dose (Bq) × density of a
tumor (g/ml))] × 100%. All image analyses were performed
using the OsiriX imaging software (Pixmeo SARL, Bernex,
Switzerland).

2.5. Histological Examination and Immunofluorescence
Staining. The mice were euthanized upon completion of
imaging experiments. Tumors were excised, fixed in 4%
paraformaldehyde (Sigma Aldrich, St. Louis, MO) for 24 h,
embedded in paraffin blocks, and cut into 4 𝜇m thick
sections for hematoxylin and eosin (H&E) staining. The
H&E-stained sections were imaged using the Aperio Scan
Scope XT system (Leica Biosystems, Heidelerg, Germany) at
200x magnification.

For immunofluorescence staining, the fixed tumors were
frozen in the optimal cutting temperature compound at
−80∘C and cut into 6 𝜇m thick sections using a Cryotome.
Fluorescein isothiocyanate- (FITC-) conjugated rat anti-
mouse F4/80 antibody (AbCam, Cambridge, MA) was used
for stainingmacrophages.The stained sectionswere observed
with a fluorescence microscope (Axio Obsever.Z1, Zeiss,
Germany).

2.6. Statistical Analysis. All statistical data were analyzed
using GraphPad Prism 5 (GraphPad Software, La Jolla,
CA). Correlations among 19F-MRI signal intensities, tumor
volume, and PET parameters (including SUV, SUVmax, and
percentage injected dose per gram tissue [% ID/g]) were ana-
lyzed by Pearson’s correlation coefficient analysis. Absolute
correlation coefficients ≥ 0.5 were considered as indicating
strong correlation [21]. A 𝑝 value < 0.05 was considered to
be statistically significant.

3. Results and Discussion
19F-MRI and 18F-FDG-PET images were first acquired 2 days
after administration of PFC nanoemulsions (Figure 1). 19F-
MR signals were detected not only from tumors but also
from naturally macrophage-rich tissues such as the spleen
and bone marrow (Figure 1(b)). Coregistration of protonMR
images and their corresponding PET images demonstrated
tumor glucose metabolism in the same slices in which TAMs
were visualized in 19F-MR images (Figure 1(d)). While 18F-
FDG-PET signals appeared to be homogeneously distributed
in tumors, 19F signals exhibited relatively heterogeneous
intratumoral distribution, with higher signals emanating
from the periphery of tumors. This difference in spatial dis-
tribution was further highlighted by the histogram findings,
which revealed different frequency distributions of 19F signals

and consistent SUV distribution between the left and right
tumors (Figures 1(c) and 1(e)).

Proton MRI and 18F-FDG-PET were repeated on day
7, and the imaging data were coregistered (Figure 2). In
PET images, SUV hypointensities were observed at the cen-
ters of tumors, which corresponded to hyperintense signals
observed in T2-weighted MR images (Figures 2(b) and 2(c)).
Considering a previous study that reported an association
between necrosis and high-intensity signals on T2-weighted
MR images [22], it is likely that the colocalization of low
SUVs and hyperintense T2-weighted MR signals observed in
the present study represents the formation a necrotic core.
This possibility was further supported by the histological
findings, which revealed hypocellularity at the center of
tumor sections and intact cell morphology at the periphery
(Figures 2(d)–2(f)).

The findings of immunofluorescence staining—performed
to confirm that the 19F-MR signals represent TAMs—demon-
strated the colocalization ofDiI with PFCnanoemulsions and
F4/80-positive cells (Figure 3). While significant proportions
of TAMs were labeled with PFC nanoemulsions, unlabeled
TAMs were also detected (Figure 3(c)). This partial labeling
of TAMs is consistent with the findings of previous studies
[17, 23]. Further studies are needed to identify methods
for achieving full saturation of endogenous macrophages
with PFC nanoemulsions for more accurate quantification of
TAMs.
19F-MR signal intensities from tumorsmeasured on day 2

were correlated with tumor volume and various PET param-
eters (Table 1). Tumor 19F-MR signal intensities measured on
day 2 exhibited significantly strong correlations with tumor
volume measured on day 7 (𝑟 = 0.626; 𝑝 < 0.01) and tumor
growth between days 2 and 7 (𝑟 = 0.624; 𝑝 < 0.01; Figures 4(a)
and 4(d)). All PET parameters measured on day 7 exhibited
strong negative correlations with 19F-MR signal intensities
measured on day 2 (SUV: 𝑟 = −0.666, 𝑝 < 0.005; % ID/g: 𝑟 =
−0.681, 𝑝 < 0.005; and SUVmax: 𝑟 = −0.663, 𝑝 < 0.01; Figures
4(b), 4(c), and 4(e)). Changes in PET parameters over time
were also correlated with 19F-MR signal intensity in a similar
manner as the measurements on day 7—changes in SUV (𝑟 =
−0.519, 𝑝 < 0.05) and % ID/g (𝑟 = −0.510, 𝑝 < 0.05) exhibited
strong negative correlations (Figure 4(f)) with 19F-MR signal
intensity. There was no correlation between 19F-MR signal
intensity and any of the measurements recorded on day 2 or
change in SUVmax (|𝑟| < 0.2, 𝑝 > 0.5).

Considering the protumoral activities of TAMs, we ini-
tially hypothesized that 19F-MR signal intensity would be
positively correlated with all of the parameters evaluated
in the present study. While the positive correlation of 19F-
MR signal intensity with tumor volume and growth can be
explained by the effects of TAMs on tumor development,
the negative correlation between 19F-MR signal intensity
and PET measurements recorded on day 7, which often
serve as indicators of tumor malignancy, seem to be para-
doxical. A possible explanation for this inverse correlation
is the decrease in average tumor metabolism due to the
formation of the necrotic core, which was observed in
PET/MR images acquired on day 7 as well as in histological
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Figure 1: In vivo 19F-MRI and PET and histogram analysis on day 2. (a) Serial 1HMR image slices with tumors indicated with dotted white
circles. The last slice in yellow box is the slice that is coregistered with corresponding 19F-MR image and 18F-FDG-PET image in (b) and (d),
respectively. (b) Superimposition of an anatomical proton MR image and its corresponding 19F-MR image. 19F signals are detected not only
from tumors, but also from the bone marrow, the spleen, and a reference tube placed on the right side of the mouse. (c) Histogram of 19F
pixel intensities from left and right tumors. Blue and red are from left (blue asterisk) and right (red asterisk) tumors in (b). (d) Coregistration
of the same anatomical MR image as that used in image A and its corresponding 18F-FDG-PET image. (e) Histogram of PET SUV from left
and right tumors. Blue and red are from left (blue asterisk) and right (red asterisk) tumors in (d). 19F, fluorine-19; MRI, magnetic resonance
imaging; PET, positron emission tomography; 2-FDG, fluoro-2-deoxy-D-glucose; SUV, standardized uptake value.

specimens (Figure 2). It is widely known that aggressive
tumors often outgrow their blood supply, upon which their
central regions are exposed to chronic ischemia, which
ultimately leads to necrosis. In breast cancer, formation
of such necrotic cores is associated with an accelerated

clinical course and poor prognosis [24, 25]. Similarly, the
formation of necrotic zones in breast tumor models used
in this study—visualized as decreased 18F-FDG uptake at
the center of tumors—might represent the aggressiveness
and malignancy of tumors. To investigate this possibility,
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Figure 2: PET-MRI and histological findings on day 7. (a) Axial MR image of a mouse and (b) the corresponding PET image were merged.
(c) The coregistered MR-PET image shows overlapping of low SUV regions and high MR signal regions in tumors (white arrow in (b) and
(c)). (d) Overview of an H&E-stained section of a tumor excised after PET-MRI (scale bar: 2mm). (e) High-magnification view of the central
region of the H&E-stained section (indicated by a yellow box in (d); scale bar: 100𝜇m); fragmented nuclei and disrupted cell morphology are
observed, along with hypocellularity. (f) High-magnification view of the peripheral region of the tumor (white box in (d); scale bar: 100𝜇m);
cell morphology and nuclei are intact, while the cells are densely packed. PET, positron emission tomography; MRI, magnetic resonance
imaging; SUV, standardized uptake value; H&E, hematoxylin and eosin.

(a) (b) (c)

Figure 3: Immunofluorescence staining of TAMs reveals colocalization of TAMs and PFC nanoemulsions (scale bar: 50 𝜇m). (a) DiI on PFC
nanoemulsions. (b) FITC on F4/80 antibodies. (c) Merged images of DAPI, DiI, and FITC staining showing colocalization of TAMs and PFC
nanoemulsions (yellow); TAMs that are not labeled with PFC nanoemulsions are also observed (green). TAM, tumor-associatedmacrophage;
PFC, perfluorocarbon; DiI, 1,1-dioctadecyl-3,3,33-tetramethylindocarbocyanine perchlorate; FITC, fluorescein isothiocyanate; DAPI, 4,6-
diamidino-2-phenylindole.

tumormodelswith the same genetic backgroundbut different
degrees of malignancies should be evaluated by imaging
along with rigorous histopathological analysis.

The lack of correlation between 19F-MR signal intensity
and PET parameters measured on day 2 should also be
noted. A previous histopathological study had reported that
immune-cell infiltration and 18F-FDG-PET SUV are not
significantly correlated [26]. Nevertheless, there is a possi-
bility that varying the timing of monitoring will generate
different results. Using both SPIO and PFC labeling, Makela

et al. showed that distribution of TAMs varies significantly
on the basis of tumor size at the time of monitoring [17].
Future studies should evaluate whether the characteristics of
TAMs, too, change along with their intratumoral distribution
over time. It should also be determined if any correlation
exists between 19F-MR signal intensity and PET parameters
concurrently measured at a later time point in tumor growth.

The combination of proton MRI and PET has been
widely studied, with the aim of gaining a comprehen-
sive understanding of tumor physiology and differentiating
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Figure 4: Correlation of 19F-MR signal intensity with tumor growth and PET parameters. (a) Tumor volume, (b) SUV, and (c) % ID/g
measured on day 7 as functions of 19F-MR signal intensities measured on day 2. (d) Change in tumor growth from day 2 to day 7, (e) SUVmax
measured on day 7, and (f) change in % ID/g from day 2 to day 7 as functions of 19F-MR signal intensities measured on day 2. 19F, fluorine-19;
MR, magnetic resonance; PET, positron emission tomography; SUV, standardized uptake value; % ID/g, percentage injected dose per gram
tissue; SUVmax, maximum SUV.

Table 1: Correlation of 19F signal on day 2 with tumor volume, PET
parameters, and their changes over time.

Parameters r p
Δ(day 7 − day 2)

Tumor volume 0.6242 0.0098
SUV −0.519 0.0393
SUVmax −0.1818 0.5004
% ID/g −0.510 0.0437

Day 2
Tumor volume −0.1684 0.533
SUV 0.155 0.567
SUVmax −0.163 0.547
% ID/g 0.1269 0.6396

Day 7
Tumor volume 0.626 0.0096
SUV −0.666 0.0049
SUVmax −0.663 0.0051
% ID/g −0.681 0.0037

PET, positron emission tomography; SUV, standardized uptake value;
SUVmax, maximum SUV;% ID/g, percentage injected dose per gram tissue.

tumor subtypes by monitoring various aspects of the tumor
microenvironment [27]. Several MR parametric methods,
such as chemical exchange saturation transfer imaging,

dynamic contrast enhanced MRI, and apparent diffusion
coefficient mapping, have been used for measuring tumor
acidosis, perfusion, and necrosis [28–30]. In terms of 18F-
FDG-PET, a myriad of analytic approaches, including tex-
ture analysis, are being studied for better assessment of
glucose metabolism patterns and enhanced characterization
of tumors [31]. Considering these developments in both
MRI and PET approaches for tumor characterization, it is
envisioned that our knowledge of tumor microenvironment
would be further enriched through the combination of these
two imaging modalities.

To the best of our knowledge, the present study is the
first to use a combination of 19F-MRI and 18F-FDG-PET.
Owing to the simplicity of its quantification process and
image interpretation, 19F-MRI has been suggested as a useful
tool for quantitative monitoring of TAMs. The parametric
potential of 19F-MRI TAM tracking has been suggested
in a previous study, which had reported that the 19F-MR
signal intensity observed in the colon of an inflammatory
bowel disease model was correlated with a high chance of
developing dysplasia [16]. Unlike SPIO nanoparticles, PFC
nanoemulsions do not affect the proton spin of adjacent water
molecules; this allows simultaneous measurement of other
MR parameters, such as those mentioned above, for further
analysis of the tumor microenvironment [20, 32]. Thus, 19F-
MRI tracking of TAMs in conjunction with 18F-FDG-PET
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is expected to be a valuable bimodal platform that provides
complementary information for comprehensive monitoring
of the tumor microenvironment.

Yet, several concerns regarding PFC-based TAM tracking
remain to be overcome. In most 19F-MRI-based TAM-
tracking studies, including the present one, TAMs are pas-
sively labeled by PFC nanoemulsions, without targeting any
specific moieties on the cells. It should be noted that not
all TAMs are protumorigenic, and labeling both tumor-
promoting and tumor-antagonizing TAMs would compro-
mise the goal of tumor characterization. Therefore, for
precise profiling of tumors, the phenotype of fluorinated
TAMs should be analyzed, and methods for noninvasive
differentiation of tumor-promoting and tumor-antagonizing
TAMs should be developed. Another concern is that fluori-
nation of TAMs with PFC nanoemulsions might affect the
phenotype and physiology of these cells. In several studies,
PFCnanoemulsions have been shown to preserve the original
function and differentiation potential of various cell types,
including hematopoietic [33, 34], neural [35], and mouse-
mesenchymal [36] stem cells. Similar studies should be
conducted to investigate the influence of PFC labeling on
TAM characteristics. The recently reported intrinsic effects
of SPIO nanoparticles on altering TAM polarization also
emphasize the need for such investigations [37].

The sensitivity and resolution of 19F-MRI should also
be improved. In this study, the correlations between 19F-
MR signal and 18F-FDG-PET parameters were only done
in tumor-by-tumor basis. To further examine the usefulness
of combining 19F-MRI and 18F-FDG-PET in characterizing
tumor heterogeneity, a voxel-by-voxel analysis in a tumor as
well as correlation to corresponding histology should be per-
formed. For these analyses to be precise, the spatial resolution
of 19F-MRI should be improved without compromising the
current sensitivity.

4. Conclusion

In summary, preliminary results from combining 19F-MRI
and 18F-FDG-PET suggest that 19F-MRI tracking of TAMs
might aid the characterization of tumors and prediction
of tumor development. Comparison of intratumoral distri-
bution of TAMs and the spatial pattern of tumor glucose
uptake revealed several degrees of heterogeneity in the tumor
microenvironment. A significant positive correlation was
observed between 19F-MR signal intensity and subsequent
tumor growth, while inverse correlations were observed
between 19F signal intensity and 18F-FDG-PET parameters.
These results together suggest that 19F-MRI tracking of TAMs
could potentially be used for tumor characterization and
that, in combination with 18F-FDG-PET, this method could
further expand our understanding of the heterogeneous
tumormicroenvironment and its impact on tumor prognosis.
Since TAMs are becoming popular as significant therapeutic
targets for cancer treatment, the combination of 19F-MRI and
18F-FDG-PET might also serve as a platform for assessment
of therapeutic response.
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