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Abstract
Prostate cancer is one of the leading causes of cancer deaths, with no curative treatments once it spreads. Alternative therapies, including immunotherapy, have shown limited efficacy. Dendritic cells (DC) have been widely used in the treatment
of various malignancies. DC capture antigens and move to the lymphoid organs where they prime naive T cells. Interaction
between DC and T cells are most active in lymph nodes and suppression of DC trafficking to lymph nodes impairs the immune
response. In this work, we aimed to study trafficking of DC in vivo via various routes of delivery, to optimize the effectiveness of DC-based therapy. A DC labeling system was developed using 1,1′-dioctadecyltetramethyl indotricarbocyanine
Iodine for in vivo fluorescent imaging. DC harvested from C57B/6 mice were matured, labeled, and injected intravenously,
subcutaneously, or intratumorally, with or without antigen loading with whole tumor lysate, into C57B/6 mice inoculated
with RM-1 murine prostate tumor cells. Signal intensity was measured in vivo and ex vivo. Signal intensity at the tumor site
increased over time, suggesting trafficking of DC to the tumor with all modes of injection. Subcutaneous injection showed
preferential trafficking to lymph nodes and tumor. Intravenous injection showed trafficking to lungs, intestines, and spleen.
Subcutaneous injection of DC pulsed with whole tumor lysate resulted in the highest increase in signal intensity at the tumor
site and lymph nodes, suggesting subcutaneous injection of primed DC leads to highest preferential trafficking of DC to the
immunocompetent organs.
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Introduction
The immune system has long been known to play a role
in malignancy in several ways. Theoretically, for tumor to
develop, it must evade the immune system, either by suppressing it, or by hiding from it.
The accepted theory of the immune response is that
antigen-presenting cells (APC) of the host recognize an
offensive or foreign biological threat, process it into presentable antigens and then deliver antigens to T cells. For
the immune system to be successful, a clone of immunocompetent cells specific to the threat need to be generated,
and the combination of the cellular (direct cell–cell killing) and humoral (antibody mediated) responses should
eliminate the threat.
Based on this theory, a large part of cancer research
over the years has focused on ways to activate and manipulate the patient’s immune system in an attempt to induce
tumor destruction. Using the adaptive immune system
against the tumor should induce a tumor cell-specific
response, with avoidance of collateral tissue damage.
This is an advantage of immunotherapy over traditional
methods of cancer treatment, such as radiation or chemotherapy. Adoptive immune cell therapy is one example of
the way the patient’s immune system can be modulated to
stimulate antitumor activity. With this technique, immune
cells are activated in vitro, away from the immunosuppressive tumor microenvironment, and transferred back into
the patient to induce tumor regression. This has been well
studied in melanoma models [1, 2] and is being evaluated
in other cancer models as well. T cells and APC are the
most commonly used cell types for adoptive immunity.
T cells typically require intravenous infusion in clinical
practice [3–5].
Dendritic cells (DC), the most potent APC known, are
an attractive target for adoptive immune cell therapy due to
their excellent antigen-presenting characteristics, versatility and plasticity [6–8]. DC may be delivered back to the
patient after in vitro activation by a variety of approaches,
including subcutaneous (s.c.) and intravenous (i.v.) administration. In general, after antigen capture and exposure to
inflammatory stimuli, DC undergo maturation and migrate
to regional lymph nodes (LN) where the presentation of
antigenic peptides to T lymphocytes takes place. Correct
functioning of DC as APC involves their trafficking via
the lymph or blood to lymphoid organs [9]. Interaction
between DC and T cells seems to be the most active in
lymph nodes, and suppression of DC trafficking to lymph
nodes usually impairs the immune response [10].
Multiple antitumor vaccines have been tested using
APC. These vaccines have varying methods of delivery [11–15]. Despite the initial promising results of DC
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adoptive immune cell therapy, relatively little is known
about DC trafficking in vivo, or the optimal method of
delivery of DC to maximize anti-tumor effect. In order
to study this further, attempts have been made to develop
techniques to track DC in a minimally invasive way following cell delivery. Direct labeling with radionuclides
and single photon emission computed tomography/positron emission tomography (SPECT/PET) have been used
to monitor T cell migration in vivo, but the short half-life
of the radionuclides, low level of radioactivity per cell,
efflux and loss of the label, and potential cellular toxicity
made this model challenging. SPECT/PET also has the
limitation of limited spatial resolution and need for exposure to ionizing radiation [16, 17]. Magnetic resonance
imaging (MRI) has been shown to be effective in tracking subcutaneously injected DC labeled with iron oxide
nanoparticles [18]. However, MRI has limitations as well,
including variable sensitivity of machines and labeling
techniques. Attempts have also been made at indirect cell
labeling via transduction of a reporter protein/probe combination gene into an immune cell, with subsequent imaging of the product reporter gene with injection of a radiolabeled substrate. Pitfalls with indirect labeling include
effects on reporter gene transcription by DNA methylation
or histone deacetylation, as well as potential cytotoxicity
or alterations of cell functions [17].
Optical imaging techniques have been considered as well.
These have generally been thought to be limited to small
animals and ex vivo evaluation given the limited depth of
tissue penetration of light due to absorption and scattering of the signal. One way to overcome this is with use of
light in the near-infrared (NIR) spectrum, which has minimal absorption or scattering, and allows for maximal tissue
penetration [17]. In a study by Youniss et al. in 2014 [19], T
cells were directly labeled with 1,1-dioctadecyltetramethyl
indotricarbocyanine Iodine (DiR, a NIR dye which labels
cells membranes, Fig. 1), and injected i.v. into mice bearing
4T1 (murine breast cancer cells) tumors. Labeled cells were
tracked to the tumor site using multi-spectral in vivo fluorescence imaging [19]. Conducted experiments demonstrated

Fig. 1  Molecular structure of 1,1-dioctadecyltetramethyl indotricarbocyanine Iodide (DiR), a lipophilic near-infrared fluorescent dye
(Absorption/Emission: 748/780)
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adequate cell viability following labeling of T cells, and the
ability of this simple and cost-effective labeling and imaging
technique to track the activity and trafficking of the labeled
T cells for up to 3 weeks, with high sensitivity and minimal
autofluorescence. Another study by Christian et al. [20] also
demonstrated the effectiveness of the near-infrared contrast
in labeling of DC and the ability to track them in the naïve
mice.
The aim of our study was to utilize this previously
described combination of NIR fluorescent cell membrane
dye and direct labeling [19] to study the trafficking of DC
in vivo, in naïve and tumor-bearing mice. As little is known
about trafficking of DC in the setting of immunotherapy, we
aimed to contribute to the optimization of DC-based vaccines for patients with advanced prostate cancer.

Materials and methods
Dendritic cells
DC were generated from mice bone marrow cell precursors.
Bone marrow cells were collected from tibias and femurs
of Male C57BL/6 animals and resuspended in complete
media, consisting of RPMI 1640 medium supplemented
with 10% Heat inactivated FBS (Gemini Bio-Products, West
Sacramento, CA), 1 mM sodium pyruvate (Quality Biological, Inc., Gaithersburg, MD), 10 mM MEM Non-Essential
Amino Acids (Gibco), 100 U/mL penicillin (Gibco) 100 mg/
mL streptomycin (Gibco). The cell suspension was disrupted
by pipetting, filtered through a 70-µm filter and then cells
were depleted of red blood cells (RBC) with AmmoniumChloride–Potassium (ACK) lysing buffer (Quality Biological, Inc. Gaithersburg, MD) for 2–3 min. Cells were
incubated overnight in six-well plates at a concentration of
106 cells/mL in 4 mL of complete media per well. The next
day non-adherent cells were collected by gentle pipetting
and resuspended at a concentration of 250,000 cells/mL in
complete medium. Both recombinant murine granulocytemacrophage colony-stimulating factor (GM-CSF) (Invitrogen, Carlsbad, CA) and recombinant murine IL-4 (Gemini
Bio-Products, West Sacramento, CA) were added to a final
concentration of 50 ng/mL. Cells were cultured in six-well
plates (4 mL/well) for 7 days at 37 °C in a humidified atmosphere containing 5% CO2 with an additional supplementation of GM-CSF and IL-4 on day 4. To induce maturation of
DC, cells were stimulated on day 5 with 50 ng/mL of Tumor
necrosis factor alpha (TNFα) (Invitrogen, Carlsbad, CA) for
48 h. DC maturation was confirmed with flow cytometry.
To load the DC with antigen, a subset of DC were pulsed on
day 5 with whole tumor lysate from RM-1 prostate cancer
cells for 48 h, at a ratio of 1:10 tumor cells to DC. Addition
of tumor lysates to DC further increased the expression of

costimulatory molecules (CD40, CD80, CD86 and CD205)
in comparison to TNFα alone. On day 7, mature DC were
harvested, washed twice in phosphate-buffered saline (PBS)
(Gibco, Carlsbad, CA), and used for further studies.

Prostate cancer cell line
RM-1 (murine prostate cancer cell line) cells were used.
Tumor cells were maintained in complete media at 37 °C
in 5% C
 O 2. Tumor cells were trypsinized with 0.05%
trypsin–ethylenediaminetetraacetic acid (EDTA) and
washed with PBS prior to injection. 50,000 tumor cells were
injected subcutaneously into the right flank of adult male
C57B/6 mice. The tumor was allowed to grow for 13 days
prior to administration of mature DC. If mice became moribund from tumor growth (ulceration, decreased mobility,
decreased grooming) or if the tumor size exceeded > 1.5 cm
they were euthanized prior to the 7-day end point.

Labeling of dendritic cells with near‑infrared
fluorescent probe
Direct labeling of DC isolated from bone marrow cell precursors of wild-type C57BL/6 mice was achieved by incubating the cells with 120 µg/mL 1,1-dioctadecyltetramethyl
indotricarbocyanine Iodide (DiIC18 or DiR), a lipophilic
NIR fluorescent dye (Absorption/Emission: 748/780 nm)
(PerkinElmer, MA), adapted from a technique previously
described by our group [19]. Cell viability assays were performed to confirm viability of DC following labeling with
varying concentrations of DiR. Optimal viability with maximal signal intensity was identified to be 120 µg/mL of DiR.
To assess the ability of DC to retain DiR we performed DC
supernatant imaging along with DC imaging in serial dilution on days 1, 3 and 7 post-labeling with different concentrations of DiR in duplicates. As seen in Fig. 2, DiR was
bound to DC, and almost none of it was in the supernatant
in free form. Figure 2 depicts day 1 only, but imaging on
days 3 and 7 yield similar results (not shown). DiR stock
solution was prepared by dissolving 25 mg of dye in 3 mL of
Ethanol. From this stock, further dilutions were made to the
required concentrations in media, and incubated with cells
for 30 min at 37 °C. After incubation, cells were spun down
at 1000 rpm at 4 °C for 10 min, then washed twice with PBS
and used for experiments.

Injection of labeled DC into mice
Ten million labeled DC were injected per mouse, suspended
in 0.1 mL PBS, 13 days after tumor implantation, once
tumor was palpable. DC were injected i.v. via tail vein or
s.c. into the left flank of mice with or without RM-1 prostate cancer tumors, or intratumorally (i.t.) into mice bearing
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Fig. 2  Dendritic cells (DC) ability to take up and retain indotricarbocyanine Iodide (DiR). DC were labeled with varying concentrations
of DiR, and plated in serial dilution in duplicate. DC were imaged on

day 1 (shown below), day 3 (not shown) and day 7 (not shown) following labeling, to demonstrate ability of cells to take up and retain
the dye. There is no detectable dye in the supernatant

RM-1 prostate cancer tumors. Additional experiments were
performed with injection of lysate of labeled DC as a control, to determine the fate of non-viable DiR-labeled cells.

Multi‑spectral fluorescence imaging

2, 3, and 4) post-injection of labeled DC. Six mice per time
point were used, and four imaging positions (dorsal, ventral,
left and right sides) were used at each time point. Measurements were presented as multiples of million emitted photons per square centimeter per second (× 106 photons/cm2/s).

In vivo imaging

Ex vivo imaging

Fluorescent images were taken of the whole mouse after
shaving the region of interest, from days 1 to 7 following administration of labeled DC to monitor the homing
and localization of labeled DC at the tumor site. A multispectral fluorescence imaging system (Maestro-2 by PerkinElmer, USA) was used to monitor DiR-labeled DC trafficking and localization in host mice with and without RM-1
prostate cancer tumors. A NIR/Orange double filter setup
(640–820 nm) and spectral unmixing were used for image
acquisition and processing. Image processing and data analysis were performed using Maestro-2 software version 2.10.
Images were obtained at interval time points (2 h, days 1,

Mice were killed at days 2 and 4 following injection of
labeled DC, and intestines, liver, lungs, kidneys, spleen,
lymph nodes and tumors were harvested for fluorescent
imaging. Two mice were used per time point. Imaging was
performed as outlined above.

Table 1  Experimental design

Results
Our experimental design is outlined in Table 1. Matured
DC labeled with DiR were injected s.c. or i.v. into control
mice or mice bearing RM-1 murine prostate cancer, or i.t.

No tumor

Tumor-bearing mice, no
tumor lysate

Tumor-bearing mice,
+ tumor lysate

Tumor-bearing mice,
control, no intact
cells

Mature DC, s.c. (4)
Mature DC, i.v. (4)

Mature DC, s.c. (6)
Mature DC, i.v. (6)
Mature DC, i.t. (6)

Mature DC, s.c. (6)
Mature DC, i.v. (6)

DC lysate, s.c. (3)
DC lysate, i.v. (3)
DC lysate, i.t. (3)

DC dendritic cells, s.c. subcutaneous injection, i.v. intravenous injection, i.t. intratumoral injection
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into mice bearing murine prostate cancer. DC were injected
alone, or after pulsing with whole RM-1 tumor lysate. Mice
with no tumor provided the control for the DC distribution
in mice with tumors; Tumor-bearing mice injected with
DC lysates provided the control for the tumor-bearing mice
treated with intact and labeled DC.
In vivo imaging of whole mice allowed for direct measurement of fluorescent signal intensity within the tumor
site. With all routes of DC administration (s.c., i.v. and i.t.),
labeled DC were seen tracking to the tumor site as early
as day 1 (Fig. 3). Average signal intensity was plotted as a
change in background signal (signal at the initial 2-h time

point) over time, and presented in Fig. 4. Signal intensity
seemed to reach maximum by day 2. Subcutaneous administration resulted in the greatest increase in signal intensity
at the tumor site, compared to i.v. or i.t. injection, with a
13-fold increase in signal intensity (Fig. 4a). Intravenous
or i.t. administration of labeled DC resulted in minimal
increases in signal intensity at the tumor site in vivo, on
par with changes in signal intensity seen with equivalent
routes of injection into non tumor-bearing control mice (not
shown). Interestingly, starting from day 1, there was higher
signal intensity at the tumor site after s.c. injection compared
to i.t. injection.

Fig. 3  Subcutaneous (s.c.),
intravenous (i.v.) and intratumoral (i.t.) injection of labeled
dendritic cells into left flank
of tumor-bearing mice. Tumor
is present on right flank.
Indotricarbocyanine Iodide
(DiR) signal is red, autofluorescence is green. a Fluorescent
imaging of the whole mouse
in vivo at interval time points.
b Fluorescent imaging of
individual organs ex vivo at
day 7 following dendritic cells
administration

Fig. 4  Average signal intensity in vivo over time. Region of interest
drawn around tumor site (right flank) or corresponding region of the
left flank for control. Data points plotted as the ratio of the average
signal at each time point to the background signal (2-h time point).

a Injection of mature labeled dendritic cells without the addition of
tumor lysate. b Injection of mature labeled dendritic cells after loading them with whole tumor lysate. DC dendritic cells, s.c. subcutaneous injection, i.v. intravenous injection, i.t. intratumoral injection
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In the next set of experiments, DC were pulsed with
tumor lysates as described before, and were injected s.c.
and i.v. (as DC were already loaded with antigen, no i.t.
injection was performed). There was a 50-fold increase in
signal intensity by day 1, and a 90-fold increase in signal
intensity by day 3 (Fig. 4b) after s.c. injection. Trafficking
of DC to the tumor site following i.v. administration was not
enhanced by pulsing DC with tumor lysate prior to injection (Fig. 4b). Injection of lysed labeled DC (s.c., i.v. or i.t.)
into tumor-bearing mice also resulted in minimal changes
in signal intensity at the tumor site, equivalent to changes in
signal intensity seen in control mice (not shown), suggesting
that the presence of the signal intensity was related to the
presence of functional DC.
Additionally, individual organs were harvested from
mice, allowing for ex vivo imaging of fluorescent signal
intensity within individual organs. Intestines, livers, lungs,
kidneys, spleens, and lymph nodes of control and tumorbearing mice, as well as tumors from tumor-bearing mice,
were harvested at days 2 and 4 following administration of
labeled DC (with or without whole tumor lysate), s.c., i.v.
or i.t. (in the case of tumor-bearing mice). The non-tumor
organs were selected for evaluation given their immunologic
function. Average signal intensity within individual organs
ex vivo was plotted as the percentage of the total mean signal summed from all organs. Error bars represent standard
errors of the mean.
Following s.c. administration of DC without tumor lysate,
the largest percentages of average signal intensity were noted
in the liver, spleen and lymph nodes (14.7 ± 2.4, 11.0 ± 3.1,
and 37.7 ± 8.6%, respectively, on day 4). Average signal

intensity within the tumor site was 21 ± 5.0% on day 4. Following i.v. administration of DC without tumor lysate, the
percentage of average signal intensity was similar in intestine, liver, lung and spleen, with higher percentages within
lymph nodes and tumor (8.1 ± 1.4, 13.9 ± 1.9, 6.4 ± 2.1,
17.6 ± 7.4, and 32.5 ± 9.2%, respectively, on day 2). Following direct i.t. injection of DC, percentages of average
signal intensity were similar within organs when compared
to s.c. or i.v. injection, with highest expression of the signal
seen within the liver, lungs, spleen and tumor (13.5 ± 2.0,
12.2 ± 7.8, 28.1 ± 4.8, and 27.4 ± 0.03%, respectively, on
day 4). Overall, average signal intensity was similar within
individual organs regardless of route of DC delivery in the
absence of tumor lysate (Fig. 5a). Trends were similar to
those seen in control mice, with the majority of the signal
localized to liver, spleen and lymph nodes following s.c.
injection, with the addition of increased signal intensity
within the intestines. Intravenous injection into control
mice resulted in the majority of the signal localized to the
lungs. However, absolute average signal intensity was less
in control mice across all organs than in tumor-bearing mice
(results not shown).
Pulsing DC with tumor lysate prior to injection increased
the trafficking of these cells to immunologically relevant
organs. Following s.c. injection of pulsed DC, the highest
percentages of signal were localized to lymph nodes and
tumor (51.0 ± 3.2 and 21.2 ± 0.9%, respectively, on day 4).
Following i.v. injection of pulsed DC, the highest percentages of signal were localized to spleen, as well as liver and
lungs (53.3 ± 5.4, 23.7 ± 2.6, and 10.3 ± 1.5%, respectively,
on day 4) (Fig. 5b). These trends were similar to those seen

Fig. 5  Average signal intensity of individual organs, ex vivo. Data
points plotted as percentage of the total signal, error bars represent
standard errors of the mean. a Injection of mature labeled dendritic
cells without the addition of tumor lysate. b Injection of mature

labeled dendritic cells after loading them with whole tumor lysate.
s.c. subcutaneous injection, i.v. intravenous injection, i.t. intratumoral
injection
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with s.c. or i.v. administration of pulsed DC into control
mice, with the largest percentage of signal found in LN following s.c. injection, and in spleen and liver following i.v.
injection, though again the absolute average signal intensity
was less in control mice across all organs when compared to
tumor-bearing mice (results not shown). Injection of lysed
labeled DC s.c., i.v. or i.t. resulted in average signal intensities similar to that seen in control mice (results not shown).

Discussion
Prostate cancer is the third most common cause of cancerrelated deaths in American men [21]. There are no curative treatments available once disease spreads beyond the
prostate. Hormonal therapy, the only significantly effective
therapy against advanced prostate cancer, was first introduced more than 60 years ago [22]. It is not curative and the
disease eventually becomes insensitive to it. This prompted
the development of novel therapies, including immunotherapy. Cell-based therapies are common, with APC being used
the most [23–26]. In this study, we concentrated on DC, the
most effective APC known.
The establishment of the critical role of DC, as well as
other APC in the development of the immune response has
strengthened the development of DC-based therapies in
recent years. In general, at the periphery, DC have the role
of sentinels that capture and process antigens for presentation by MHC molecules to T cells. The immune response
induced by DC depends on the environment in which the
antigen is captured. If there is not a pro-inflammatory signal, then DC become tolerogenic, and no effective immune
response is generated [27]. In the presence of the additional
stimulus, DC undergo maturation which is critical for T-cell
activation [28]. For immunotherapy to be successful, APC
must be able to acquire antigen and deliver the antigen to
effector cells (T cells), typically within lymph nodes, which
should then prime the T cells to attack the tumor [29]. Interaction between DC and T cells seems to be the most active
in lymph node areas, and suppression of DC trafficking to
lymph nodes usually impairs the immune response [10].
The low effectiveness of immunotherapy suggests that some
aspect of this pathway may be impaired in practice—either
APC do not acquire antigen, or they are unable to deliver
this antigen to the effector cells. Innovative approaches are
required to figure out the most effective ways to deliver
immunocompetent cells to the tumor-bearing host, and to
make them effective in fulfilling their role.
Multiple APC-based antitumor vaccines have been tested.
These vaccines usually employ different types of stimulation
for DC and different methods of delivery [11–14, 24]. The
primary challenge is to figure out which modifications will
position APC to be most effective.

In this study, we examined the trafficking of DC. In
general, DC are migratory cells that exhibit complex trafficking properties in vivo, involving interactions with vascular and lymphatic endothelium and extracellular matrix.
Optimal encounter with naive T cells for the presentation of antigens requires that the DC migrate to draining
lymph nodes through lymphatic vessels [30]. It has been
demonstrated that intralymphatic delivery of DC via vaccine results in significant T cell activation [31]. Multiple
signals (including chemokines, nonchemokine chemotactic agonists, lipid mediators and membrane proteins) can
regulate the migration of DC ex vivo and in vivo [32–38].
A better understanding of the regulation of DC trafficking
might offer new opportunities of therapeutic interventions
to suppress, stimulate or deviate the immune response.
The aim of our study was to examine the trafficking of
DC in vivo, and to find the most optimal method of delivery of DC to the tumor site and LN for maximal antitumor
activity. To do this, we utilized a previously described
direct labeling system [19] using 1,1′-dioctadecyltetramethyl indotricarbocyanine Iodine (DiR, NIR Absorption/
Emission: 748/780 nm). This allowed for in vivo imaging
of DC within the whole mouse, as well as ex vivo imaging
of individual organs, via a fluorescent imaging system.
In vivo, in tumor-bearing mice, without the addition of
tumor lysate, s.c. injection resulted in the largest increase
in signal intensity in liver, spleen and LN, as well as
within the tumor. Following i.v. injection, the largest percentage of signal intensity was noted in intestine, liver,
lung spleen, lymph nodes and tumor.
A subset of DC were pulsed with whole tumor lysate
prior to DC administration, since this approach has been
shown to result in improved stimulation of DC against
tumor cells [39]. Pulsing DC with whole RM-1 tumor
lysate prior to DC administration enhanced preferential
trafficking of DC to the tumor site and to the LN following
SQ administration, and to spleen and liver following IV
administration. This supports in vitro findings by Ramanathan et al. [40] which demonstrated that priming DC
with whole tumor lysate results in increased activation of
DC, increased secretion of IL-12, and migratory capacity
[40]. Direct i.t. injection of DC did not improve trafficking of labeled DC to LN over antigen (Ag) loading of DC
in culture. Considering that in clinical settings it might
not always be feasible to deliver cells intratumorally (as
opposed to s.c. or i.v. routes of administration), if tumor
antigen is available, i.t. delivery of DC is not necessary
or indicated.
Overall, these results suggest that loading DC with Ag
prior to administration, and injection via a s.c. route, leads
to highest preferential trafficking of DC to both the tumor
site and LN, which is optimal for the priming of the immune
system for anti-tumor effect [18, 41].
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The advantage of the i.v. injection is that a much larger
volume can be delivered to the recipient. The argument
can be made that while with i.v. delivery a smaller percentage of the DC make it to lymph nodes, this route
can deliver a significantly larger number of cells, so the
absolute number of APC reaching lymph nodes can be
higher than that delivered via a s.c. route. This is likely
the reasoning behind i.v. delivery of Sipuleucel-T, the only
APC-based anticancer therapy currently Food and drug
administration (FDA) approved. However, our work would
suggest that if the number of cells available for injection is
relatively stable and injectable volume is relatively small,
s.c. route may be the best method for delivering DC to
prime an anti-tumor response.

Conclusions
In conclusion, we found that subcutaneous administration
of DC leads to the highest preferential trafficking of DC
to the tumor site, as well as to immune-specific organs. In
addition, pulsing DC with whole tumor lysate prior to injection enhances trafficking of DC to tumor site and lymph
nodes, with effect greater than that seen with injection of DC
directly intratumorally. To our knowledge, this represents
the first experiment to track DC in vivo in tumor-bearing
animals using a novel fluorescent in vivo imaging system
of DC labeling. As little is known about in vivo trafficking
of DC, particularly in the setting of anti-tumor vaccines and
immunotherapy, we hope that our work will contribute to
the optimization of these therapies, and will help improve
the results of cell-based immunotherapy in prostate cancer
patients.
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Abstract
Cerium oxide nanoparticles (CONPs) have unique surface chemistry allowing catalyst-like antioxidant properties, and are being
investigated for several disease indications in medicine. Studies have utilized surface modified CONPs toward this application, but have been
lacking in comprehensive biodistribution and pharmacokinetic data and a direct comparison to uncoated CONPs. We developed an enhanced
single-pot synthesis of several coated CONPs and an efficient intrinsic core labeling of CONPs with the clinical PET isotope, zirconium-89,
allowing detailed PET imaging and ex vivo biodistribution. All coated [ 89Zr]-CONPs showed benefit in terms of biodistribution compared to
uncoated [ 89Zr]-CONPs, while retaining the intrinsic antioxidant properties. Among these, poly(acrylic acid) coated CONPs demonstrated
excellent candidacy for clinical implementation due to their enhanced renal clearance and low reticuloendothelial system uptake. This work
also demonstrates the value of intrinsic core labeling and PET imaging for evaluation of nanoparticle constructs to better inform future
studies towards clinical use.
© 2018 Elsevier Inc. All rights reserved.
Key words: Cerium oxide nanoparticles; PET imaging; Biodistribution; Surface coating; Antioxidant; Zirconium-89

Cerium oxide nanoparticles (CONPs) possess unique catalytic redox activity, which has been extensively demonstrated in
various industrial and biological applications. 1–4 Oxygen

vacancies on the surface of CONPs lead to the presence of
both Ce 3+ and Ce 4+ oxidation states, which are able to autoregenerate after oxidation, allowing for catalyst-like radical

Abbreviations: %ID/g, percent injected dose per gram; CONP, cerium oxide nanoparticle; DFO, desferoxamine; DLS, dynamic light scattering; DSS,
dextran sodium sulfate; DT10-NH2, dextran T10 amine; DT10-PEG, dextran T10 polyethylene glycol; DT10-SB, dextran T10 sulfobetaine; DTPA,
diethylenetriaminepentaacetic acid; EDTA, Ethylenediaminetetraacetic acid; ICP-OES, inductively coupled plasma-optical emission spectrometry; MIP,
maximum intensity projection; NP, nanoparticle; OSEM3D-MAP, ordered subsets expectation maximization three dimensional-maximum a posteriori; PAA,
poly(acrylic acid); PET, positron emission tomography; RCP, radio chemical purity; RES, reticuloendothelial system; ROI, region of interest; TEM,
transmission electron microscopy.
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scavenging.
Due to the ubiquity of oxidative stress in disease
pathology, CONPs have a broad potential for therapeutic
applications and have been developed and studied for protection
of several tissues, including neuronal, ocular and heart. 8–14
CONPs have also demonstrated protection of normal, but not
tumor tissues, during radiation treatment. 5,15–18 Other studies
have shown that CONPs exhibit cytotoxic effects on cancer cells
and are capable of sensitizing them to radiation. 19–21 CONPs
also have shown low in vivo toxicity, which has been shown to
decrease with smaller size. 22–24 With their low toxicity profile,
diverse biological activities and potential pharmacological
promise for clinical applications, it is prudent to utilize
CONPs' multi-functional nanoparticle (NP) platform to adjust
their physicochemical properties through modified synthesis and
study their pharmacokinetics through imaging to tailor them
toward their intended biological application.
By altering the synthesis of NPs, their shape, size and material
composition can be adjusted, which impacts their in vivo
biochemical interactions at the cellular and organ levels. 1,25–29
Specifically, NP core, surface and conjugation chemistry affects
tissue biodistribution, biological targeting and metabolic and
clearance profiles. To understand the overall pharmacokinetics
of various NP-chemical constructs, direct in vivo data on their
behavior are essential. In vivo data can be acquired through
imaging by incorporating an imaging signal in the NP construct,
enabling optical, PET, SPECT, MR or photoacoustic imaging.
For PET and SPECT imaging, a radioisotope is used as the
imaging signal. There are many options in the method of
radiolabeling NPs, including modifications of particle surface or
coating, physisorption, direct chemisorption, isotope exchange,
cation exchange, particle beam or reactor activation, cavity
encapsulation, or radiochemical doping. 30 To best compare the
biodistribution of CONPs with different surface coatings, a
radiochemical doping approach was taken, which does not
involve modifying surface chemistry. Radiochemical doping is
chelator-free and is also called hot-plus-cold precursor or
intrinsic radiolabeling. It involves the incorporation of radionuclide into the nanoparticle during synthesis, governed by the
Fajans-Paneth-Hahn law of radioactive co-precipitation, by
which the radiotracer isotope is carried down and embedded
into the crystal lattice of the core of nanoparticle, thereby
preventing any surface changes that may affect nanoparticle
pharmacokinetics. 30,31 In prior work we demonstrated this
method through intrinsic labeling of CONPs, quantum dots
and superparamagnetic iron oxide NPs using cerium-141,
indium-111, iron-59 and zinc-65. 29,32,33 In this work,
zirconium-89 (T½ = 78.4 h) was used as a clinically relevant
PET imaging radioisotope. It has had increasing pre-clinical and
clinical use in immuno-PET imaging of receptor targeting
antibodies and peptides. 34–37 It has also shown promise in
chelator-free labeling of silica and metal oxide NPs. 38–42
The literature is currently lacking in comprehensive assessment of tissue dependent accumulation and retention profiles of
coated and uncoated CONPs. Our aim is to fill this knowledge
gap using in vivo imaging and ex vivo gamma counting of
CONPs enabled by intrinsic 89Zr radiolabeling. In this work, we
present the PET imaging and ex vivo biodistribution analysis of
several intravenously (i.v.) administered, intrinsically labeled

[ 89Zr]-CONPs synthesized without and with different surface
coatings. The coatings that were investigated include dextran
T10-amine (DT10-NH2), dextran T10-polyethylene glycol
(DT10-PEG), dextran T10-sulfobetaine (DT10-SB) and poly
(acrylic acid) (PAA). A citrate coating was also investigated
based on a paper studying CONP-citrate's application in treating
neurodegeneration. 9 Using dynamic PET imaging, the in vivo
behavior of these coated CONPs was recorded for the first hour, and
by static PET imaging at 2 and 24 h and corroborated with ex vivo
biodistribution at 2 h, 24 h and 7 days. Using these data, it is
envisioned that these coated CONPs can be chosen based on
localization in the intended organs for their pharmacological action.

Material and methods
General
All purchased chemicals were used as received without
further purification. Cerium(III) nitrate hexahydrate (99.0%),
ammonium hydroxide solution (NH 4 OH, 30%), PAA
(Mw~1800), hydrogen peroxide (H2O2, 30%), N,N′-Disuccinimidyl carbonate, ethylenediamine, N,N-diisopropylethylamine,
N,N-dimethylethylenediamine (98%), citric acid (99.5%), desferoxamine (DFO), diethylenetriaminepentaacetic acid (DTPA)
and hydrochloric acid (≥ 37%) were obtained from SigmaAldrich (St. Louis, MO, USA). Ethylenediaminetetraacetic acid
(EDTA) was obtained from Thermo Fischer Scientific (Waltham,
MA, USA). Dextran T10 (DT10, Mw ~10,000) was purchased
from Pharmacosmos (Holbæk, Denmark). Di-tert-butyl dicarbonate (97%) and dextran sodium sulfate (DSS, Mw ~40,000) were
purchased from Alfa Aesar (Haverhill, MA, USA). Azoxymethane
was purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
Aqueous osmium tetroxide (4%) was purchased from Electron
Microscopy Sciences (Hatfield, PA, USA).
Synthesis of DT10-NH2, DT10-PEG, DT10-SB was done as
previously reported. 29
[ 89Zr]-oxalate was produced on a PET-Trace Cyclotron
(Sofie Biosciences, Richmond, VA, USA) using the 89Y(p,
n) 89Zr reaction. Conversion of [ 89Zr]-oxalate to [ 89Zr]-chloride
in 1 M HCl was done as previously reported. 43
Concentration of CONP and [ 89Zr]-CONP solutions was
measured by inductively coupled plasma-optical emission
spectrometry (ICP-OES) measurement on a Vista-MPX CCD
Simultaneous ICP-OES (Varian, Palo Alto, CA, USA) to
determine cerium metal concentration in samples. All concentrations of CONPs and [ 89Zr]-CONPs are reported in terms of
mass of cerium metal per unit volume.
A Zeta Sizer Nano Series ZEN3600 (Malvern, Worcestershire, UK) was used to measure the hydrodynamic size by
dynamic light scattering (DLS) and zeta potential of sonicated
0.5 mg/mL CONPs solutions in water and phosphate buffered
solution (pH 7.0), respectively. NP size kinetics were determined using hydrodynamic size measurements on samples taken
from reaction solutions at 30 min, 2 h, 6 h and 24 h.
Higher radioactivity [ 89Zr]-CONPs samples were measured
in a dose calibrator, CRC-15 PET (Capintec, Florham Park, NJ,
USA), while lower radioactivity biological samples were
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measured using a gamma counter, Wallac Wizard 1470 (Perkin
Elmer, Waltham, MA, USA).
89

Synthesis of CONP and [ Zr]-CONP
A co-precipitation method was used to produce all CONPs. Ce
(NO3)3·6H2O (1 mg, 2.3 μmol) and 2.5 mg polymer for PAA,
DT10-NH2, DT10-PEG, DT10-SB coatings, or 2.25 mg citric acid
and 0.25 mg EDTA for citrate coating, were dissolved in DI water.
No additions to the cerium salt were made for uncoated CONP
synthesis. For 89Zr-labeled CONPs, a 1 M HCl solution of [ 89Zr]chloride was added to the cerium salt solutions. Typical additions
were 3.7 to 37 MBq in 10 to 50 μL. The total volume of the cerium
salt solution was brought to 150 μL with DI water. This solution
was added to NH4OH (150 μL, 1.45 M) and the resulting reaction
was stirred for N 20 h, at room temperature. The reaction solution
was filtered through a 0.22 μm nylon syringe filter. Due to large
particle size, uncoated CONPs were not filtered. The filtered
solution was centrifuged at 5000 rpm for 30 min with Amicon
filters (Merck Millipore, Billerica, MA, USA) to remove unreacted
reactants. 30,000 MWCO filters were used for uncoated and
DT10-NH2, DT10-PEG, DT10-SB coated CONPs and while 3000
MWCO filters were used for PAA and citrate coated CONPs.
Centrifugation was repeated 3 times after dilution with DI water.
Chemical reaction yields were calculated from ICP-OES measurement of cerium and radiochemical yields were calculated from
radioactivity measurements from the dose calibrator.
TEM imaging of CONPs
Samples of all CONPs were dried on carbon coated copper
grids immediately after sonication, following standard procedure.
To enhance contrast, after drying, coated CONP samples were
stained with osmium tetroxide by placing the grids in a dish with
several large drops of 4% aqueous osmium tetroxide for 3 h. TEM
images were obtained on an EOL JEM-1400 Plus transmission
electron microscope (JEOL USA INC, Peabody, MA, USA) at an
accelerating voltage of 120 kV. Images were taken by a Gatan
OneView camera (Gatan Inc., Warrendale, PA, USA).
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Autocatalytic activity of CONP and [ Zr]-CONP
A previous method of measuring CONPs' redox reaction with
H2O2, in which the oxidation of Ce 3+ to Ce 4+ can be monitored
by visible spectrum absorbance, was used to determine their
redox properties. 29,44 Each CONP and [ 89Zr]-CONP (100 μL,
0.5 mg/mL) were added to a 96 well plate and a multiwell plate
reader (DTX880 Multimode Detector, Beckman Coulter, Brea,
CA, USA) was used to monitor absorbance at 420 nm (n = 3).
H2O2 (20 μL, 7.5 mM) was added to each well to oxidize the
CONPs and absorption was measured over 5 days. H2O2 (20 μL,
7.5 mM) was again added on day 6 to test recycling of redox
state. Solutions of CONPs without H2O2 were used as control to
normalize reported absorbance.
Cell culture
Colorectal adenocarcinoma cell lines (COLO205 and HCT116)
were maintained under standard culture conditions (37 °C and 5%
CO2) in a humid environment. Cells were grown in DMEM/High
glucose medium (Thermo Fischer Scientific) supplemented with
10% fetal bovine serum (Sigma Aldrich). The cells were grown to
70 to 80% confluency before use in experiments.
Cytotoxicity assay
Cell Titer-Glo Luminescent Cell Viability Assay kit
(Promega, Madison, WI, USA) was used to evaluate the
cytotoxicity of [ 89Zr]-CONPs on COLO205 and HCT116
cells. Briefly, 10 4 cells were plated in opaque 96 well plates
and treated with increasing concentrations from 1 to 120 μg/mL
of each [ 89Zr]-CONP for 24 h after which Cell Titer-Glo reagent
was added to each well and luminescence was measured by
multiwell plate reader (n = 3). The luminescence of untreated
cells was used as control to calculate percent viability.
Colon tumor model

All [ 89Zr]-CONPs were incubated in 50 mM DFO (pH 7.0) and
50 mM DTPA (pH 7.0) for 24 h and 7 days to test for competitive
chelation of 89Zr (n = 1). A 3000 MWCO filter was used to separate
[ 89Zr]-CONPs, which are retained in the filter, from free 89Zr bound
to DFO and DTPA, which pass through the filter at N 95%.

All animal experiments were performed according to the policies
and guidelines of the Animal Care and Use Committee (IACUC) at
Virginia Commonwealth University and the procedures followed
were in accordance with institutional guidelines and humane care.
Colorectal cancer was induced in adult female C57BL/6 mice (NCI,
Rockville, MD, USA). Mice were intraperitoneally (i.p.) injected
with 15 mg/kg of the carcinogen azoxymethane, followed by three
cycles of colitis induction with DSS in drinking water (2% wt/vol)
over 10 weeks, as previously described. 45

UV and radioactivity detection by HPLC

Biodistribution

Reversed-phase HPLC (model 1525, Waters, Milford, MA,
USA) on a 8 × 300 mm, 200 Å Diol size-exclusion column
(YMC, Kyoto, Japan) was used to analyze all [ 89Zr]-CONPs in
water solution and from plasma samples of C57BL/6 mice 2 h
post i.v. injection (n = 1). Twenty microliters of sample
solutions was injected into the HPLC with DI water as the
mobile phase and a flow rate of 1 mL/min. Analysis of UV
absorbance (254 nm; model 2489, Waters) and radioactivity
(model B-FC-3300, Bioscan, Poway, CA, USA) permitted
comparative analysis of CONP and 89Zr signal, respectively.

C57BL/6 mice were injected with a solution of each [89Zr]-CONP
(0.37-11.1 MBq) in saline via i.v. (n = 3-6), oral gavage (n = 1) or i.
p. injection (n = 1). Mice were also i.v. injected with a solution of
89
ZrCl4 in saline (1.4-11.1 MBq, n = 3). Mice were euthanized and
blood, feces and urine samples and other major organs were collected
at 2 h, 24 h and 7 days post injection. Colon tumor bearing mice
were used for 2 and 24 h i.v. injection studies. Radioactivity of each
sample was measured by gamma counter. The percentage of the
injected dose per gram (%ID/g) of tissues was calculated from the
total injected dose, gamma counting and organ weights.

DTPA and DFO challenge of [ 89Zr]-CONP
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Figure 1. Synthesis scheme for uncoated and coated [ 89Zr]-CONPs. The uncoated and coated [ 89Zr]-CONPs are shown with a cerium oxide core (yellow
spheres), 89Zr incorporation (red dots) and various coatings. Also shown is the smaller size of the coated [ 89Zr]-CONPs compared to uncoated, approximately to
scale based on TEM imaging.

Whole body clearance

In vivo PET-CT imaging

Each [ 89Zr]-CONP was i.v. injected into C57BL/6 mice (3.34.7 MBq) and whole body radioactivity was measured over the
course of 7 days using a dose calibrator (n = 3-6).

For PET-CT imaging, animals were anesthetized (2%
isoflurane in oxygen) and positioned in a Multi-modality
Preclinical System (Inveon, Siemens, Erlangen, Germany)
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Table 1
Chemical/radio-chemical yields and physicochemical properties of non-radiolabeled vs [ 89Zr]-labeled CONPs.
CONP Coating

Uncoated
Citrate
DT10-NH2
DT10-PEG
DT10-SB
PAA

[ 89Zr]-CONP
Yield (%)

CONP
Hydrodynamic size
(nm ± SD)

[ 89Zr]-CONP
Hydrodynamic size
(nm ± SD)

CONP
Zeta potential
(mV ± SD)

[ 89Zr]CONP
Zeta potential
(mV ± SD)

78.5%

80.9%

156.8 ± 35.4

−22.3 ± 0.9

−24.1 ± 1.6

89.2%
99 + %
99 + %
99 + %
96.5%

87.8%
93.0%
94.6%
94.9%
97.7%

163.3 ± 40.6 (90%)
1128 ± 342 (10%)
3.1 ± 0.7
6.2 ± 1.6
9.4 ± 2.4
14.2 ± 4.4
3.8 ± 0.7

CONP Yield (%)

3.1
6.3
9.3
14.3
3.9

±
±
±
±
±

0.5
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Figure 2. TEM images of uncoated and coated CONPs. TEM imaging of non-radiolabeled CONPs reveal a core size of ~5 nm for uncoated CONPs (A) and an
ultrasmall core of ~1 nm for all coated CONPs (B: CONP-citrate, C: CONP-DT10-NH2, D: CONP-DT10-PEG, E: CONP-DT10-SB F: CONP-PAA). Coated
CONPs (B-F) were stained with osmium tetroxide to enhance contrast.

under warm conditions. For dynamic imaging, PET data were
acquired continuously for 65 min. Two minutes after the start of
the image acquisition, each [ 89Zr]-CONP (3.7-11.1 MBq) or
89
ZrCl4 (5.5-11.1 MBq) was i.v. injected through a previously
positioned catheter (n = 1). Static imaging was completed at 2
and 24 h post i.v. injection and at 24 h post oral gavage and i.p
injection of each [ 89Zr]-CONP (n = 1). Static imaging was also
completed at 2 and 24 h post i.v. injection of 89ZrCl4 (n = 1).
After PET imaging, a CT scan was acquired for anatomical
reference. A normalization scan and a calibration phantom of
known volume and radioactivity were acquired prior to the study
and the PET images were processed using manufacturer
recommended procedures. Multiple frame dynamic sequences
and ordered subsets expectation maximization three
dimensional-maximum a posteriori (OSEM3D-MAP) reconstructions were done using Inveon Acquisition Workplace 1.5
(Siemens) and were used for image analysis in the Inveon
Research Workplace 4.1 (Siemens).

Results
Synthesis and characterization of CONP and [ 89Zr]-CONPs
The synthesis scheme for [ 89Zr]-CONPs is shown in Figure 1.
The synthesis scheme of non-radiolabeled CONPs is the same,
with the omission of [ 89Zr]-chloride. Chemical and radiochemical yields, along with size and surface charge for all CONPs and
[ 89Zr]-CONPs are presented in Table 1. Reaction yields, based
on percent of incorporated cerium, were N 89% for all coated
CONPs, while slightly lower at 79% for uncoated CONP.
Incorporation of 89Zr was N 80% for all coated and uncoated
[ 89Zr]-CONP radiosynthesis. TEM imaging of coated CONPs
demonstrated the extremely small size of the NPs, with all having
a core size of ~1 nm while uncoated CONPs were ~5 nm and
showed significant aggregation (Figure 2). Reaction kinetics in
terms of hydrodynamic size over time demonstrate the increasing
size of uncoated and DT10-NH2 and DT10-SB coated CONPs,
the stable size of CONP-DT10-PEG, and decrease in size of
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Table 2
RCP of each [ 89Zr]-CONP after 24 h and 7 day incubation in solutions of
chelators DFO or DTPA.
[ 89Zr]CONP
Coating
Uncoated
Citrate
DT10-NH2
DT10-PEG
DT10-SB
PAA

Radiochemical Purity (%)
DFO

DTPA

24 h

7d

24 h

7d

98.7
29.3
60.2
81.9
80.5
80.0

75.5
10.2
10.4
16.2
17.3
48.5

93.9
30.8
35.6
48.3
49.4
61.8

82.4
22.2
8.9
13.6
10.6
46.3

PAA and citrate coated CONPs (Supplementary Figure S1). The
incorporation of 89Zr had very little effect on size and surface
charge of the NPs, with DLS size distribution profiles almost
identical for non-radiolabeled CONPs and [ 89 Zr]-CONPs
(Supplementary Figure S2).
Chelator challenge of [ 89Zr]-CONPs
Chelator challenge with both DFO and DTPA showed high
radiochemical purity (RCP) of 94 to 99% at 24 h for uncoated
[ 89Zr]-CONPs (Table 2). Seven day incubation of uncoated
[ 89Zr]-CONPs showed lower RCP of 75 to 82%. The same tests
showed RCPs ranging from 31 to 82% at 24 h and 9 to 49% at
7 days for the coated [ 89Zr]-CONPs. [ 89Zr]-CONP-PAA had the
highest RCP values of the coated [ 89Zr]-CONPs.
Radio-HPLC analysis of [ 89Zr]-CONPs
HPLC demonstrated the concordance of CONPs' inherent
UV absorption at 254 nm and the radioactive signal from 89Zr in
all [ 89Zr]-CONPs in water solution and from mouse plasma
samples 2 h post i.v. injection of each coated [ 89Zr]-CONP
(Supplementary Figures S3 and S4, respectively).
Redox properties of coated and [ 89Zr]-labeled CONPs
Surface coated and 89Zr labeled CONPs' retained their redox
properties with improvement in their return to baseline when
compared to uncoated CONPs (Figure 3). All CONPs also
showed recycling of redox state after 6 days with reaction to a
second H2O2 addition comparable to their initial reaction.

organs, while also showing elevated uptake in the liver and
spleen. Increased kidney uptake was seen for citrate and PAA
coated [ 89Zr]-CONPs. [ 89Zr]-CONP-PAA showed the least
uptake in the liver and spleen at 24 h. [ 89Zr]-CONPs also
show significant uptake in the gallbladder and feces, indicating
hepatobiliary excretion, with [ 89Zr]-CONP-DT10-SB showing
particularly high excretion by this method. There was increased
bone signal seen in the biodistribution for all coated CONPs,
with the highest uptake seen with [ 89Zr]-CONP-citrate.
Whole body clearance
Whole body retention of the [ 89Zr]-CONPs over 7 days was
high in all but [ 89Zr]-CONP-PAA, which showed clearance of
N 75% between 2 and 4 h (Figure 5). [ 89Zr]-CONP-citrate
showed an initial quick clearance of 5% by 1 h. All other coated
[ 89Zr]-CONPs showed gradual clearance of 13 to 21% by day 7,
while uncoated [ 89Zr]-CONPs showed b 3% clearance at day 7.
In vivo PET imaging analysis
Maximum intensity projections (MIPs) from PET-CT
dynamic imaging at 1 min and 30 min post-injection, and from
static imaging at 2 h and 24 h post-injection for all [ 89Zr]CONPs are presented in Figure 6. Videos of the PET-CT
dynamic imaging for each [ 89Zr]-CONP can be found in the
Supplementary Video section (Supplementary Videos V1-V6).
Organ region of interest (ROI) %ID/g over the course of PET
dynamic imaging is presented in Figure 7 and ROI %ID/g data at
2 and 24 h in Supplementary Figure S6. The dynamic imaging of
uncoated [ 89Zr]-CONPs demonstrates the immediate uptake of
radioactivity in the lungs and subsequent increases in the liver
and spleen. All of the coated [ 89Zr]-CONPs showed blood flow
driven distribution for at least the first minute. Subsequent liver
and spleen uptake were seen, though consistently less uptake in
these organs was seen for [ 89Zr]-CONP-PAA. PAA and citrate
coatings showed an ability to be cleared by the kidneys into the
urine. [ 89Zr]-CONP-citrate showed uptake in the kidneys within
the first minute and urine radioactivity by 5 min. For [ 89Zr]CONP-PAA, kidney uptake increases gradually over the first
hour with radioactivity in the urine by 30 min. Among the
DT10-based coatings, [ 89 Zr]-CONP-DT10-PEG shows the
longest blood distribution over the first hour, with comparatively
less signal from the liver and spleen.

Cytotoxicity of [ 89Zr]-CONPs
Cytotoxicity was minimal for almost all concentrations of
each [ 89Zr]-CONPs tested, with a decrease of viability N‐5%
only seen with [ 89Zr]-CONP-PAA at the highest concentration
of 120 μg/mL in COLO205 and HCT116 colon cancer cells, and
with [ 89Zr]-CONP-citrate at 120 μg/mL only in HCT116 colon
cancer cells (Supplementary Figure S5).
Biodistribution of [ 89Zr]-CONPs by ex vivo analysis
Biodistribution, by ex vivo analysis, for all [ 89Zr]-CONPs at 2
and 24 h and 7 days is shown in Figure 4. The highest
concentration of uncoated [ 89Zr]-CONPs was seen in the lung,
with elevated uptake also in the liver and spleen. Coated [ 89Zr]CONPs showed a much more general distribution to most

Discussion
Synthesis of all coated CONPs showed improved water
solubility and higher chemical and radiochemical yields than
uncoated CONPs. TEM imaging demonstrated the larger core
size (~5 nm) of uncoated CONPs, with signs of aggregation,
likely leading to the much larger hydrodynamic size by DLS of
N‐160 nm. This exhibits how a lack of coating causes less
restricted growth and more NP aggregation, as studied
previously. 46 TEM imaging also demonstrated the ultrasmall
size of the core of the coated CONPs, with all having a diameter
of ~1 nm. The hydrodynamic size of the coated CONPs was
strongly dependent on the surface coating, all being significantly
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Figure 3. CONPs' cycling redox reaction with H2O2. Absorbance was monitored over 5 days after H2O2 was added to solutions of non-radiolabeled (A) and 89Zr
labeled (B) CONPs. *On day 6, H2O2 was added again to demonstrate redox cycling (mean ± S.E.M., n = 3).

larger than TEM measurements, consistent with previous
findings. 47–49 Citrate and PAA coatings lead to NPs with
smaller hydrodynamic sizes (3.1 and 3.9 nm, respectively),
whereas the higher molecular weight DT10-based coatings are
larger (6.2-14.3 nm). DLS size and zeta potential measurements
demonstrated a minimal effect of 89Zr incorporation on size and
surface charge of CONPs versus [ 89Zr]-CONPs and a reproducible NP synthesis, supporting an efficient intrinsic labeling of
CONPs that has minimal effect on physicochemical properties.
After 24 h DFO and DTPA chelation challenge, uncoated
[ 89Zr]-CONPs demonstrate a high RCP of ≥ 94%. This is a
proof of concept that 89Zr can be incorporated and retained
within the core of the NP. Unfortunately, after prolonged 7 day
chelator challenge, the RCP values for uncoated [ 89Zr]-CONPs
decreased to 75 to 82%. This is likely due to inherent instability
of CONPs in these chelators from Ce(III/IV) complexation, as
previously described, 50,51 leading to exposure of core 89Zr for
chelation and decreasing the utility of the chelation challenge for
determining radiostability. Using the uncoated [ 89Zr]-CONPs as
a baseline, the surface coated [ 89Zr]-CONPs did have reduced
RCP values upon the same chelator challenge. This may be due
to both the increased surface-area-to-volume ratio of the smaller
NPs, leading to a greater effect of the chelators on complexing
cerium and exposing 89Zr, 50 and due to the trapping of 89Zr in
the surface coating during single-pot synthesis. This is most
likely the cause of the low RCP values for [ 89Zr]-CONP-citrate,
which is synthesized in the presence of EDTA, based on a
previous method. 9 The EDTA may chelate a significant amount of
89
Zr and lead to increased 89Zr loss during chelation challenge and
in vivo.
Overall, chelation challenge is a poor predictor of in vivo
radiostability for the [ 89Zr]-CONPs due to the instability of
CONPs in chelator solution, and because it is relatively harsh test
that does not reflect in vivo conditions, where radiochemical
stability is expected to be more favorable. 52 For in vivo studies,
monitoring bone uptake is a more demonstrated indicator of
radiochemical stability, by which 89Zr labeled constructs can be
compared to free 89 Zr, a bone seeker. 42,53 The relative
comparison of uptake for free 89Zr, i.v. injected as 89ZrCl4,
can be seen in Figure 4 and from PET imaging in Supplementary

Figure S7. Bone uptake of uncoated [ 89Zr]-CONPs is minimal at
b 3 %ID/g at 7 days compared to 100 %ID/g for [ 89Zr]-chloride,
demonstrating excellent in vivo radiochemical stability. [ 89Zr]CONP-citrate shows the highest bone uptake of 31% at 7 days,
indicating greater 89Zr detachment. The other coatings showed
bone uptake of 8 to 14 %ID/g at 7 days. PET imaging confirmed
moderate bone uptake in coated [ 89Zr]-CONPs, most apparent in
the images of [ 89Zr]-CONP-citrate and [ 89Zr]-CONP-DT10NH2 at 24 h. While the bone uptake values and imaging do
confirm 89Zr loss from the NPs, the uptake profiles of each
[ 89Zr]-CONP are still easily distinguishable. While chelation
challenge before i.v. injection may be able to remove some of the
surface bound 89Zr, this method has been shown to decrease
bone uptake by only 20%, 39 and so was not pursued for this
study. Excluding [ 89Zr]-CONP-citrate, the tolerable amount of
bone signal loss, combined with UV- and radio-HPLC of [ 89Zr]CONPs demonstrating concordance of CONP and 89Zr signals,
validates the use of 89Zr detection as a surrogate marker for
CONP biodistribution in this study.
Synthesis of CONPs with different surface coatings and 89Zr
incorporation had no significant impact on the inherent redox
properties of the NPs and in vitro toxicity. The coated CONPs
appear to have more efficient redox cycling compared to
uncoated, possibly due to their increased surface-area-tovolume ratio. The toxicity of the coated [ 89Zr]-CONPs was
reduced compared to our previous study by using a reduced ratio
of coating molecules to cerium salt in the starting solution,
resulting in cytotoxicity of [ 89Zr]-CONP-PAA only seen at
120 μg/mL, compared to 40 μg/ml. 29
Administration of CONPs by i.v. injection was chosen due to
poor uptake in testing i.p. and oral gavage administration of
[ 89Zr]-CONPs, which showed uptake no higher than 1 %ID/g in
any organ and imaging showing [ 89Zr]-CONPs did not leave the
i.p. cavity and gastrointestinal tract, respectively, at 24 h
(Supplementary Figure S8).
Biodistribution by ex vivo analysis and PET-CT imaging of
each i.v. injected [ 89Zr]-CONP conclusively demonstrated the
advantage of coating CONPs in improving their overall
biodistribution by causing the NPs to distribute more evenly
throughout the body compared to uncoated [ 89Zr]-CONPs,
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Figure 5. Whole body clearance of [ 89Zr]-CONPs. Mice were i.v. injected
with each [ 89Zr]-CONP and whole body radioactivity was measured over the
course of one week (mean ± S.E.M., n = 3-6).

which accumulated almost exclusively in the lungs within the
first minute of injection. This is most likely due to aggregation to
micrometer sized particles causing them to become trapped in the
capillary beds of the lungs on first pass, similar to what is seen
with the liver/lung imaging agent, 99mTc macroaggregated
albumin ( 99mTc-MAA), and in a study of the biodistribution of
uncoated rare earth oxide NPs. 22,54
Increased uptake in the liver and spleen, representing
endocytic sequestration of NPs in the reticuloendothelial system
(RES), is seen with all [ 89Zr]-CONPs and is common to the
biodistribution of NPs. 27,55 PET dynamic imaging revealed that
[ 89Zr]-CONP-DT10-NH2 had the most immediate and highest
uptake in the liver, likely due to its strong positive surface charge
facilitating uptake. 55 In contrast, PAA and DT10-PEG coated
[ 89Zr]-CONPs had consistently low uptake in the liver and
spleen over the first hour, demonstrating avoidance of immediate
uptake by RES tissues. [ 89 Zr]-CONP-PAA also showed
continuing avoidance of the RES over 7 days with the lowest
uptake in both the liver and spleen over this time.
Hepatobiliary clearance of the [ 89Zr]-CONPs was seen in
their gallbladder uptake, which empties into the intestines and is
cleared by the feces. This excretion route is especially evident
with [ 89 Zr]-CONP-DT10-SB, which had highly variable
radioactivity in the gallbladder and feces at 24 h, and led to
the most variable whole body clearance, ranging from 7 to 42%.
Renal clearance was enhanced only in the PAA and citrate
coated [ 89Zr]-CONPs due to their ultrasmall hydrodynamic
size being lower than the threshold for renal glomerular filtration
(b 5.5 nm). 56 [ 89Zr]-CONP-citrate showed quick uptake in the
kidneys and appearance in the urine by 5 min, but minimal by
2 h post injection. This indicates very rapid initial renal
clearance, but only accounts for a 5% decrease in total body
radioactivity according to whole body clearance, indicating poor

overall clearance by this route. In contrast, [ Zr]-CONP-PAA
showed slower uptake in the kidney and excretion in the urine
between 2 and 4 h, but led to a whole body clearance of 75% by this
time. The total clearance of [ 89Zr]-CONP-PAA was N 83% on day 7,
compared to the average clearance of the other [ 89Zr]-CONPs of
≤ 20% at 7 days. More importantly, [ 89Zr]-CONP-PAA's high
clearance is not at the expense of tissue uptake, as it is taken up as
much or more than the other [ 89Zr]-CONPs in most tissues.
While [ 89Zr]-CONP-citrate showed desirable qualities with
some renal clearance and higher uptake in tumor, with potential
towards adjuvant anti-cancer therapy, its apparent in vivo
radiochemical instability and short stable shelf life, common to
citrate-stabilized nanoparticles, 57 indicate it is a poor candidate
for further study, as the radiosynthesis method with 89Zr
introduces instability. Based on the previous study of CONPcitrate, 9 it was hoped that [ 89Zr]-CONP-citrate's biodistribution
would demonstrate crossing of the blood-brain barrier, but our
study is unable to corroborate that.
The biodistribution profiles of the other [ 89Zr]-CONPs
demonstrate that each may have their own applications for
therapeutic or mechanistic studies. The high uptake of uncoated
[ 89Zr]-CONPs in the lung may indicate they are good candidates
for pharmacologic action in that organ. Their prolonged body
retention of N 97% at 7 days may be beneficial for prolonged
therapeutic activity, though it may also lead to long-term toxicity.
For targeting therapy to the liver and spleen, DT10-based and
uncoated [ 89Zr]-CONPs show the best potential due to their high
uptake. [ 89Zr]-CONP-DT10-PEG demonstrated high tumor uptake combined with prolonged blood circulation, and hence may be
a good candidate for conjugation with tumor-targeting ligands.
[ 89Zr]-CONP-PAA showed the most even distribution pattern in
major organs, making it a good candidate for multiple tissue
protection, such as during chemo- or radiation therapy.
In conclusion, this study demonstrates a facile and reproducible synthesis of coated and radiolabeled CONPs that shows the
promise for their future study and application. The coated
CONPs and [ 89Zr]-CONPs retain their inherent redox properties
and minimal toxicity, allowing them to be used in future studies
toward the same medical applications as previously studied with
uncoated CONPs. Compared to uncoated [ 89Zr]-CONPs, coated
[ 89Zr]-CONPs showed a more even bodily distribution, which
will hopefully improve their dose-related performance as a
protective antioxidant drug. Promising results from a clinical
study of 89Zr labeled ultrasmall Cornell dots are encouraging for
the potential clinical translation of PAA coated [ 89Zr]-CONPs
due to similarities in ultrasmall size, renal clearance, low RES
uptake and low toxicity. 58 While CONP-PAA was revealed to be
the strongest candidate for clinical translation, we hope this work
will inform future studies of the potential of each of the studied
surface coatings. Taken together, the information obtained from
the study of [ 89Zr]-CONPs can act as a guideline for the use and
further design of non-radiolabeled CONP constructs that are better
tailored toward their specific pre-clinical and clinical applications.

Figure 4. Uptake of [ 89Zr]-CONPs. Mice i.v. injected with the various [ 89Zr]-CONPs were sacrificed at 2 h, 24 h and 7 days post-injection. Various biological
and organ samples (A-O) from each injected mouse were weighed and gamma counted and %ID/g was determined and plotted for each time point. Uptake of
[ 89Zr]-chloride is presented for comparison for determining radiochemical stability in vivo (mean ± S.E.M., n = 3-6). *Presented on logarithmic scale. †7 day
studies were not performed on tumor bearing mice.
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Figure 6. MIPs from PET-CT dynamic and static imaging after injection of [ 89Zr]-CONPs. MIPs are shown from the PET-CT imaging of mice i.v. injected with
each [ 89Zr]-CONP (A-F) from dynamic imaging at 1 min and 30 min and from static imaging at 2 h and 24 h. Organs with significant uptake are labeled.

This study also further supports the potential of 89Zr and other
radionuclide labeling to rationally evaluate detailed biodistribution
and in vivo imaging profiles of NP constructs prior to embarking
on extensive biological and therapeutic studies.
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Figure 7. Organ ROI %ID/g comparison from PET dynamic imaging after injection of [ 89Zr]-CONPs. %ID/g is graphed over the one hour course of the dynamic
PET scan comparing uptake of each [ 89Zr]-CONP in major organs (A-F).

Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.nano.2018.04.002.
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Increasing evidence indicates that reduced intracellular drug accumulation is the parameter most consistently associated with
platinum drug resistance, emphasizing the need to directly measure
the intratumor drug concentration. In the era of precision medicine
and with the advent of powerful imaging and proteomics technologies, there is an opportunity to better understand drug resistance
by exploiting these techniques to provide new knowledge on drug–
target interactions. Here, we contribute to this endeavor by reporting on the development of an 18F-labeled carboplatin derivative
(18F-FCP) that has the potential to image drug uptake and retention,
including intratumoral distribution, by PET. Methods: Fluorinated carboplatin ( 19 F-FCP) was synthesized using 19 F-labeled
2-(5-fluoro-pentyl)-2-methyl malonic acid (19F-FPMA) as the labeling
agent to coordinate with the cisplatin–aqua complex. It was then used
to treat cell lines and compared with cisplatin and carboplatin at different concentrations. Manual radiosynthesis and characterization of
18F-FCP were performed using 18F-FPMA for coordination with the
cisplatin–aqua complex. Automated radiosynthesis of 18F-FCP was
optimized on the basis of manual synthesis procedures. The stability
of 18F-FCP was verified using high-performance liquid chromatography. 18F-FCP was evaluated using ex vivo biodistribution and in
vivo PET imaging in non–tumor-bearing animals as well as in KB-3-1
and COLO-205 tumor xenograft–bearing nude mice. Results: In vitro
cytotoxicity studies demonstrated that 19F-FCP has an antitumor activity profile similar to that of the parent drug carboplatin. In vivo
plasma and urine stability analysis showed intact 18F-FCP at 24 h after
injection. PET imaging and biodistribution studies showed fast clearance from blood and major accumulation in the kidneys, indicating
substantial renal clearance of 18F-FCP. Using 18F-FCP PET, we could
image and identify the intratumor drug profile. Conclusion: Our
results demonstrated that 19F-FCP, like carboplatin, retains antitumor
activity in various cell lines. 18F-FCP could be a useful imaging tool for
measuring the intratumor drug distribution. This strategy of using a
new therapeutic carboplatin derivative to quantify and track platinum
drugs in tumors using PET has the potential to translate into a clinically
useful imaging tool for individual patients.
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S

ince the discovery of cisplatin by Rosenberg et al. (1),
platinum drugs have been used as a major chemotherapy treatment
for cancer (2–5). In fact, platinum drugs are administered to nearly
half of all cancer patients receiving chemotherapy (6). Despite
some treatment efficacy of cisplatin and carboplatin chemotherapy, drug resistance, toxic side effects, and tumor recurrence are
still critical barriers that need to be addressed. Over the last
several years, a resurgence of platinum-based cancer chemotherapy has been driven by the development of new derivatives and by
the circumvention of mechanisms of resistance, thereby broadening the clinical use of these agents. Overcoming the limitations
of platinum drugs has stimulated further research toward understanding and improving platinum-based chemotherapy (6).
Recent developments have also addressed novel targeting
strategies and better drug delivery approaches (7). Several mechanisms have been implicated in tumor resistance to platinum drugs
(8,9). In addition, studies have revealed that reduced drug accumulation is most consistently associated with resistance, emphasizing the need to directly measure the intratumor drug
concentration (10). Contributing to this endeavor, we report
on the development of an 18 F-labeled carboplatin derivative
( 18 F-FCP) for imaging drug distribution in tumors by PET.
Such a noninvasive method may allow the optimization of an
individual’s drug exposure at the tumor site as well as provide
a screening measure for determining efficacy in individual
patients.
Previous strategies for synthesizing radiolabeled platinum
drugs, such as cisplatin and carboplatin, relied on the incorporation of a platinum isotope (e.g., 191Pt, 195mPt) as its chloride salt
early in drug synthesis (11–14). These studies provided valuable
in vivo data, but this approach was not clinically translatable
because of limited platinum radioisotope availability, long radiosynthesis, and logistic cost. Another strategy used 13N-cisplatin to
assess pharmacokinetics in brain tumors (15,16). However, this
method was limited by the ultrashort half-life (10 min) of 13N.
In the present work, we sought to develop an alternative strategy
by synthesizing 18F-FCP. The rationale for the radiolabeling
strategy was based on the coordination of platinum by malonic
acid derivatives (17). We previously developed a malonic acid
precursor to produce an 18F-malonic acid derivative (18) that has
been proposed as a potential PET apoptosis imaging agent (19). In
this coordination-based labeling strategy, the fluorine isotope
(19F or 18F) is introduced as a malonic acid derivative attached to
the carboxylate group, which is subsequently replaced with water to
form the active positively charged species. The widely accepted
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mechanism of action of platinum agents considers the Pt(NH3)2
moiety in cisplatin or carboplatin to be the carrier group that binds
to DNA on eventual substitution of the chloride (cisplatin) or
carboxylate (carboplatin) moiety. However, because the aquation
rate for carboplatin (7 · 1027 s21) is much slower than that for
cisplatin (8 · 1025 s21), the rate of binding to DNA is also much
slower for carboplatin (20); therefore, binding to DNA is expected
to be slow but compatible with the short half-life of 18F. In the
present work, we report on the development of 19F-FCP and its
18F-FCP analog.
MATERIALS AND METHODS
Materials

All reagents and solvents were purchased from Sigma–Aldrich
and used without further purification. Nuclear magnetic resonance
(NMR) spectra (1H-NMR, 13C-NMR, 19F-NMR, and 195Pt-NMR)
were obtained using Varian Mercury 300-MHz and Varian Inova
400-MHz spectrometers. Tetramethylsilane was used as an internal
standard. Radio–high-performance liquid chromatography (HPLC)
analysis was carried out using an HPLC pump (Waters model 1525)
equipped with an ultraviolet detector (Waters model 2489) and a
radiation detector (BioScan model B-FC-3300). Radioactivity was
measured with a dose calibrator (Capintec CRC-15 PET), and
g-counting was done using an LKB Wallac 1282 counter.
Reference Compound (19F-FCP)

The synthesis of intermediates and 19F-labeled 2-(5-fluoro-pentyl)2-methyl malonic acid (19F-FPMA) was performed as previously described (18). Cisplatin (0.2 mmol) and silver nitrate (0.3 mmol) were
dissolved in Nanopure Water (Thermo Fisher Scientific) (2.5 mL), and
the mixture was stirred at room temperature overnight in the dark.
After filtration of the precipitated silver chloride, 1 equivalent
(0.2 mmol) of 19F-FPMA (compound 4) was added, and the mixture
was stirred at room temperature for 2 d. The product was purified by
solid-phase extraction using a quaternary methyl ammonium cartridge
and water as the eluent, and the fractions were lyophilized to give
19F-FCP (compound 5) in a 90% yield. 1H-NMR (300 MHz) (D O)
2
d 1.32–1.47 (m, 4H), 1.49 (s, 3H), 1.65–1.78 (m, 2H), 1.90–1.94
(m, 2H), 4.50 (t, J 5 6.05 Hz, 1H), 4.66 (t, J 5 6.05 Hz, 1H);
19F-NMR (300 MHz) (D O) d 2218.88 (m); and 195Pt-NMR (300 MHz)
2
(D2O) d 21,596 (broad singlet). The ESI-MS [M 1 Na]1 m/z values for
C9H19FN2O4Pt 1 Na were 456.33 (calculated) and 456.33 (found).
Radiosynthesis and Characterization of

18F-FCP

The synthesis of 18F-FPMA was performed as previously described
(18). The final 18F-FPMA (3.3 · 104 MBq) was redissolved in water
(0.25 mL), an aqua–platinum complex (0.5 mL) was added, and the
vial was heated at 75C for 30 min. In the reaction, about 50% of the
unreacted starting compound (18F-FPMA) was observed by HPLC
analysis. The final 18F-FCP was purified by solid-phase extraction
using a quaternary methyl ammonium Sep-Pak ion-exchange cartridge
(Waters), water as the mobile phase, and elution in 0.25-mL fractions.
A total of 7 fractions were collected, 18F-FCP was eluted in fractions
2–4, and most of the 18F-FCP radioactivity was eluted in fractions 3
and 4. 18F-FPMA was not detected in any of the water-eluted fractions
by HPLC analysis. The remaining radioactivity detected in the cartridge was eluted with 0.5 mL of ethanol, and HPLC analysis of this
sample showed an 18F-FPMA peak.
The automated synthesis of 18F-FCP was conducted using an
AllinOne module (Trasis SA). The AllinOne synthesizer was driven
by interactive software. The synthesis of 18F-FCP was programmed
using in-house reaction sequences that were derived from the manual
synthesis to automate the steps that can be viewed in real time. The
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automated experiments were conducted using a range of activities
(1.9 · 104–2.8 · 104 MBq of 18F). The 18F fluorination reaction
was optimized using the same parameters as those used in the manual
synthesis. After the final samples were collected, the radiochemical
purity was analyzed using HPLC. For in vivo studies, the required
amount of activity was brought up to a 200-mL volume with
phosphate-buffered saline for intravenous injection.
Cell Lines and Culture Conditions

All cell lines were maintained in a humidified incubator at 37C
and 5% CO2. The human cervical epidermoid carcinoma (KB-3-1)
cell line was a generous gift from Michael Gottesman (NCI,
National Institutes of Health). The human lung carcinoma (A549),
ovarian carcinoma (SK-OV-3), colon adenocarcinoma (COLO-205),
renal carcinoma (A498), prostate carcinoma (LNCaP), and normal
prostate (RWPE-1) cell lines were purchased from the American Type
Culture Collection. The head and neck carcinoma (FaDu) cell
line was a gift from Andrei Pugachev (Massey Cancer Center,
Virginia Commonwealth University). KB-3-1 cells were grown
in Dulbecco modified Eagle medium containing a high glucose
concentration and supplemented with 10% fetal bovine serum,
5 mM L-glutamine, penicillin (100 U/mL), streptomycin (100 mg/mL),
and amphotericin B (0.25 mg/mL). SK-OV-3, COLO-205, FaDu,
A549, A498, LNCaP, and RWPE-1 cells were cultured in RPMI1640 medium supplemented with 10% heat-inactivated fetal bovine serum, penicillin G (100 U/mL), streptomycin (100 mg/mL),
and amphotericin B (0.25 mg/mL). The cells were grown to 70%–80%
confluence.
In Vitro Cytotoxicity of

19F

FCP

19F-FCP

The cytotoxicity of
for various cell lines was compared
with that of cisplatin and carboplatin. The viability of COLO-205,
SK-OV-3, FaDu, A549, A498, LNCaP, RWPE-1, and KB-3-1 cells
treated with cisplatin, carboplatin, or 19F-FCP was evaluated. Cells
plated in triplicate and grown in well plates were treated with 25 mL
of drug at final concentrations of 0.001–100 mM for 72 or 96 h. At
the end of the incubation period, cell viability was assessed using a
CellTiter-Glo assay kit (Promega) and a plate reader (Beckman
Coulter). The luminescence detected in untreated cells was used as
a control (100% viability) to calculate the percentage of viability in
treatment groups. The percentage of viability of each cell line was
plotted and used to calculate the 50% inhibitory concentration (IC50)
for each drug. Statistical analysis was done using the Student t test,
and the P value was calculated on the basis of a 2-tailed test using
Microsoft Excel software.
Animals

Four- to 6-wk-old female nude mice from Harlan Laboratories
were used for experimentation. Animal experiments were approved
and performed according to the policies and guidelines of the
Institutional Animal Care and Use Committee at Virginia Commonwealth
University.
Animal Tumor Xenografts

KB-3-1 tumor cells (2.5 · 106/100 mL) and COLO-205 tumor
cells (2.5 · 106/100 mL) in medium without serum were injected
subcutaneously into the right flank (KB-3-1) and left shoulder
(COLO-205) of athymic nude mice (4–6 wk old; weight, 18–25 g).
After subcutaneous implantation, digital caliper measurements
of tumor size were obtained when the tumor was palpable at the
injection site (approximately 5 d). The tumor volume was calculated using the formula (length · width squared)/2 and was
assessed twice per week.

NUCLEAR MEDICINE • Vol. 58 • No. 12 • December 2017

Downloaded from jnm.snmjournals.org by VCU Libraries-Serials on December 14, 2017. For personal use only.
buffered saline) in female nude mice under 2%
isoflurane anesthesia. Samples were collected at
5, 30, 60, and 90 min after intravenous injection
of 18F-FCP. The collected samples of plasma
were centrifuged for 10 min at 10,000g.
Supernatants from these samples were filtered
through 0.2-mm filters, and 200 mL of filtrate
was injected into a reversed-phase HPLC column
(Waters Nova-Pak 4-mm C18 150 · 3.9 mm
column, ACN:H2O [25:75], containing 0.1%
trifluoroacetic acid, at a flow rate of 1 mL/min).
Urine samples were also filtered and analyzed
in the same HPLC system.
PET Imaging

Small-animal PET/CT imaging studies were
performed using a multimodality preclinical
system (Siemens Medical Solutions Inc.). At
10 min before imaging, animals were anesthetized with 2% isoflurane in oxygen. After
sedation, the animal was placed onto the imaging
bed, and anesthesia was maintained for the
duration of the imaging. A 90-min dynamic
scan was initiated, and 18F-FCP (5.5–6 MBq in
200 mL of phosphate-buffered saline) was injected
via the tail vein. micro-CT imaging was acquired
FIGURE 1. Reagents and conditions: 1,5-dibromopentane, NaH, DMF, 50°C, 12 h, 72% (a);
after PET imaging at 80 kV and 500 mA with a
silver tosylate, ACN, reflux, 12 h, 96% (b); TBAF, THF, 60°C, 3 h, 84% (c); LiOH/H2O THF/MeOH/
focal spot of 58 mm.
H2O (6:3:1), rt, 24 h, 86% (d); and platinum aqua complex, rt, 2 d (e).
PET images were reconstructed using
Fourier rebinning and an ordered-subsets
Biodistribution and in Vivo Stability Analysis
expectation maximization 3-dimensional algorithm with a dynamic
The biodistribution of 18F-FCP was measured in adult female nude framing sequence. Reconstructed PET/CT images were fused and
mice. Under 2% isoflurane, 3 mice in each of 4 groups received an analyzed using Inveon Research Workplace software (IAW 1.6;
intravenous injection (tail vein) of 18F-FCP (2.6–5.2 MBq in 200 mL Siemens). For quantitation, regions of interest were drawn around
of phosphate-buffered saline). Under anesthesia, mice were sacrificed areas of high radiotracer activity in each organ. The resulting
at 5, 30, 60, and 90 min after injection. Whole blood was collected, quantitative data were expressed as %ID/g.
other major organs were harvested and weighed, and the radioactivity
in the tissues was counted in a g-counter (LKB Wallac 1282). The RESULTS
blood activity was used to calculate the blood half-life. Decaycorrected radiotracer uptake in each tissue at various time points was then Synthesis of Cold Reference Standard Compound (19F-FCP)
Figure 1 describes the synthesis of the tosylated precursor
calculated as the percentage injected dose per gram of tissue (%ID/g).
The in vivo stability of 18F-FCP in plasma and urine was determined and reference standard compound (19F-FCP; compound 5).
after radiotracer administration (2.6–5.2 MBq in 200 mL of phosphate- Fluorination of compound 5 was confirmed by 19F-NMR, which

TABLE 1
IC50 Values for Cisplatin, Carboplatin, and
Cisplatin (μM)
Cell line

72 h

19F-FCP

in Cancer Cell Lines
19F-FCP

Carboplatin (μM)
96 h

72 h

96 h

72 h

(μM)
96 h

COLO-205

25.72 ± 4.32

6.68 ± 7.54

.100

49.37 ± 0.56

69.66 ± 32.33

27.38 ± 5.91

SK-OV-3

12.71 ± 11.84

1.76 ± 0.69

63.92 ± 42.74

17.48 ± 2.06

27.34 ± 9.96

13.21 ± 0.93

4.38 ± 2.28

1.22 ± 0.59

45.78 ± 15.65

12.38 ± 1.59

27.53 ± 8.47

8.1 ± 0.64

FaDu
A549

11.24 ± 0.33

4.95 ± 2.67

59.76 ± 4.53

36.25 ± 6.33

37.74 ± 4.86

26.57 ± 2.51

A498

13.35

5.47 ± 2.90

.100

40.62 ± 1.82

45.73 ± 16.29

21.77 ± 4.62

LNCaP

15.87 ± 4.7

11.34 ± 5.88

.100

74.41 ± 15.57

64.72 ± 21.73

73.83 ± 39.27

KB-3-1

2.98 ± 1.67

3.08 ± 1.48

56.16 ± 5.18

27.28 ± 1.70

19.3 ± 4.89

12.88 ± 0.82

RWPE-1

9.11 ± 4.02

12.83 ± 0.10

88.94 ± 33.59

59.96 ± 1.06

36.23 ± 2.18

39.76 ± 0.40

Data are reported as mean ± SD.
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similar across cell lines, but 19F-FCP was
slightly more potent than carboplatin. The
difference was significant at 72 h in the
A549, KB-3-1, and RWPE-1 cell lines
(P , 0.005) but less so at 96 h in all cell lines
(P , 0.05). The cytotoxic effect for all 3
compounds was time dependent. Increasing the incubation time from 72 h to 96 h
reduced the IC50 values for all 3 compounds, indicating an increase in cytotoxicity over time.
Radiosynthesis of

18F-FCP

Figure 2 represents the radiosynthesis
of 18F-FCP (compound 8) in 3 steps: Kryptofix 222 (Merck)–mediated direct nucleophilic fluorination, NaOH base hydrolysis,
and coordination with the platinum–aqua
complex. The decay-corrected yield of
FIGURE 2. Reagents and conditions: K18F/K222, K2CO3, ACN, 110°C, 10 min (a); 3M NaOH,
the final product 180 min after the introDCM/MeOH (9:1), 45°C, 30 min (b); 3M HCl (c); and platinum aqua complex, 75°C, 30 min (d).
duction of 18F-fluoride activity (isolated
RCY of 18F-FCP) was 14.3% 6 3.8%
showed the expected multiplet pattern and a chemical shift in the (mean 6 SD) (n 5 3), and the radiochemical purity was more
expected region (218.88 for terminal CH2F). The chemical purity than 98%. Automation reduced the synthesis time by only 30 min;
of compound 5 was determined to be greater than 98% by analytic this result is plausible because the reaction steps were replicated
from the manual procedures. The decay-corrected yield of the
HPLC.
final product 150 min after the introduction of 18F-fluoride (isolated RCY of 18F-FCP) was 16.2 6 0.95 (n 5 4), and the radio19
chemical purity was more than 98%, as confirmed by HPLC.
Cytotoxicity of F-FCP
On the basis of the cell viability data (Table 1), the IC50 values The retention time of 18F-FCP was 1.43 min (Fig. 3), which
for the various platinum compounds showed that cisplatin reduced was distinguishable from that of free fluoride (retention time,
cell viability to a greater extent than did carboplatin and 19F-FCP; 0.7–0.8 min) under these conditions. It was previously reported
these results are consistent with the greater toxicity of cisplatin (21) that the retention of free fluoride is variable and depends on
than of carboplatin (P , 0.05). The relative cytotoxicities were column characteristics and mobile phase constituents.
Biodistribution and in Vivo
Stability Analysis

Figure 4 shows the biodistribution of
in female nude mice. The radiotracer demonstrated rapid blood clearance, with less than 2% of the radioactivity
remaining in the circulation after 1 h. The
blood half-life was calculated to be 16 min.
Most organs showed low accumulation
of the radiotracer, and radioactivity was
predominantly cleared through the kidneys, with greater than 95% being cleared
1 h after injection.
The in vivo stability of 18F-FCP in
plasma and urine was assessed during the
first 60 min after intravenous administration in normal nude mice. The stability of
18F-FCP was determined by HPLC at 5,
30, 60, and 90 min after administration.
The HPLC peak of the injected plasma
samples appeared at the same retention
time as the initial injected radiotracer
(Fig. 5), demonstrating intact 18F-FCP
60 min after injection. No radioactivity
was detected in 90-min samples; this result
could be attributed to the fast physiologic
18F-FCP

FIGURE 3. HPLC analysis of radiosynthesis steps and purified final product. Sample was run on
Waters 4-μm C18 150 · 3.9 mm column (25:75 acetonitrile:0.1% trifluoroacetic acid, at flow rate
of 1 mL/min). (A) 18F-FPMA (retention time 5 3.38 min). (B) Sample taken from platinum
coordination reaction before purification. (C) Sample taken from 18F-FCP product (retention
time 5 1.43 min).
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time. Static images acquired 90 min after
radiotracer administration illustrated the
full-body distribution of 18F-FCP in tumorbearing mice (Fig. 7). Major uptake was
observed in the liver and abdominal region.
Region-of-interest analysis showed that
KB-3-1 tumors had higher uptake (2.6
%ID/g) than COLO-205 tumors (0.8 %
ID/g). The inset image in Figure 7 also
showed clear heterogeneous uptake in a
KB-3-1 tumor.
DISCUSSION

Reduced intracellular drug accumulation
has been identified as a major factor
associated with drug resistance (10). A direct in vivo measure of a drug in tumors is
therefore an important means of addressing
FIGURE 4. Biodistribution of 18F-FCP in KB-3-1 cervical tumor xenograft–bearing adult female
nude mice (n 5 3/time point) at 5, 30, 60, and 90 min after intravenous injection. Radiotracer
this issue. PET imaging with a radiolabeled
uptake in %ID/g was determined by γ-counting.
drug provides a noninvasive direct measure
of intratumor drug distribution. This measure
can then be related to the detection of any
clearance of the radiotracer from blood. The HPLC peak of the proteome alterations that may have contributed to the degree of reinjected urine samples also appeared at the same retention time gional drug uptake, retention, or efflux culminating in drug resistance.
as the initial injected radiotracer, demonstrating intact 18F-FCP
Radiolabeled platinum drugs have been synthesized with
(Supplemental Fig. 1 at http://jnm.snmjournals.org).
platinum radioisotopes as radioactive drugs for imaging and
therapy studies. Areberg et al. (11) studied the antitumor effect
of radioactive cisplatin (191Pt) in tumor-bearing nude mice and
PET Imaging
Dynamic images acquired for 90 min illustrated the full-body demonstrated that 191Pt-cisplatin was more effective than unladistribution of 18F-FCP (Fig. 6). 18F-FCP had the highest uptake in beled cisplatin in retarding tumor growth. Patient studies by
the kidneys. The accumulation of the radiotracer was also seen in Areberg et al. (22,23) demonstrated the use of cisplatin radiolathe lungs and liver at early time points. High uptake in the kidneys beled with 191Pt, 193mPt, or 195mPt to visualize the uptake of platinum
seemed to reflect urinary excretion of the tracer, which could be in tumor and tissues noninvasively after cisplatin treatment. Dowell
attributed to the radioactivity present in the urine during the scan. et al. (13) used 195m Pt-labeled cisplatin and carboplatin to
Images showed the subsequent clearance of the radiotracer over estimate, through imaging, the amount of drug at the tumor site
and in selected organs. However, the production and supply of platinum radionuclides were limited and costly because of
the need to use enriched platinum isotopes as target material and the logistics
of radiosynthesis (13). These factors
did not facilitate wide applications
of platinum-radiolabeled drugs. Positronemitting radionuclide–labeled drugs—
specifically, 18F-labeled drugs—represent
a feasible strategy for developing PET imaging that can be clinically applied to evaluate the biodistribution of drugs.
In this work, we developed FCP as a
drug analog of carboplatin and 18F-FCP as
a companion imaging diagnostic agent.
Such development represents an advance
over previous work using platinum or nitrogen radionuclides for labeling and imaging.
We demonstrated that the nonradioactive
FCP analog was at least as potent as the
parent drug in various cancer cell lines in
vitro. It remains to be seen whether the in
FIGURE 5. HPLC analysis of plasma samples run on Waters 4-μm C18 150 · 3.9 mm column
vivo antitumor effects of the analog are as
(25:75 acetonitrile:0.1% trifluoroacetic acid, at flow rate of 1 mL/min) at different time points after
intravenous injection of 18F-FCP. (A) 5 min. (B) 30 min. (C) 60 min.
good as or better than those of carboplatin.
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FIGURE 6. Female nude mouse was injected intravenously with 5.5–6 MBq of 18F-FCP and imaged using Inveon PET/CT scanner (Siemens). (A)
Selected slices of dynamic image data that were acquired for up to 90 min. (B) Time–activity curve data generated from dynamic image dataset
showing time-dependent kinetics and tissue clearance.

Therapeutic studies to address this notion are under way, and the
findings will be reported in a separate article.
Using PET imaging, we showed that the 18F-FCP biodistribution profile was like the previously reported overall pharmacokinetic data for carboplatin (24–26). The radiotracer was stable in
plasma and urine at 60 min after administration (Fig. 5). A small
peak at about 5.3 min in the plasma HPLC chromatogram could be
attributed to a metabolite, but the presence or absence of this
metabolite needs to be confirmed in future studies. 18F-FCP
exhibited distribution throughout the body, and the blood clearance pattern followed monoexponential blood kinetics. The blood

FIGURE 7. 18F-FCP (5.5–6 MBq) was injected intravenously via tail
vein into nude mouse bearing KB-3-1 and COLO-205 xenografts. Imaging was performed 90 min after injection using Inveon PET/CT scanner, and static image was reconstructed and analyzed. Images showed
obvious differences in uptake of 18F-FCP between KB-3-1 (2.6 %ID/g)
and COLO-205 (0.8 %ID/g) tumors. Furthermore, heterogeneity of uptake was evident in KB-3-1 tumor (inset), showing regions of high (cyan
arrow) and low (red arrow) 18F-FCP uptake. This observation is now
being further investigated in our laboratory using carboplatin-sensitive
(A2780) and carboplatin-resistant (A2780-CP20) tumor models.
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half-life of 18F-FCP was calculated to be 16 min, similar to the
reported value for carboplatin (26).
After intravenous injection of 18F-FCP in normal nude mice,
quantification of the dynamic images up to 90 min after injection
showed the highest activity in the kidneys, bladder, and urine. The
accumulation of 18F-FCP was also recorded in the liver and lungs
at early time points, with subsequent clearance over time; these
results are consistent with the findings of Ginos et al. (15) for
13N-labeled cisplatin. Ex vivo biodistribution data corresponded to
the imaging results, with a major accumulation of the radiotracer
in the kidneys and liver (Fig. 4).
The data generated here showed that 18F-FCP PET/CT can be
used to noninvasively assess the drug distribution profile in different tumor types. 18F-FCP uptake in KB-3-1 tumors was much
higher than that in COLO-205 tumors. Furthermore, PET imaging
revealed that the uptake in KB-3-1 tumors was heterogeneous,
with significant differences in uptake in different tumor regions.
In this work, we demonstrated that 18F-FCP PET/CT is a unique
tool that can measure heterogeneous intratumor drug distribution.
When combined with proteomic analysis, this information may
provide a better understanding of the relationships among intratumor drug distribution, proteome alterations in distinct tumor
regions, drug–tumor interactions, mechanisms of resistance, and
tumor recurrence. 18F-FCP can also depict the kinetics of drug
efflux, which is related to drug resistance.
Although many anticancer drugs are widely used in clinics,
many questions about how individual patient tumors interact with
drugs and how much actual drug is retained in different tumors
remain unanswered—leading to the question of why patients with
the same type of tumor respond differently to the same drug
treatment. PET using radiolabeled drugs is the only imaging
method that may further understanding of the clinical behavior
of drug therapy and contribute to better guidance of treatment
planning in individual patients.
CONCLUSION

The synthesis of a fluorinated analog of carboplatin was developed.
The compound retained the antitumor activity of the parent drug. The
feasibility of producing 18F-FCP for PET imaging was demonstrated.
The pharmacokinetics of 18F-FCP mirrored those of carboplatin, and
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the profile showed major accumulation in the kidneys and liver. This
PET tool enabled the imaging of intratumor drug distribution and the
detection of heterogeneous retention within the tumor. 18F-FCP PET is
a novel tool that can be used to guide platinum therapy with the aim of
enhancing the overall efficacy of platinum-based chemotherapy on an
individual-patient basis.
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Abstract: Radiolabeled liposomes have been employed as diagnostic tools to monitor in vivo
distribution of liposomes in real-time, which helps in optimizing the therapeutic efficacy of the
liposomal drug delivery. This work utilizes the platform of [111 In]-Liposome as a drug delivery
vehicle, encapsulating a novel 18 F-labeled carboplatin drug derivative ([18 F]-FCP) as a dual-molecular
imaging tool as both a radiolabeled drug and radiolabeled carrier. The approach has the potential
for clinical translation in individual patients using a dual modal approach of clinically-relevant
radionuclides of 18 F positron emission tomography (PET) and 111 In single photon emission computed
tomography (SPECT). [111 In]-Liposome was synthesized and evaluated in vivo by biodistribution
and SPECT imaging. The [18 F]-FCP encapsulated [111 In]-Liposome nano-construct was investigated,
in vivo, using an optimized dual-tracer PET and SPECT imaging in a nude mouse. The biodistribution
data and SPECT imaging showed spleen and liver uptake of [111 In]-Liposome and the subsequent
clearance of activity with time. Dual-modality imaging of [18 F]-FCP encapsulated [111 In]-Liposome
showed significant uptake in liver and spleen in both PET and SPECT images. Qualitative analysis
of SPECT images and quantitative analysis of PET images showed the same pattern of activity
during the imaging period and demonstrated the feasibility of dual-tracer imaging of a single
dual-labeled nano-construct.
Keywords: radiolabeled liposomes; radiolabeled platinum; drug delivery; dual modality imaging;
PET; SPECT

1. Introduction
The unique in vivo information provided by molecular imaging has the capacity to improve
the overall efficacy of cancer treatment. There is growing demand by physicians, patients, and the
community as a whole for personalized healthcare, and molecular imaging is well-positioned to play a
major role in the era of precision medicine. Molecular imaging will become more and more multi-modal
in nature, as different anatomical and molecular imaging techniques merge to complement each
other. Already 18 F-Fluorodeoxyglucose positron emission tomography ([18 F]-FDG-PET) is integrated
with cross-sectional imaging, in the form of positron emission tomography/computed tomography
(PET/CT), which is commonly used in the management of cancer patients. It is inevitable that
other molecular imaging technologies, such as molecular resonance imaging/molecular resonance
spectroscopy (MRI/MRS), PET, SPECT, and photoacoustic imaging, will be combined to better assess
multiple biological factors contributing to disease progression and the working of therapies. With the
advancement of targeted multi-modality molecular imaging, it is likely that molecular imaging will
provide a personalized molecular fingerprint of individual tumors, as the basis for “tailor made”
Int. J. Mol. Sci. 2017, 18, 1079; doi:10.3390/ijms18051079

www.mdpi.com/journal/ijms

Int. J. Mol. Sci. 2017, 18, 1079

2 of 12

molecular imaging will provide a personalized molecular fingerprint of individual tumors, as the basis
2 of 12
for “tailor made” novel individualized treatment strategies. Furthermore, molecular imaging will
rationally facilitate not only the development of new drugs, but also revisit how current drug therapies
can
be better directed
to thestrategies.
individualFurthermore,
patient needsmolecular
in terms of
determining
the responders
and the
novel individualized
treatment
imaging
will rationally
facilitate
cost-benefit
for each individual
patient.but
Image-guided
drug
delivery
has been
under
intense
not only
the development
of new drugs,
also revisit anti-cancer
how current
drug
therapies
can be
better
recent
investigations
aimed
at
better
delivery,
controlled
release,
and
enhanced
retention
in
the
directed to the individual patient needs in terms of determining the responders and the cost-benefittumor
[1–7].
Radiolabeled
liposomes,
encapsulating
chemotherapeutic
agents,recent
such as
for each
individual
patient.pegylated
Image-guided
anti-cancer
drug delivery
has been under intense
doxorubicin,
have
been investigated
in preclinical
settings
to monitor
the delivery
investigations
aimed
at better
delivery, controlled
release,and
andclinical
enhanced
retention
in the tumor
[1–7]. and
tissue
distribution
following
systemic
administration
of
drug-encapsulated
radiolabeled
Radiolabeled pegylated liposomes, encapsulating chemotherapeutic agents, such as doxorubicin, liposomes
have
been [8–11].
investigated in preclinical and clinical settings to monitor the delivery and tissue distribution
this approach enabled
imaging of delivery
vehicles,
in terms[8–11].
of blood circulation and
following Although
systemic administration
of drug-encapsulated
radiolabeled
liposomes
biodistribution
kinetics
of
radiolabeled
vehicles,
it
does
not
report
on
the
imaging
of drug release,
Although this approach enabled imaging of delivery vehicles, in terms of blood circulation
uptake, and retention
Direct
in vivoit imaging
encapsulated
agents of
requires
and biodistribution
kinetics in
of tumors.
radiolabeled
vehicles,
does notof
report
on the imaging
drug the
incorporation
of
radiolabeled
drugs
that
can
be
distinctively
imaged
from
the
radiolabeled
vehicle.
release, uptake, and retention in tumors. Direct in vivo imaging of encapsulated agents requires the
This
approach,
for
example,
can
be
accomplished
by
radiolabeling
a
carrier,
like
liposomes,
with a
incorporation of radiolabeled drugs that can be distinctively imaged from the radiolabeled vehicle. This
111
99m
18
SPECT
as In or byTc,
encapsulating
a PET
radiolabeled
drugawith
approach,
forradionuclide,
example, can such
be accomplished
radiolabeling
a carrier,
like
liposomes, with
SPECTF, for
111
99m
18
example,
or
another
PET
radionuclide.
In
this
way,
the
dual
radiotracer
approach
will
be more
radionuclide, such as In or
Tc, encapsulating a PET radiolabeled drug with F, for example,
informative
in that the right
amount
ofdual
drugradiotracer
reaching and
retaining
the
tumor
target caninbethat
directly
or another
PET radionuclide.
In this
way, the
approach
willinbe
more
informative
and
quantitatively
determined
from
the
imaging
data.
It
will
also
be
capable
of
directly
relating
the right amount of drug reaching and retaining in the tumor target can be directly and quantitativelythe in
vivo biodistribution
kinetics
bothalso
theberadiolabeled
drug and
the the
radiolabeled
liposomal carrier.
determined
from the imaging
data. of
It will
capable of directly
relating
in vivo biodistribution
Liposomes,
as drug
carriers, drug
have and
beenthe
radiolabeled
with
various carrier.
SPECT radionuclide
chelates
kinetics
of both the
radiolabeled
radiolabeled
liposomal
Liposomes, as
drug and
their
biodistribution
and
pharmacokinetics
were
studied
by
imaging
[12–19].
Recent
work
has also
carriers, have been radiolabeled with various SPECT radionuclide chelates and their biodistribution
64Cu, 89Zr, and 52Mn, which were used to radiolabel
exploited
longer-lived
PET
radionuclides,
such
as
and pharmacokinetics were studied by imaging [12–19]. Recent work has also exploited longer-lived
liposomes [20–23].
PET radionuclides,
such as 64 Cu, 89 Zr, and 52 Mn, which were used to radiolabel liposomes [20–23].
In
this
work,
a radiolabeled
fluorinated
carboplatin
derivative
([18F]-FCP)
was encapsulated
In this work, a radiolabeled
fluorinated
carboplatin
derivative
([18 F]-FCP)
was encapsulated
111In]-Liposome to enable distinct molecular imaging by PET and SPECT, respectively. A
111
inside
an
[
inside an [ In]-Liposome to enable distinct molecular imaging by PET and SPECT, respectively.
schematic
this
approachisisdepicted
depictedin
in Figure
Figure 1.
could
bebe
more
informative
in imaging
A schematic
of of
this
approach
1. This
Thisstrategy
strategy
could
more
informative
in
drug
delivery,
in
that
the
in
vivo
biodistribution
profile
of
both
the
drug
and
the
vehicle
can be
imaging drug delivery, in that the in vivo biodistribution profile of both the drug and the vehicle can
distinctively
imaged
same
subject.
To the
of our
knowledge,
this
the study
first study
be distinctively
imaged
in in
thethe
same
subject.
To the
bestbest
of our
knowledge,
this is
theisfirst
that that
incorporates
a
radiolabeled
platinum
drug
derivative
encapsulated
in
radiolabeled
liposomes.
incorporates a radiolabeled platinum drug derivative encapsulated in radiolabeled liposomes.
Int. J. Mol. Sci. 2017, 18, 1079

1. Schematics
showing
[111
In]-Liposomeand
and its
encapsulated
FigureFigure
1. Schematics
showing
[111
In]-Liposome
its components
componentsalong
alongwith
with
encapsulated
18F]-Carboplatin; DSPE-PEG: 1,2-distearoyl-sn-glycero-3-phosphoethanol-amine-N18
[
[ F]-Carboplatin;
DSPE-PEG: 1,2-distearoyl-sn-glycero-3-phosphoethanol-amine-N-[methoxy
[methoxy(polyethyleneglycol)]
(polyethyleneglycol)]
ammonium salt.ammonium salt.

Int. J. Mol. Sci. 2017, 18, 1079

3 of 12

2. Results
2.1. Analysis
The surface labeling efficiency of liposome with 111 In was greater than 90% after 30 min at 40 ◦ C
for both the [111 In]-Liposome and [18 F]-FCP encapsulated [111 In]-Liposome. The mean diameter of
[111 In]-Liposome was 168 ± 17 nm, and the ζ potential was −2.3 ± 0.19 mV. The average diameter
of [18 F]-FCP encapsulated [111 In]-Liposome was 221 ± 20 nm with a ζ potential of −2.11 ± 0.98 mV.
The encapsulation efficiency of [18 F]-FCP in the liposomal formulation was 38 ± 2% (n = 3).
2.2. Biodistribution of [111 In]-Liposome
Biodistribution data of [111 In]-Liposome are summarized in Table 1. In the first hour, prominent
uptake of [111 In]-Liposome in major organs, including the blood, liver, spleen, lungs, kidneys, and
heart, was observed. The level in the blood was reduced seven-fold by 6 h, and further reduced to
nearly 200-fold by 48 h. Blood circulation half-life was calculated to be 6.2 h. Gradual reduction of
radioactivity in all major tissues, with most of the radioactivity, is due to the liver and spleen two days
after injection. Uptake of this size of liposomal formulation is typical of reticuloendothelial system
(RES) accumulation with gradual clearance.
Table 1. Biodistribution of tail-vein injected [111 In]-Liposome (1.07 MBq ± 0.03) in nude mice (n = 3)
per time point.
Organs

1h

6h

48 h

Blood
Heart
Lungs
Liver
Spleen
Stomach
Intestine
Kidneys
Skin
Muscle
Skull
Brain
Femur

26.72 ± 8.80
5.83 ± 0.73
7.63 ± 1.01
15.05 ± 1.07
65.92 ± 4.65
0.70 ± 0.22
2.12 ± 0.68
4.45 ± 0.35
1.39 ± 0.21
0.73 ± 0.21
3.35 ± 0.48
0.60 ± 0.01
1.28 ± 0.10

3.74 ± 0.49
1.11 ± 0.05
1.97 ± 0.20
22.86 ± 3.86
73.33 ± 12.13
0.35 ± 0.07
1.24 ± 0.13
1.62 ± 0.33
0.89 ± 0.18
0.39 ± 0.09
0.94 ± 0.21
0.13 ± 0.01
0.99 ± 0.18

0.15 ± 0.01
0.21 ± 0.00
0.34 ± 0.00
7.71 ± 0.44
45.01 ± 2.94
0.20 ± 0.05
0.66 ± 0.06
0.75 ± 0.05
0.62 ± 0.08
0.23 ± 0.03
0.28 ± 0.04
0.01 ± 0.00
0.6 ± 0.10

Data are presented as the percent injected dose per gram (%ID/g) (mean ± standard error of mean (SEM) for
n = 3) values determined through gamma counting. Tissues were collected, weighed, and the gamma emission was
measured in a gamma counter to calculate %ID/g.

2.3. SPECT/CT Imaging of [111 In]-Liposome
SPECT/CT images (Figure 2) of [111 In]-Liposome mirrors that of the ex vivo biodistribution
data. The overall picture of the radioactive signal in the 2 h image reflects a similarity to the ex vivo
biodistribution at 1 h post injection. Subsequent clearance of radioactivity from thoracic region was
observed over time with the remaining radioactivity after six days was predominately due to the
spleen and liver, consistent with ex vivo data. At six days post-injection, the radioactivity in the liver
and spleen was 16 and four times lower than that at 2 h, respectively.
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PET/CT images, and consistent with ex vivo biodistribution data, the SPECT/CT images demonstrated
Like the PET/CT images, and consistent with ex vivo biodistribution data, the SPECT/CT images
a very similar pattern of radioactivity accumulation in the RES (Figure 3A). This shows that 1 h postdemonstrated a very similar pattern of radioactivity accumulation in the RES (Figure 3A). This shows
injection of the [18F]-FCP encapsulated [111In]-Liposome, the image profile is very similar to that of
that 1 h post-injection of the [18 F]-FCP encapsulated [111 In]-Liposome, the image profile is very similar
radiolabeled liposomes indicating that the 18F radioactivity (and, hence, [18F]-FCP) is intact within the
to that of radiolabeled liposomes indicating that the 18 F radioactivity (and, hence, [18 F]-FCP) is intact
liposomal formulation.
within the liposomal formulation.
Tracer metabolic assessment using the dynamic time activity measurement of [18F]-FCP
Tracer metabolic assessment using the dynamic time activity measurement of [18 F]-FCP
encapsulated liposome over regions of the blood, liver, kidney, and brain, as low signal regions, are
encapsulated liposome over regions of the blood, liver, kidney, and brain, as low signal regions,
shown in Figure 4. High uptake persisted early in the blood and reached a maximum between 1–2
are shown in Figure 4. High uptake persisted early in the blood and reached a maximum between 1–2
min and stabilized after 20 min. An increased activity trend was observed more over the liver than
min and stabilized after 20 min. An increased activity trend was observed more over the liver than the
the kidney early after administration, indicating greater RES uptake. Comparative uptake of [18F]kidney early after administration, indicating greater RES uptake. Comparative uptake of [18 F]-FCP
FCP encapsulated liposome in the kidney was much less than that of naked [18F]-FCP (data not
encapsulated liposome in the kidney was much less than that of naked [18 F]-FCP (data not shown).
shown).
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3. Discussion
3. Discussion
Imaging with radiolabeled liposomes has been applied in a broad range of applications. 111In
Imaging with radiolabeled liposomes has been applied in a broad range of applications. 111 In
with a half-life of 2.8 days is well suited to monitor the fate of liposomes using in vivo SPECT imaging
with a half-life of 2.8 days is well suited to monitor the fate of liposomes using in vivo SPECT imaging
for a longer duration. In vivo behavior of liposomes depends on the components of the liposomes.
for a longer duration. In vivo behavior of liposomes depends on the components
of the liposomes.
To understand the detailed characteristics on the in vivo behavior of the [111In]-Liposome, we also
To understand the detailed characteristics on the in vivo behavior of the [111 In]-Liposome, we also
studied the components of the liposomes that were used to synthesize the liposomes for this study
studied the components of the liposomes that were used to
synthesize the liposomes for this study
(data not shown). Detailed in vivo biodistribution of [111In]-Liposome varied directly with the
(data not shown). Detailed in vivo biodistribution of [111 In]-Liposome
varied directly with the behavior
behavior of the components of liposome. Biodistribution of 111InCl3 showed major accumulation of
of the components of liposome. Biodistribution of 111 InCl3 showed major accumulation of the activity
the activity in the liver and spleen in the first hour of administration. Subsequent clearance of activity
in the liver and spleen in the first hour of administration. Subsequent clearance of activity from the
from the thoracic region and increased accumulation of activity in the kidneys was observed in later
thoracic region111and increased accumulation of activity in the
kidneys was observed in later time points.
time points. [ In]-Diethylenetriaminepentaacetic acid ([111In]-DTPA) cleared very rapidly from the
[111 In]-Diethylenetriaminepentaacetic acid ([111 In]-DTPA) cleared very rapidly from the circulation
circulation with most activity observed in kidneys within an hour of administration, suggesting renal
with most activity observed in kidneys within an hour of administration, suggesting renal clearance of
clearance of the radiotracer, and agreeing with the data published by Harrington et al. [13].
the radiotracer, and agreeing with the data published by Harrington et al. [13].
In this work, we demonstrated a proof of concept of two modalities, PET and SPECT imaging of
In this work, we demonstrated a proof of concept of two modalities,
PET and SPECT imaging of a
a radiolabeled drug encapsulated in a radiolabeled liposome.
[18F]-FCP was efficiently encapsulated
18 F]-FCP
radiolabeled
drug
encapsulated
in
a
radiolabeled
liposome.
[
was
efficiently encapsulated in
in [111In]-Liposome and the formulation was imaged in both PET/CT and SPECT/CT modes. Energy
[111 In]-Liposome and the formulation was imaged in both PET/CT
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modes. Energy
111In SPECT activity in the 18F PET
discrimination capability was used to avoid cross-detection of111
discrimination capability was used to avoid
cross-detection of In SPECT activity in the 18 F PET
image. The biodistribution profile of the 111
[111In]-Liposome showed major uptake in the spleen and
image. The biodistribution profile of111
the [ In]-Liposome showed major uptake in the spleen and
liver. In vivo SPECT imaging with [ In]-Liposome mirrored the ex vivo biodistribution data with
major accumulation in spleen and liver. Images during later time points (48 and 144 h) showed the

Int. J. Mol. Sci. 2017, 18, 1079

7 of 12

liver. In vivo SPECT imaging with [111 In]-Liposome mirrored the ex vivo biodistribution data with
major accumulation in spleen and liver. Images during later time points (48 and 144 h) showed
the gradual clearance of activity from the liver and spleen. In addition, we have demonstrated
the feasibility of dual-tracer sequential imaging with PET and SPECT using [18 F]-FCP encapsulated
[111 In]-Liposome. [18 F]-FCP encapsulated [111 In]-Liposome showed major uptake in RES in both
PET and SPECT images. Qualitative analysis of SPECT image enabled by 111 In corresponded with
PET image enabled by 18 F demonstrating the feasibility of dual-tracer imaging from the single
nano-construct. With [111 In]–Liposome, we observed the uptake of liposome in RES, which was
also propagated in PET and SPECT images acquired from [18 F]-FCP encapsulated [111 In]-Liposome in
an hour after administration. Multimodal imaging has been very useful for researchers for a range
of in vivo studies. Single-modality imaging, such as SPECT and PET, has been intensively used to
gather in vivo functional data. Disease states, and the unique pathways they express, may not be easily
visible for a single modality. Therefore, dual-modality imaging further strengthens the capacity to
gather robust data and can image different pathways simultaneously/sequentially, which is otherwise
not possible with a single modality.
Liposomes have a wide range of properties that enable their surface functionalization to
attach different radioisotopes that can be used for drug delivery to imaging tumors. Despite the
established potentials of liposomes as drug delivery vehicles, liposomal drugs are not effective to all
tumors. Development of biomarkers to identify responder patients to liposomal drugs is crucial [10].
The effectiveness of liposomal agents depends on the in vivo accumulation levels of these agents in
tumor. The combination of PET and SPECT isotopes with shorter and longer half-life in a single hybrid
platform enables in vivo tracking of these two isotopes using different modalities for various time
points. This helps in characterizing a disease correlating distinct information from a dual modality in
interrogating disease to further optimize the treatment in an individual basis. Various researchers have
presented dual-modality imaging with a combination of reporters and tracers. Chapman et al. [26]
demonstrated the dual-tracer imaging feasibility of SPECT and PET probes in living mice using a
sequential protocol. As part of the dosing protocol in the study Chapman et al. injected SPECT tracer at
first and acquired the SPECT images and injected the PET tracer after the SPECT scan was performed.
Matsunari et al. [27] studied the detection of viable myocardium using dual isotope simultaneous
acquisition SPECT using [18 F]-FDG and [99m Tc]-sestamibi. However, there are very few studies that
combine both PET and SPECT radiotracers in a single nanoparticle.
Dual PET/SPECT imaging can greatly enhance the ability to trace encapsulated drugs as they
moved throughout the body. By tagging the encapsulating substance and the drug separately,
SPECT/PET imaging can be used to monitor the effectiveness of encapsulated drug uptake in the body,
as well as actual drug delivery. The development of novel [18 F]-FCP encapsulated [111 In]-Liposome
facilitates the delivery of platinum drugs preferentially to tumor sites by altering the toxicity profile of
the entrapped agent. This theranostic approach of delivering radiolabeled platinum drugs enables
non-invasive, real-time visualization of drug fate in vivo. The feasibility of monitoring the drug
enables the study of its pharmacokinetics and accumulation in real-time. The real-time monitoring of
both the liposomal vehicle using SPECT and platinum drug using PET provides added information on
the behavior of both the vehicle and drug. Heterogeneity of various diseases within, and between the
patients may not always be feasible to study with known radiolabeled drugs. [18 F]-FCP alone or inside
liposomes enables an all-in-one concept where the combination of theranostic drugs and imageable
delivery can be used for both systemic and localized delivery, as well as imaging agents.
4. Materials and Methods
4.1. Synthesis of [111 In]-Liposome
All chemicals were used as received without further purification. 1,2-dipalmitoyl-sn-glycero-3phosphocholine
(DPPC),
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-
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diethylenetriaminepentaacetic acid (ammonium salt) (DPPE-DTPA) were purchased from Avanti
Polar Lipids (Alabaster, AL, USA). 1,2-distearoyl-sn-glycero-3-phosphoethanol-amine-N-[methoxy
(polyethyleneglycol)-2000] ammonium salt (DSPE-PEG2000 ) was bought from Laysan Bio, Inc. (Arab,
AL, USA). Cholesterol (Chol) was purchased from Sigma-Aldrich (Steinheim, Germany).
Pegylated liposome (Figure 1) was synthesized using the method described my Mougin-Degraef
et al. [17]. DPPC, Chol, DSPE-PEG2000 , DPPE-DTPA (60:30:5:5 mole ratio) were mixed in a 10-mL vial
and dissolved with chloroform:methanol (CHCl3 :MeOH, 9:1). The solvent was evaporated under
rotary evaporation to form a lipid film followed by high vacuum to remove the residual organic solvent.
Dulbecco’s phosphate-buffered saline (PBS; 1 mL) was added and the suspension was sonicated at
50–60 ◦ C for 10 min. At the end of the incubation, the liposome solution was immediately chilled in
ice. The resulting vesicles were extruded through a series of polycarbonate membrane at 50–60 ◦ C.
The extruded liposomes were purified using gel chromatography on Sephadex G-25 (Sigma-Aldrich,
Steinheim, Germany) with PBS as an eluent.
Pegylated liposome was labeled with 111 In as previously described by Chow et al. [15]. Briefly,
500 µL of preformed liposome was incubated with 20 µL of 111 InCl3 (indium chloride in 0.05 M HCl;
3.7–74 MBq) (Perkin Elmer, Waltham, MA, USA/Triad Isotopes, Richmond, VA, USA) in 20 µL of 3 M
sodium acetate buffer (pH 5.2) and then incubated at 40 ◦ C for 30 min. Unincorporated 111 In was
purified using gel chromatography (Sephadex G-25; Sigma-Aldrich, Steinheim, Germany). The labeling
efficiency was determined by measuring the activity in dose calibrator (CRC-15R, Capintec; Bioscan,
Florham Park, NJ, USA) for the liposome, filter, and supernatant.
4.2. Synthesis of [18 F]-FCP
[18 F]-FCP was synthesized using an automated synthesis method using an Allinone synthesizer
(Trasis SA, Ans, Belgium). The method has been developed in collaboration with Trasis, S.A., Ans,
Belgium, and is under review for publication elsewhere. Radio synthesis of [18 F]-2-(5-fluoro-pentyl)2-methyl malonic acid ([18 F]-FPMA) was performed as per our previously-published procedure [28].
“Briefly, radiosynthesis of [18 F]-FPMA was carried out using the tosylate precursor. [18 F] received
from a cyclotron (GEMedical Systems, Wausheka, WI, USA), and was passed through preconditioned
QMA Sep-Pak (Waters Corp., Milford, MA, USA). The trapped [18 F] was eluted with 0.08 mL of
potassium carbonate (0.025 mol) and 0.42 mL of sterile water into 10 mL V vial containing a solution
of Kryptofix (12 mg) in dry acetonitrile (0.8 mL). The reaction mixture was dried. Four milligrams of
tosylate precursor in acetonitrile was added to the dry mixture and was heated at 110 ◦ C for 10 min.
The reaction mixture was cooled and dried. Base hydrolysis was performed with methanolic NaOH
solution in 2 mL of (DCM:MeOH; 9:1) for 20 min at 45 ◦ C. After solvent evaporation sodium citrate
buffer (pH 3) and 3 mol HCl (1.5:0.5 mL) was added. The reaction mixture was passed through
a preconditioned C18 column (Waters Corp, Milford, MA, USA) and eluted with 2 mL ethanol.
The ethanol was evaporated at 45 ◦ C under vacuum and helium flow. The purified [18 F]-FPMA was
dissolved in water. Cisplatin aqua complex was coordinated with [18 F]-FPMA at 75 ◦ C for 30 min to
produce a reaction mixture of [18 F]-FCP and [18 F]-FPMA. The reaction mixture was purified by using
QMA Sep-Pak ion-exchange column (Waters Corp., Milford, MA, USA) to produce [18 F]-FCP” [29].
4.3. [18 F]-FCP encapsulation in [111 In]-Liposomes
DPPC, Chol, DSPE-PEG2000 , DPPE-DTPA (60:30:5:5 mole ratio) were mixed in a 10 mL vial and
dissolved with chloroform:methanol (CHCl3 :MeOH, 9:1). The solvent was evaporated under a rotary
evaporator to form a lipid film followed by high vacuum to remove the residual organic solvent.
Freshly synthesized [18 F]-FCP in PBS was added to the lipid film and was sonicated for 10 min at 60 ◦ C.
At the end of sonication, the liposome solution was immediately chilled in ice. For the radiolabeling
with 111 In, sodium acetate buffer (3 M, pH 5.2) was added to liposome solution. 111 InCl3 was buffered
with sodium acetate buffer (3 M, pH 5.2) for 2 min before incubating with buffered liposome solution
at 40 ◦ C for 30 min. The resultant liposome nano-construct was purified using gel chromatography
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(Sephadex G-25; Sigma-Aldrich, Steinheim, Germany). The purified liposome nano-construct was
further used for characterization and in vivo studies. Zeta Sizer Nano Series ZEN3600 (Malvern, UK)
was used to measure the hydrodynamic size and ζ potential of liposomes in PBS (pH ~7.2). The
radioactive reaction yield was calculated from gamma counting. The labeling and encapsulation
efficiency were determined by counting the liposome suspension before and after chromatography
on a PD-10 (Sephadex G-25; Sigma-Aldrich, Steinheim, Germany) with a dose calibrator (CRC-15R,
Capintec; Bioscan; Florham Park, NJ, USA). The encapsulation efficiency of [18 F]-FCP was calculated
as percentage of radioactivity that was entrapped inside the liposome to the initial radioactivity of
[18 F]-FCP.
4.4. Biodistribution of [111 In]-Liposome
Animal experiments were approved and performed according to the policies and guidelines of
the Institutional Animal Care and Use Committee (IACUC) (AD20170) at Virginia Commonwealth
University. Adult female nude mice were injected with [111 In]-Liposome through tail vein. The amount
of radiotracer injected was (1.07 ± 0.03 MBq) in 200 µL PBS. At different time points post injection (1 h,
6 h, 48 h), mice were euthanized, and key tissues were harvested. Tissues were counted in a gamma
counter and % ID/g of the tissue was determined.
4.5. In vivo SPECT/CT Imaging of [111 In]-Liposome
Micro-SPECT was performed using a multimodal (DPET/SPECT/CT) preclinical imaging system
(Siemens, Knoxville, TN, USA). Nude mice were intravenously injected with [111 In]-Liposomes (8 MBq,
200 µL) and whole body micro-SPECT imaging was carried out in prone position. Imaging was carried
out using 171 keV energy gammas 2 h, 48 h and 144 h post injection. Micro-CT was also performed
with 75 kV and 500 µA at a resolution of 96 µm. The whole-body scan time was 10 min. The SPECT
images were reconstructed using an iterative reconstruction algorithm (ordered-subset expectation
maximization or OSEM3D) modified for the five-pinhole geometry with a 20% energy window around
the 171 keV photo peak of 111 In. These images were then registered with CT images based on a
transformation matrix previously generated using four 57 Co land markers. Images were viewed and
quantified using Inveon Research Workplace (IRW) software (IAW 1.6, Siemens, Knoxville, TN, USA).
ROIs covering the entire organs were drawn and the average counts were measured and the data was
correlated to ex vivo biodistribution result from gamma counting.
4.6. PET/SPECT/CT of [18 F]-FCP/[111 In]-Liposome
Female nude mice (Harlan Laboratories, Indianapolis, IN, USA), aged four to six weeks, were
employed for the in vivo imaging.
[18 F]-FCP encapsulated Liposomes (5.5–6 MBq) was injected intravenously in a normal female
nude mouse via the tail vein. Immediately following the injection, a 90-min dynamic scan was
performed. PET images were reconstructed using the Fourier Re-binning and Ordered Subsets
Expectation Maximization (OSEM) 3D algorithm with dynamic framing. Reconstructed PET images
were co-registered with CT images and analyzed using IRW software (IAW 1.6, Siemens, Knoxville,
TN, USA).
[18 F]-FCP encapsulated in [111 In]-Liposome was administered via tail vein injection. A nude
mouse was injected with total activity of 15 MBq of [18 F]-FCP/[111 In]-Liposome (9:1; 111 In:18 F ratio).
One hour post-administration, the mouse was anesthetized by isoflurane (2.0% flow rate) and kept
under nose cone set up for imaging. Static summed up PET image data 60 min post injection was
acquired for 30 min. At completion of the PET imaging, without moving the specimen, the mouse
bed was moved to the SPECT/CT imaging planes. A SPECT scan was performed using dual-head
camera mounted with 2 multi-pinhole collimators (five 1.0-mm pinholes in each collimator, 51-mm
transaxial FOV, 40-mm radius of rotation, and a maximum resolution of 1.5 mm. Images were acquired
over 360◦ in a total of 40 projections, resulting in a total imaging time of 60 min. Micro-CT was also
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performed with 75 kV and 500 µA at a resolution of 96 µm. The whole-body scan time was 10 min.
Administration of a cocktail of [18 F] and [111 In] radioactivity allowed for conserving the same animal
position to fix the spatial position for both SPECT and PET imaging modes.
4.7. Optimization of Dual-Radionuclide Imaging of 111 In and 18 F
In order to minimize the degradation of the SPECT image due to downscatter from the 511 keV
used to produce the PET image, phantom experiments with different radioactivity ratios of 111 In and
18 F were carried out on the Inveon PET/CT/SPECT preclinical scanner (Siemens, Knoxville, TN, USA).
The 18 F to 111 In ratio pairs tested were 6:1, 1:1, 1:5, 1:10, and 1:15. The activities totals were kept below
the saturation level for the detectors and around a reasonable injection activity for a mouse study. The
primary source degrading the SPECT photopeak comes from the backscatter events from the 511 keV
annihilation photons. The subtraction procedure used was based on Bartoli et al. [25], and was applied
to the spectrum scan from the simultaneously present 111 In and 18 F scan to determine the ability to
recover the 111 In alone spectrum scan. With preclinical scanner used, SPECT, PET, and CT scans are
taken sequentially and cannot be performed simultaneously. During all imaging scans, the phantom
maintains the same geometry as the bed position is moved from the SPECT/CT scanner to the docked
PET scanner within the Inveon scanner system.
5. Conclusions
DTPA-derivatized pegylated liposome was labeled with 111 In. [111 In]-Liposome was evaluated
in vivo with biodistribution and SPECT imaging. [18 F]-FCP was encapsulated in [111 In]-Liposome.
Dual-tracer feasibility of PET/SPECT imaging with [18 F]-FCP encapsulated in [111 In]-Liposome
was demonstrated.
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