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Abstract: cRGD peptides target integrins associated with angiogenesis (e.g., & B,) and cancer, and have been used
as binding ligands for both positron emission tomography (PET) and near-infrared fluorescence (NIRF) optical imag-
ing. This study introduces the hybrid tracer cRGD-ZW800-1-Forte-[®°Zr]Zr-DFO, which is based on a novel zwitterionic
fluorophore structure that reduces non-specific background uptake during molecular imaging of tumors. An in vitro
binding assay was used to validate tracer performance. 10 nmol ZW800F-cRGD-Zr-DFO was injected in mice (n=7)
bearing orthotopic human colorectal tumors (HT29-luc2) for tumor detection with NIRF imaging. Subsequently,
ZW800F-cRGD-Zr-DFO was loaded with 8Zr and 10 nmol cRGD-ZW800-1-Forte-[8Zr]Zr-DFO (3 MBq) was injected
in mice (n=8) for PET/CT imaging. Imaging and biodistribution was performed at 4 and 24 h. NIRF imaging was
performed up to 168 h after administration. Sufficient fluorescent signals were measured in the tumors of mice
injected with ZW800F-cRGD-Zr-DFO (emission peak ~800 nm) compared to the background. The signal remained
stable for up to 7 days. The fluorescence signal of cRGD-ZW800-1-Forte-[®°Zr]Zr-DFO remained intact after labeling
with 8Zr. PET/CT permitted clear visualization of the colorectal tumors at 4 and 24 h. Biodistribution at 4 h showed
the highest uptake of the tracer in kidneys and sufficient uptake in the tumor, remaining stable for up to 24 h. A
single molecular imaging agent, ZW800F-cRGD-[®°Zr]Zr-DFO, permits serial PET and NIRF imaging of colorectal
tumors, with the latter permitting image-guided treatment intraoperatively. Due to its unique zwitterionic structure,
the tracer is rapidly renally cleared and fluorescent background signals are low.

Keywords: Hybrid tracer, colorectal cancer, molecular imaging, PET imaging, near-infrared fluorescence imaging,
cRGD

Introduction rgery, complete resection of the primary tumor
with minimal morbidity is the goal. Although
resection of primary tumors in the upper colon
is straightforward, lower rectal resections are
extremely difficult when preservation of rectal

function is intended [2].

Up to 50% of patients diagnosed with colorec-
tal cancer have either obvious or occult metas-
tases. Initially the liver tends to harbor metas-
tases, but peritoneal and pulmonary me-
tastases arise as well, either synchronously or
metachronously [1]. Patients with metastases
require a different form of therapy (e.g. liver

Currently, distinguishing fibrosis, inflammation,
and viable tumor tissue remains difficult both

metastasectomy, HIPEC, palliative treatment)
compared to those without. Therefore, selec-
tion of truly non-metastatic patients who will
benefit from curative-intended surgery is of
paramount importance. For those receiving su-

preoperatively and intraoperatively, especially
in patients who received neoadjuvant chemora-
diotherapy. As a consequence, even patients
with a pathological complete response need to
undergo resection, with potentially major com-
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Figure 1. Study design and purposes.

plications, or an ostomy, as a result. During sur-
gery, differentiation between malignant and
benign tissue is mostly performed by visual
inspection and palpation, being subjective and
inaccurate. Near-infrared fluorescence (NIRF)
imaging is an optical technique that permits
real-time visualization of tumors during surgery
using targeted fluorescent tracers [3]. Several
clinical studies have demonstrated successful
intraoperative identification of various tumor
types [4-6]. However, NIRF imaging has an
important drawback; it has a limited depth
penetration of approximately 5-8 mm [7, 8].
Therefore, small metastatic tumor deposits
located deeper or outside the surgeon’s field of
view cannot be directly identified.

To improve the management of patients diag-
nosed with colorectal cancer, biomedical imag-
ing needs to meet two main requirements: 1)
accurate identification of metastatic disease to
preoperatively select those patients who will
ultimately benefit from surgery, and, 2) real-
time visualization of tumor margins in order to
minimize surgical morbidity. Furthermore, ob-
taining market approval for even a single drug
typically costs hundreds of millions of dollars
and over seven years of time. There is therefore
great need to develop single contrast agents
(drugs) that have more than one indication [9].

Several prior reports have combined radioscin-

tigraphy and optical imaging to perform these
tasks. The first ex vivo study with dual-labeled
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girentuximab, an antibody targeting carbonic
anhydrase IX (CAIX), demonstrated that the
combination of radionuclide (SPECT) and fluo-
rescence imaging is feasible [10]. Full-length
antibodies have long serum half-lives, though,
resulting in non-specific background fluores-
cence after injection, and imaging possible only
4-7 days later. In addition, they have the poten-
tial for adverse immunological reactions, and
are costly to produce.

This paper focuses on a small molecule imag-
ing agent that can be used to improve the care
of colorectal cancer patients. This agent is
based on the tripeptide Arg-Gly-Asp (RGD),
which targets various integrins (« B,, o B, & B,
o Be & Bg OB, B, and o, B.), some of which
are overexpressed on tumor cells and tumor-
associated vascular endothelium, correlating
with neoangiogenesis [11]. Indeed, multiple
tumor types have successfully been identified
in several phase | and Il clinical trials with RGD-
based PET tracers [12-14]. In our previous pre-
clinical study [15], cyclic RGD (cRGD) was conju-
gated to the near-infrared (NIR) fluorophore
ZW800-1. Intravenous administration of cRGD-
ZW800-1 permitted in vivo fluorescence imag-
ing of multiple tumor types in mice. A clinical
study investigating cRGD-ZW800-1 in patients
is currently ongoing (NL6250805817).

ZW800-1 Forte is a novel zwitterionic NIR fluo-
rophore that has the potential to further
improve the tumor-to-background ratio because
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Figure 2. Stability results and chemical structure. A: Stability results over 7 days. B: Chemical structures.

of its unusually high stability in vivo [16]. A dis-
advantage of the previously described cRGD-
ZW800-1 agent for use with long half-life trac-
ers, such as ®°Zr, is its short-lived stability in
serum. We therefore focus in this paper on a
hybrid tracer with a more stable NIR fluoro-
phore variant ZW800-1 Forte (ZW800F), which
retains the zwitterionic motif known to redu-
ce non-specific background in non-tumor tis-
sues [17]. We aim to assess the feasibility to
perform PET and NIR fluorescence imaging of
tumors with a single injection of ZW8O0OF-
cRGD-Zr-DFO.

Methods

Figure 1 gives an overview of the study design
and study purposes.

Tracer synthesis and labeling procedures

Synthesis of tracer cRGD-ZW800-1-Forte-[89Zr]
Zr-DFO (cRGD-ZW80O0F-[#9Zr]Zr-DF0Q), and label-
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ing procedures are extensively described in the
Supplementary Data. In short, commercially
available deferoxamine (DFO) was pre-loaded
and coupled to an activated boc-L-glutamic
acid 1 tert-butyl ester (NHS-ester) to produce
Boc-Glu(OtBu)-DFO[Fe]. The near-infrared con-
trast agent ZW80OF was conjugated to the
L-GLU-DFO[Fe] compound using a pre-activated
NHS-ester. The remaining carboxyl group on
the glutamic acid was converted into a TFP-
ester using EDC/TFP in a MES buffer. The TFP-
ester was reacted with commercially available
cRGDyK to produce ZWS8OOF-Glu(cRGDyK)-
DFO[Fe]. Hereafter, 0.49 mL 0.5 M HEPES and
20 pyL 2 mM cRGD-DFO-ZW8O00F were added to
100 yL 1 M oxalic acid containing 56.3 MBq of
zirconium (mixed and reacted with 37 yL 0.9%
NaCl and 45 pL 2M Na,CO0,) and applied to a
tC18 Sep-Pak, which was preconditioned with
10 mL ethanol and 10 mL water. After washing
and collection of the product it was formulated
to achieve a dose of 10 nmol/3 MBg ZW800F-

Am J Nucl Med Mol Imaging 2018;8(5):282-291



cRGD based hybrid tracer

cRGD-[®%Zr]Zr-DFO per mouse, and was immedi-
ately injected. For preparation of ZW8OOF-
cRGD-Zr-DFO 100 uL 1 M oxalic acid containing
400 nmol (2 equivalents) of zirconium was
used (mixed and reacted with 345 uL 0.9%
NaCl and 45 pL 2 M Na,CO,). Stability results
are presented in Figure 2A.

The absorbance peak of the previously de-
scribed cRGD-ZW800-1 is 773 nm [15]. The
hybrid tracer ZW800-1 Forte variant has two
absorbance peaks, a dominant one at 754 nm
and a minor one at 680 nm. DFO was used to
enable radiolabeling with the isotope zirconi-
um-89. Because of its long half-life, 8Zr has
the major advantage of permitting imaging long
after injection, when most background has
cleared from the body. To match the long radio-
isotope half-life, the ZW800-1 Forte variant
was used instead of ZW800-1. Chemical struc-
tures are displayed in Figure 2B.

In vitro binding assay

To evaluate the binding capacity of ZW800F-
cRGD-Zr-DFO in vitro, the human colorectal cell
line HT29-luc2 was used. Experiments were
performed in triplicate. The cells were plated in
a 96-well plate at a density of ~40,000 cells
per well. At 90-100% confluence, cells were
washed and incubated with various concentra-
tions of ZW80OF-cRGD-DFO at 37°C for 1 h.
The cells were then washed. Subsequently, the
cells were imaged using the Odyssey NIR scan-
ner (LI-COR Biosciences, Lincoln, Nebraska;
800 nm channel) to quantify the fluorescence
intensity. Next, cells were permeabilized with a
40/60 mixture of acetone and methanol fol-
lowed by a washing step and 5 minutes incuba-
tion with ToPro3 (1/2000, Invitrogen), a far-red
fluorescent dye. The wells were then washed
again and imaged with the Odyssey scanner
(700 nm channel) to quantify the number of
cells in each well. No negative cell line could be
used, because none of the cells are negative
for cRGD-binding integrins. For example, the
o B, negative cell line HT-29 shows high expres-
sion of integrin « B, [15].

In vivo tumor model

For in vivo PET and fluorescence imaging, the
previously described orthotopic colorectal tu-
mor model with HT29-luc2 cells was used [15,
18]. In short: six week-old athymic female mice
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(CD1-Foxnlnu, Charles River Laboratories,
Wilmington, MA, U.S.A.) were housed in venti-
lated cages. To induce subcutaneous tumors,
colorectal cancer cells (HT-29) were injected at
4 sites on the back (500,000 cells per spot).
Subsequently, these colorectal tumor cells
were transplanted to the colons of fresh mice,
as described by Tseng et al. [19]. Tumor grow-
th and potential metastases were checked
regularly using luciferin and in vivo biolumines-
cence imaging with the IVIS Spectrum (In Vivo
Imaging System, PerkinElmer, Waltham, MA,
U.S.A.)). The Animal Welfare Committee of
Leiden University Medical Center approved all
animal experiments for animal health, ethics,
and research. All animals received humane
care and maintenance in compliance with the
“Code of Practice Use of Laboratory Animals
in Cancer Research” (Inspectie WandV, July
1999).

Fluorescence imaging

Evaluation of fluorescence imaging with ZW-
800F-cRGD-Zr-DFO was performed with zirco-
nium-90, a non-radioactive isotope, this was
done to meet the radiation hygiene require-
ments for the optical imaging facility. Animals
were imaged using the Pearl® imager (LICOR,
Lincoln, NE, U.S.A.). The Pearl® imager uses an
excitation laser of 785 nm and detects all fluo-
rescence above 800 nm. Based on previously
achieved results with cRGD-ZW800-1, all mice
were imaged at 4 h and 24 h post injection [15].
Tumor-to-background ratios (TBRs) were calcu-
lated by dividing the tumor signal by the back-
ground signal (colon without tumor). After sacri-
ficing the mice, all organs were collected and
imaged using the Pearl® to evaluate the biodis-
tribution based on fluorescence signals.

In vivo comparison of cRGD-ZW800-1 and
ZW800F-cRGD-Zr-DFO

For evaluation of the stability and tumor-speci-
ficity of ZW800F-cRGD-Zr-DFO, the TBRs and
fluorescence signal in the tumor obtained with
the hybrid tracer were compared with the previ-
ously reported results with ZW800-cRGD-1
[15]. In that study, mice bearing orthotopic
HT29-luc2 tumors were injected with the opti-
mal dose of 10 nmol cRGD-ZW800-1 and
imaged at4 hand 24 h postinjection. Therefore,
seven mice bearing orthotopic HT29-luc2
tumors were injected with 10 nmol ZW800F-

Am J Nucl Med Mol Imaging 2018;8(5):282-291
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Figure 3. Binding of ZW80OF-cRGD-DFO to HT-29 colorectal tumor cells. A:
In vitro binding assay (median and range). B: In vivo binding of ZW800F-
cRGD-Zr-DFO to the tumor (white arrow) and a peritoneal metastasis (dashed
arrow) at 4 h after injection. NIRF imaging (Pearl) is in concordance with
bioluminescence signals (IVIS).
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TBRs obtained with the ZW800F-cRGD-Zr-DFO were significantly higher at

24 h post injection (P=0.03). B: Tumor-specific signals of ZW800OF-cRGD-DFO
remained above 50% for up to 2 days after injection and detectable up to 7
days after injection. C: Organ-to-tumor ratios of cRGD-ZW800-1 compared to
ZW80O0F-cRGD-Zr-DFO at 24 h after injection. The ratios are lower and more
favorable for ZW80OF-cRGD-Zr-DFO. *: significant differences.

cRGD-Zr-DFO. Bioluminescence imaging was
performed with luciferin and the IVIS Spectrum
to compare the size of each orthotopic HT29-
luc2 tumor. The percentage decrease in fluo-
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rescence intensity (arbitrary
units; AU) at 24 h compared to
4 h and TBRs were calculated.
To assess the stability of the
fluorescence signals in vivo,
mice bearing subcutaneous
HT29-luc2 tumors were inject-
ed with 10 nmol ZW8OOF-
cRGD-Zr-DFO. The signals in
the tumors and background
were measured up to 168 h
post injection with the Pearl®
imager. Furthermore, a com-
plete biodistribution was per-
formed and assessed with
the Pearl® imager at 24 h
(n=3). The fluorescence sig-
nals of the organs compared
to the tumor (organ-to-tumor
ratio; OTR) of both tracers
were evaluated. Because of
the differences in excitation
wavelengths of ZW800-1 and
ZW8O0O0F and the fixed excita-
tion wavelength of the Pearl®
imager, the TBRs and the
OTRs were compared instead
of the fluorescence intensity
of the tracers.

PET/CT

Animals were imaged with a
dedicated small animal Na-
noPET/CT scanner (Mediso
Ltd., Hungary) at VU University
Medical Center. Eight mice
bearing orthotopic HT29-luc2
tumors were each injected
with 10 nmol cRGD-ZW80OF-
[8°Zr]Zr-DFO (3 MBq). Mice
were anesthetized by inhala-
tion of 2% isoflurane and
scanned at 1, 4 and 24 h po-
st injection. A CT scan was
acquired prior to the PET
scan and was used for mor-
phological correlation and for
attenuation and scatter cor-
rection purposes. Recons-
truction was performed with a

fully 3-dimensional (3-D) reconstruction (Tera-
Tomo; Mediso Ltd., Hungary) with four itera-
tions and six subsets, resulting in an isotropic
0.4 mm voxel dimension. The scanner was

Am J Nucl Med Mol Imaging 2018;8(5):282-291
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cRGD-Zr-DFO measured with fluorescence imaging (Pearl).

cross-calibrated with the dose calibrator and
well counter, enabling the derivation of accu-
rate standard uptake value (SUV) measures.
Biodistribution was performed at 4 h (n=4)
and 24 h (n=4) post-injection. After sacrific-
ing the mice, all organs and several tissues
were excised to determine the percentage of
the injected dose per gram (%ID/g) with the
gamma counter to evaluate biodistribution. Tu-
mor visualization and biodistribution with NIRF
imaging using ZWS8O00F-cRGD-Zr-DFO were
compared with PET/CT using cRGD-ZW8O0O0F-
[89Zr)Zr-DFO.

Statistical analysis

GraphPad Prism software (version 7.0, Gra-
phPad Software Inc., La Jolla, California, U.S.A.)
was used for statistical analyses. All values
were reported using mean and standard devia-
tion, unless otherwise described. For all in vivo
studies at least three mice per group were
included in order to be able to perform statisti-
cal power. Statistical significance for compari-
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son of TBRs of the Pearl®, and
comparison of fluorescence
intensity of tumors, was deter-
mined using an independent
t-test. Differences in the bio-
distribution were calculated
by two-way analysis of vari-
ance (ANOVA). Group means
were calculated for continu-
ous data and medians were
calculated for discrete data
(scores). Test statistics were
calculated on the basis of
exact values for means and
pooled variances. All tests
were two-sided and in all an
alpha of 5.0% was used.

©

Results

Stability of cRGD-ZWSOOF-
[*°Zr]Zr-DFO
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HPLC at 780 nm of ZW80O0F-
cRGD-Zr-DFO demonstrated a
stable product up to 7 days
after labeling with 89Zr (Figure
2A).

In vitro binding assay

A binding assay with ZW800F-cRGD-Zr-DFO on
HT29-luc2 cells showed an almost linear
increase in fluorescence intensity with increas-
ing concentrations (Figure 3A).

Comparison of cRGD-ZW800-1 and ZW8O0OF-
cRGD-Zr-DFO

Clear tumor demarcation was possible in the
mice that were injected with ZW800F-cRGD-Zr-
DFO. Figure 3B shows the concordance be-
tween the bioluminescent signal of the tumor
measured with the IVIS and the fluorescent sig-
nal measured with the Pearl. In one mouse, bio-
luminescence showed a metastasis, which was
also detected by NIR fluorescence imaging.

TBRs obtained in mice injected with ZW80OF-
cRGD-Zr-DFO were significantly higher (P=0.03)
than those injected with cRGD-ZW800-1 at 24
h (Figure 4A). The fluorescence intensity of the
tumor remained more stable using ZW80O0F-
cRGD-Zr-DFO: only a decrease in intensity of
37% was observed between 4 and 24 h, com-
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Figure 6. PET/CT of mice. Tumor specific signal of
HT29 colorectal tumors (with arrow) at 4 h after in-
jection of ZW80OF-cRGD-[#°Zr]Zr-DFO. Also Vvisible
are the liver and bladder (dashed arrow).

pared to a 56% decrease in mice injected
with cRGD-ZW800-1. In the subcutaneous
HT29-luc2 tumor model, ZW80OF-cRGD-Zr-
DFO demonstrated a similar decrease of 33%+
5.1% at 24 h (Figure 4B). Approximately 50% of
the fluorescence signal in tumors remained at
48 h post injection and approximately 20% of
the signal remained at 7 days post injection
(Figure 3).

The organ-to-tumor ratio (OTR) measured at 24
h (Figure 4C) demonstrated that conjugation of
DFO did not significantly change distribution. In
fact, even better results were obtained, with
background in the liver, skin, intestines and
all other organs at least half as fluorescent as
the tumor. The only exception was the kidney,
which is expected since the tracer predomi-
nantly shows renal clearance. The biodistribu-
tion of ZW80O0OF-cRGD-Zr-DFO at 4 and 24 h,
expressed in fluorescent intensity (AU) is shown
in Figure BA, 5B. As expected, the fluorescence
signal in urine and blood decreased rapidly, as
well as the signal in the kidneys.

PET imaging and biodistribution of cRGD-
ZW8O0OF-[®°Zr]Zr-DFO

PET/CT imaging at 4 h permitted visualization

of colorectal tumors of mice injected with
cRGD-ZW800F-[#9Zr]Zr-DFO (Figure 6). Based
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on the gamma counter, biodistribution at 4 h
after injection showed the highest uptake of
the tracer in kidneys (16.8+8.6% ID/g) follow-
ed by urine, liver, colon content and tumor
(0.940.1% ID/g). Biodistribution at 24 h showed
the highest uptake of the tracer in kidneys
(8.6£1.0% ID/g) followed by liver and tumor
(0.8+0.2% 1D/g). Figure 3 demonstrates the
biodistribution of cRGD-ZW80O0F-[®°Zr]Zr-DFO
in all organs at 4 and 24 h post injection; the
%ID/g strongly decreased in urine (-93%), co-
lon content (-82%), blood (-70%), and kidneys
(-48%), while it only mildly decreased in liver
(-20%) and tumor (-14%).

Discussion

This study demonstrates the feasibility of iden-
tifying tumors pre-operatively and intraopera-
tively using a single 8Zr-labeled or unlabeled
molecule. Our hybrid tracer, cRGD-ZW80O0F-
[89Zr]Zr-DFO, permits both nuclear as well as
NIRF imaging, with optimal results for each
obtained at 24 h post-injection. Due to the
use of the more stable variant of the zwitter-
ionic fluorophore ZW800-1 Forte, superior
results were obtained in comparison to cRGD-
ZW800-1, thus enabling NIRF imaging for a lon-
ger time interval, up to seven days, and with
lower background.

PET imaging using RGD-based tracers has
proven to be successful in several clinical stud-
ies including multiple solid tumor types, such
as breast, colorectal, pancreatic, and head and
neck cancer [12, 20, 21]. For example, in a mul-
ticenter study, fluorine-18 labeled fluciclatide
showed reproducibility in patients with several
tumor types (e.g. renal cell carcinoma, breast
cancer, rectal cancer) and no side effects were
reported. Consistent with its zwitterionic chem-
ical structure, the biodistribution of cRGD-Zr8Z
was satisfying due to the relatively low back-
ground activity, especially when compared to
previously reported RGD results. For example,
Zhai et al., performed experiments with an RGD
tracer, also radiolabeled with #Zr, conjugated
to fusarine C (FSC) [22]. FSC is comparable to
DFO but [®°Zr]FSC was found to be even more
stable than [#9Zr]DFO in blood due to its cyclic
structure. Nonetheless, in comparison with our
tracer, their biodistribution obtained with [89Zr]
FSC-RGD at 4 h was less favorable: for all
organs, except kidneys, a significant higher
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uptake (%ID/g) was present. For spleen, intes-
tines, heart, lung, muscle and bone, the tracer
uptake of [®°Zr]FSC-RGD was at least 3 times
higher than the uptake of cRGD-ZW80O0F-[8°Zr]
Zr-DFO, for liver and pancreas the tracer uptake
was at least twice as high for [8Zr]FSC-RGD
compared to cRGD-Zr®Z. Despite the use of a
more stable radiometal chelator, FSC, our bio-
distribution was, therefore, more favorable,
even with an extra structure conjugated, the
fluorophore ZW8O0OF. Another study of Li et al.,
evaluating a dual-labeled RGD agent, !In-
DTPA-Lys(IRDye800)-c(KRGDf), allowing single
photon emission computed tomography (SP-
ECT) and fluorescence imaging of human mela-
noma xenografts [23]. The tracer distribution at
both 4 and 24 h after injection was also less
favorable than presented in the current study:
higher uptake (%1D/g) was present in all organs,
including the kidneys.

With regards to 8Zr, in the feasibility study of
Heuveling et al., 8Zr-nanocolloidal albumin was
locally injected in the oral cavity or neck of
patients, 24 hours prior to surgery for the
detection of the sentinel lymph node in oral
cavity cancer [24]. Peroperatively, surgeons
used a gamma probe to detect the radioactive
lymph node(s).

Our vision for the use of 8Zr-labeled PET/opti-
cal tracers, such as ZW80OF-cRGD-Zr-DFO,
though, is to avoid radiation exposure to surgi-
cal caregivers, while also optimizing imaging
results. A single injection of cRGD-ZW80O0F-
[89Zr]Zr-DFO for both PET and optical imaging is
inappropriate because the dose required for
optical imaging is over 1,000-times higher than
the dose required for PET imaging, which would
result in an abnormally low specific activity (i.e.,
blocking) during PET. We avoid this problem by
injecting the agent serially. All patients would
receive tracer levels, typically < 1 uyg of the
labeled cRGD-ZW8O0OF-[8°Zr]Zr-DFO and PET
would be used to select those eligible for sur-
gery. Then, pre-operatively, unlabeled ZW800F-
cRGD-Zr-DFO would be injected and NIRF imag-
ing can be used for real-time intraoperative
margin detection for treatment.

Contrast agents such as DFO-cRGD-ZW800-1
minimize the overall cost and time of market
approval. Using two different molecules for pre-
surgical staging and intraoperative imaging
would mean double the cost and time, because
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each chemical entity would require separate
market approval. Developing a single drug with
two different indications greatly decreases
both the costs and time required to have both
indications available to patients. The savings
could be as high as $ 100 M and 7 years [9].

Finally, another advantage of our dual-labeled
zwitterionic tracer is its renal clearance, which
bypasses biliary excretion and renders the
abdominal cavity non-fluorescent. This should
improve identification of primary tumor margins
from a variety of tumor, such as colorectal, liver,
and pancreas, as well as identification of occult
intra-abdominal metastases. Of note, despite
rather rapid renal clearance of the agent, we
recommend imaging at long time points, such
as at 24 h post injection, in order to reduce
background signal in non-target organs, and
thus increase TBR, as much as possible.

Conclusion

A single molecular imaging agent, ZW80OF-
cRGD-[®°Zr]Zr-DFO, permits serial PET and
NIRF-guided treatment of colorectal tumors.
The tracer is rapidly cleared via the kidneys
and, due to the use of zwitterionic stable
ZW800-1 Forte, fluorescent background sig-
nals are low. 8%Zr-labelled tracer may be used to
select patients for surgery. Subsequently, the
same non-radiolabeled tracer can be used per-
operatively for real-time tumor detection.
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Supplementary Data
Tracer synthesis

Commercially available deferoxamine (DFO) was pre-loaded using iron(lll) chloride. In a single pot reac-
tion, boc-L-glutamic acid 1 tert-butyl ester was activated using dipyrrolidino(N-succinimidyloxy)carbeni-
um hexafluorophosphate (HSPyU) and DIEA to produce an NHS-ester. The pre-loaded DFO was then
added to the reaction pot to produce Boc-Glu(OtBu)-DFO[Fe]. The use of iron prevents HSPyU from
reacting with the three hydroxamate groups of DFO. Protecting groups on the amino acid were removed
using a combination of TFA and DCM at room temperature. The target molecule was purified using solid
phase extraction. A small molar equivalency of FeCl, was used during a wash step to ensure that the
DFO is complexed to iron(lll). The near-infrared contrast agent ZW80OF was conjugated to the L-GLU-
DFO[Fe] compound using a pre-activated NHS-ester. The target compound ZW80OF-GIlu(COOH)-DFO[Fe]
was purified using solid phase extraction and concentrated under vacuum. The remaining carboxyl
group on the glutamic acid was converted into a TFP-ester using EDC/TFP in a MES buffer. The TFP-
ester product was purified using solid phase extraction and concentrated under vacuum. The TFP ester
was used due to its increased stability to moisture during the drying process. The TFP-ester was reacted
with commercially available cRGDyK to produce ZW800F-Glu(cRGDyK)-DFO[Fe]. The peptide bond is
formed in DMSO under a basic environment. During purification using solid phase extraction, EDTA is
used to remove the iron from the DFO. The synthesis of cRGD-ZW800-1 was previously described [1].

Preparation of ZW80OF-cRGD-[#°Zr]Zr-DFO

100 uL 1 M oxalic acid containing 56.3 MBq of zirconium was mixed with 37 yL 0.9% NaCl and 45 pL 2
M Na,CO, and reacted for 10 minutes. Hereafter 0.49 mL 0.5 M HEPES and 20 pL 2 mM cRGD-DFO-
ZW800F were added bringing the total volume to 1 mL which was reacted for 60 minutes at room tem-
perature. The reaction mixture was applied to a tC18 Sep-Pak, which was preconditioned with 10 mL
ethanol and 10 mL water. Next the Sep-Pak was washed twice with 8 mL water, followed by elution of
the Sep-Pak with 60/40 ethanol/50 mM NaOAc pH 5.0. The product was collected in 0.5 mL (fraction 3
and 4 from eluted cartridge) in a radiochemical yield of 88%. Next the product was formulated to achieve
a dose of per mouse of 10 nmol (dose chosen based on previous experience [2])/3 MBq ZW80O0F-
cRGD-[®°Zr]Zr-DFO in 150 L injection volume and was immediately injected. The radiochemical purity
was 99.5% base on iTLC using 50 mM EDTA as eluent.

Preparation of ZW800F-cRGD-Zr-DFO

100 pL 1 M oxalic acid containing 400 nmol (2 equivalents) of zirconium was mixed with 345 yL 0.9%
NaCl and 45 pL 2 M Na,CO, and reacted for 10 minutes. Hereafter, 0.5 mL 0.5 M HEPES and 100 pL 2
mM cRGD-DFO-ZW80O0F (200 nmol) were added bringing the total volume to 1090 uL which was react-
ed for 60 minutes at room temperature. The reaction mixture was applied to a tC18 Sep-Pak, which was
preconditioned with 10 mL ethanol and 10 mL water. Next the Sep-Pak was washed twice with 8 mL
water, followed by elution of the Sep-Pak with 60/40 ethanol/50 mM NaOAc pH 5.0. The product was
collected in 0.5 mL (fraction 3 and 4 from eluted cartridge) in a yield of 78% (determined by HPLC using
an Alltima C-18 column). Next the product was formulated to achieve a dose of per mouse of 10 nmol
ZW800F-cRGD-Zr-DFO in 120 pL injection volume. The stability of the product was assessed for 7 days
by high-performance liquid chromatography (HPLC) (Figure 2).
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