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Abstract

Background—Irradical tumor resections and iatrogenic ureteral injury remain a significant
problem during lower abdominal surgery. The aim of the current study was to intraoperatively
identify both colorectal tumors and ureters in subcutaneous and orthotopic animal models using
cRGD-ZW800-1 and NIR fluorescence.

Methods—The zwitterionic fluorophore ZW800-1 was conjugated to the tumor specific peptide
cRGD (targeting integrins) and to the a-specific peptide cRAD. One nmol cRGD-ZW800-1,
cRAD-ZW800-1, or ZW800-1 alone was injected in mice bearing subcutaneous HT-29 human
colorectal tumors. Subsequently, cRGD-ZW800-1 was injected at dosages of 0.25 and 1 nmol in
mice bearing orthotopic HT-29 tumors transfected with luciferase2. In vivo biodistribution and
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ureteral visualization were investigated in rats. Fluorescence was measured intraoperatively at
several time points after probe administration using the FLARE imaging system.

Results—Both subcutaneous and orthotopic tumors could be clearly identified using cRGD-
ZW800-1. A significantly higher signal-to-background ratio (SBR) was observed in mice injected
with cRGD-ZW800-1 (2.42 + 0.77) compared to mice injected with cRAD-ZW800-1 or ZW800-1
alone (1.21 £ 0.19 and 1.34 £ 0.19, respectively) when measured at 24 h after probe
administration. The clearance of cRGD-ZW800-1 permitted visualization of the ureters and also
generated minimal background fluorescence in the gastrointestinal tract.

Conclusions—This study appears to be the first to demonstrate both clear tumor demarcation
and ureteral visualization after a single intravenous injection of a targeted NIR fluorophore. As a
low dose of cRGD-ZW800-1 provided clear tumor identification, clinical translation of these
results should be possible.

Keywords

Near-Infrared Fluorescence Imaging; Image-Guided Surgery; colorectal cancer; ureteral damage;
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Introduction

In cancer surgery, positive resection margins remain one of the biggest problems, resulting
in a high number of recurrences and poor prognosis. In contrast to the many imaging
modalities that can be used preoperatively for diagnosis, staging, and surgical planning (CT,
MRI, SPECT, PET), real-time, intraoperative imaging modalities to assess the extent of
disease and to determine adequate resection margins are lacking. In most cases, surgeons
still have to rely only on palpation and visual inspection to discriminate between tumor
tissue and normal tissue L. Since this situation has not been changed for many decades, there
remains a need for a diagnostic tool that can discriminate tumor tissue from normal tissue in
real time during surgery.

In addition, iatrogenic ureteral injury is a rare, but serious complication of lower abdominal
surgery, with a reported incidence rate varying from 0.7% up to 10% 24, Ureteral
identification can be challenging, especially in patients with previous surgery or
inflammation, and during minimally invasive procedures. Early identification of ureteral
damage permits direct repair and is of paramount importance to reduce morbidity and
preservation of renal function.

Near-infrared (NIR) fluorescence guided surgery is a novel technique that enables real-time
visualization of tumors and vital structures (i.e. ureters) using light in the NIR spectrum 7.
The use of NIR light has the advantages of being less absorbed by tissue and being invisible
to the human eye. This results in high tissue penetration without altering the look of the
surgical field. By conjugating NIR fluorescent dyes to tumor specific ligands, intraoperative
NIR fluorescent tumor detection and demarcation can be achieved. During the last decade,
many tumor-specific ligands, such as antibodies, nanobodies, and peptides have been used
for this purpose, all with their own advantages and disadvantages 8-11. Furthermore, multiple
fluorescent dyes have been tested to optimize fluorescent intensity, biodistribution, and
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clearance 1215, |n addition, Metildi et. al. recently showed the ability to visualize sub-
millimeter tumor deposits along the cecal wall in a patient-derived orthotopic nude mouse
model using a chimeric CEA antibody and visible fluorescence 16.

The present study evaluates the use of a low dose fluorescent dye ZW800-1 conjugated to
the cyclic RGD peptide (cRGD) targeting integrin for colorectal tumor imaging and ureteral
visualization 1°, RGD is a small peptide that targets integrin a5p1, a8pl, avpl, avB3, avfs,
avp6, avps and allbp3 17-20, Integrins are cell-surface transmembrane heterodimeric
glycoproteins that are involved in cell adhesion, matrix interaction, and cell signaling
pathways 2L integrin a,B3 plays a key role in the early phase of tumor angiogenesis, tumor
cell migration, and is overexpressed in various cancer types, including colorectal and breast
cancer 22, Moreover, an intermediate to high expression of avf3 is observed on the
(neo)vasculature of colon carcinoma in about 75% of patients with colon cancer 23: 24,
cRGD-ZW800-1 has recently been developed and validated by our group using in vitro and
in vivo assays with melanoma, breast, liver and lung cancer cell lines 1. In addition, recent
preclinical studies demonstrated successful identification of breast, colon, lung, ovarian, and
glioblastoma cancers by targeting a,Bs integrin 2529, Furthermore, a number of clinical
studies successfully showed integrin a3 targeting using 18F-galacto-RGD and PET
imaging in breast cancer and malignant gliomas 28 30-32,

ZW800-1 is a recently developed zwitterionic fluorescent dye which is cleared rapidly by
the kidneys, has a high quantum yield, and was engineered for high hydrophilicity 33.
ZW800-1 has a net charge of 0 after conjugation to a targeting ligand with a net charge of -1
prior to conjugation, an absorption peak of approximately 772 nm, and an emission peak of
788 nm in fetal bovine serum. ZW=800-1 is freely filtered by the kidney and is exclusively
eliminated from the body by the kidneys. As such, non-specific background signal in the
intestines is low, making it valuable for colorectal tumor imaging, and simultaneously,
ureteral visualization is enabled. To maximize renal clearance of the conjugate, the
hydrophilic variant RGDyK was chosen for conjugation to ZW800-1 34,

The aim of the current study was to evaluate the ability to visualize both colorectal cancer
and ureters using NIR fluorescence and a single injection of cRGD-ZW800-1.

Ethical standards and animal care

All animal experiments were approved for animal health, ethics, and research by the Animal
Welfare Committee of Leiden University Medical Center, the Netherlands. All animals
received humane care and maintenance in compliance with the “Code of Practice Use of
Laboratory Animals in Cancer Research” (Inspectie W&V, July 1999). All animals were
housed in the animal facility of the Leiden University Medical Center. Pellet food and fresh
tap water were provided ad libitum. The weight of the animals was followed throughout the
experiment to monitor their general health state. Throughout tumor inoculation, imaging,
and surgical procedures, the animals were anesthetized with 5% isoflurane for induction and
2% isoflurane for maintenance in oxygen with a flow of 0.8 L/min and placed on an animal
bed with an integrated nose mask.
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Tumor models

Subcutaneous colon tumors were induced in 6 week-old CD1-Foxn1™ female mice (Charles
River Laboratories, Wilmington, MA, USA) weighing 25 - 35 g by subcutaneous injection
at 4 sites with 5 x 105 HT29-luc2 cells in 40 uL. RPM11640 medium per site. Tumor growth
was monitored longitudinally using a digital caliper and with bioluminescence imaging
(BLI) after an intraperitoneal injection of 150 mg/kg of D-luciferin solution (SynChem, Inc.,
Elk Grove Village, IL) in PBS in a total volume of 50 uL 10 minutes prior to imaging using
the 1VIS Spectrum imaging system (Caliper LifeSciences, Hopkinton, MA, USA). In order
to induce orthotopic tumors, subcutaneously growing HT29-luc2 colon tumors were
harvested and subsequently transplanted onto the cecum of a healthy mouse, according to
the model described by Tseng et al. 3° (fig. 4a). Briefly, the cecal wall was slightly incised
to facilitate tumor cell infiltration and small tumor fragments (approximately 2 mm) were
transplanted on the cecal wall using a 6-0 suture. Tumor growth was monitored using BLI.

In Vivo biodistribution and ureteral visualization

The ability to visualize gastrointestinal tumors in close proximity to other organs was
investigated in nude mice bearing orthotopic HT29 tumors. As cRGD-ZW800-1 is cleared
renally, a single intravenous injection could potentially also permit ureteral visualization.
However, it showed to be challenging to visualize the ureter in nude mice weighing only
25-35 g. Therefore, to validate in vivo biodistribution and ureteral visualization, cRGD-
Z\W800-1 was also administered to male WAG/RIj rats (Harlan, Horst, The Netherlands)
weighing approximately 300-350 g.

NIR fluorescence imaging

When tumors were measured 5 mm in diameter, the fluorescent probe was injected. 1 nmol
cRGD-ZW800-1 (N = 3), 1 nmol cRAD-ZW800-1 (N = 3), or 1 nmol ZW800-1 (N = 3) was
injected intravenously in mice bearing subcutaneous tumors. NIR fluorescent signal was
measured at 0.3, 0.5, 1, 2, 4, 8, 24, and 48 h after injection using the FLARE imaging system
and signal-to-background ratios were calculated. Subsequently, cRGD-ZW=800-1 was
injected at dosages of 1 and 0.25 nmol in mice with orthotopically transplanted cecal tumors
(N = 6). To observe in vivo biodistribution and ureteral visualization, 30 nmol cRGD-
Z\W800-1 was injected intravenously in 3 Wag/Rij rats. After injection, NIR fluorescent
signal of the liver, small bowel, colon, kidney, and bladder was measured over time. NIR
fluorescence measurements were performed using the FLARE imaging system as described
before 36,

Histological analysis

Subcutaneous tumors were surgically removed and processed. Snap frozen tissue was
sectioned at 6 pm and was scanned on the Odyssey Infrared Imaging System (LI-COR
Biosciences, Lincoln, NE) using the 800 nm channel. Subsequently sections were stained
using a hematoxylin and eosin to make an overlay.
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Statistical Analysis

For statistical analysis, SPSS statistical software package (Version 17.0, Chicago, IL) was
used. To generate graphs, GraphPad Prism Software (Version 5.01, La Jolla, CA) was used.
Signal-to-background ratios (SBR) were calculated by dividing the fluorescent signal of the
tumor by fluorescent signal of surrounding tissue. SBR was reported in mean and standard
deviation. To compare SBRs between dose groups and time points, and to assess the relation
between dose and time, a mixed model analysis was used. When a significant difference was
detected, a one-way ANOVA was used to post-test for differences between separate dose
groups and/or time points. The one-way ANOVA was corrected using the Bonferroni
correction. P < 0.05 was considered significant.

Results

NIR fluorescent probe

cRGD and cRAD were conjugated to ZW800-1 as described in the supplementary data (Fig.
1). Purity (> 98%) was confirmed by analytical reversed-phase HPLC (770 nm absorbance)
and MALDI-TOF.

Intraoperative NIR Fluorescence Imaging Mice with Subcutaneous tumors

Three weeks after inoculation, mice were injected intravenously with cRGD-ZW800-1,
cRAD-ZW800-1, or ZW800-1 alone. All subcutaneous tumors of mice could be clearly
identified after injection of cRGD-ZW800-1 using NIR fluorescence (SBR at 24 h after
injection was 2.42 + 0.77; Fig. 2). No adequate tumor-to-background ratios were observed in
the control mice injected with cRAD-ZW800-1 (SBR was 1.21 + 0.19 at 24 h after injection)
or ZW800-1 alone (SBR was 1.34 £ 0.19 at 24 h after injection). Using a mixed-model
analysis, differences in SBRs between 3 study groups and between time points were
significant (P = 0.006 and P < 0.0001, respectively; Fig. 2). Post-testing using a one-way
ANOVA showed significant differences between the cRGD-ZW800-1 and the cRAD-
Z\W800-1 (P < 0.0001) study groups and between the cRGD-ZW800-1 and ZW800-1 alone
(P < 0.0001) study groups. No significant difference was found between cRAD-ZW800-1
and ZW800-1 alone (P = 1.0). The highest SBRs were measured at 8 (2.33 £ 0.68) and 24 h
(2.42 £ 0.77) after administration of cRGD-ZW800-1.

Histological analysis
Using the Odyssey Infrared Imaging System, clear differences were observed between 3
study groups. An increased fluorescent signal was observed in tumors harvested from mice
in which cRGD-ZW800-1 was injected and a weak fluorescent signal was measured in
tumors harvested from mice in the control groups (CRAD-ZW=800-1 and ZW800-1 alone)

(Fig. 3).

Intraoperative NIR Fluorescence Imaging in Mice with Orthotopic Tumors

In 6 mice with orthotopically transplanted colon tumors, tumor growth was assessed using
BLI (Fig. 4b). After 30 days, BLI measurements showed approximately 5.0 x 106 counts
and cRGD-ZW800-1 was administered intravenously. cRGD-ZW800-1 was administered at
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dosages of 1 (N = 3) and 0.25 nmol (N = 3) (Fig. 4c). In all mice, tumors could be
adequately differentiated from surrounding healthy bowel tissue (Fig. 4c and d). Average
SBR in these mice was 2.62 + 0.17 and 1.75 + 0.36 for the 1 and 0.25 nmol dose groups
respectively.

In vivo Biodistribution and Ureteral Visualization in Rats

To assess the potential use of cRGD-ZW800-1 for both intraoperative detection of
gastrointestinal tumors and ureteral identification, the NIRF intensity of abdominal organs
was quantified over time in 3 male Wag/Rij rats. After administration of cRGD-ZW800-1
intravenously, medial laparotomy was performed and signal in liver, small bowel, colon,
kidney, and bladder was measured. Time points were 0, 0.1, 0.5, 1, 2, 3, 4, 8, and 24 h after
intravenous administration (fig. 5). Average fluorescence intensities (normalized arbitrary
units, AU) at t = 2 hour, were: 594 (+ 163), 599 (+ 65), 443 (+ 169), 6172 (+ 3250) and
21714 (£ 2102) for the liver, small bowel, colon, kidney, and bladder respectively. Figure 5a
shows an example in which the ureters could clearly be visualized, 30 minutes after injection
of cRGD-ZW800-1.

Discussion

The present study reports the use of a ligand (cCRGD) conjugated to ZW800-1 that targets
integrins in low dosage range for NIR fluorescence imaging during surgery. cRGD-
ZW800-1 was successfully used in both subcutaneous and orthotopic mouse models to
identify malignant cells. Because contrast agents can accumulate in tumors via enhanced
permeability and retention (EPR) 37-41, 2 negative control groups (¢(RAD-ZW800-1 and
ZW800-1 alone) were included to confirm specificity of the fluorescent signal in tumors.

With regards to an oncologic resection, in which all tumor cells need to be resected, a
specific NIR fluorescent signal is vital. We aimed to develop a fluorescent agent with a low
non-specific tumor accumulation component and high specific targeting. Choi et al. recently
published the use of the targeted zwitterionic near-infrared fluorophore cRGD-ZW800-1 and
compared it with commercially available fluorophores 15. It was shown that cRGD-
Z\W800-1 outperformed the commercially available dyes in vitro for immunocytometry,
histopathology and immunoblotting and in vivo for image-guided surgery. However, as this
was not the design of the study, no negative controls were used in in vivo image-guided
surgery models. Therefore, the current study aimed to test the specificity of cRGD-
ZW800-1. Mice injected with cRAD-ZW800-1 or ZW800-1 alone showed no tumor signal
both during in vivo imaging using the FLARE imaging system and ex vivo imaging using the
Odyssey imaging system. Since cRGD-ZW800-1 and cRAD-ZW800-1 are comparable with
regards to size, charge, and solubility, it can be stated that it's highly probable that the
cRGD-ZW800-1 signal is specific.

Imaging in the peritoneal cavity can be challenging, mostly due to high levels of background
fluorescence when tracers are cleared by the liver. In this study, high tumor-to-background
ratios were observed in the orthotopic tumor model due to the low hepatic clearance and the
resulting low fluorescent signal in the gastrointestinal tract.
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Since cRGD-ZW800-1 is cleared renally, it permits ureteral visualisation in addition to
tumor imaging. Noninvasive detection of the ureters using NIR fluorescence has several
advantages over conventional ureteral stent placing as it can be used within minutes after
dye administration during both open and laparoscopic surgery. Besides, placement of
ureteral stents is an invasive procedure that harbors an increased risk of complications such
as ureteral perforation, urinary tract infection, and acute renal failure. Clinical feasibility to
identify the ureters using NIR imaging has recently been demonstrated 42. Using cRGD-
ZW800-1 for both tumor and ureter imaging during lower abdominal procedures, surgical
outcome could be greatly improved, while reducing morbidity. Furthermore, this technique
will be of even greater value in laparoscopic surgery as no tactile information can be used.
To date, several laparoscopic imaging systems are commercially available, however, further
technical developments are in progress to facilitate optimal real-time NIR fluorescence
guidance in relation to surgical anatomy 43 44,

Since cRGD has been extensively used for clinical imaging studies 45 46, toxicity and safety
data are more available when compared to newly synthesized ligands. In these clinical
studies, galacto-cRGD was conjugated to fluorodeoxyglucose (18F). However, as cRGD
(yK) is more hydrophilic compared to galacto-RGD, the cRGDyK variant was used in this
study and will be used for clinical translation.

Another advantage of cRGD-ZW800-1 is that it permits clear tumor and ureteral
visualization at low dosages compared to current FDA/EMA approved NIR fluorophores
(ICG and Methylene blue). When the dosages used in mice and rats are converted by body
surface area, 0.25, 1, and 30 nmol is equivalent to a total human dose of 0.096, 0.39, and
1.33 mg respectively. These dosages are much lower compared to the commonly used
amounts of ICG (10-25 mg) and methylene blue (15-60 mg). In addition, a dose of 0.25
nmol in mice corresponds to a human equivalent dose of < 100 pg, which is below the FDA
threshold for micro-dosing and portends more rapid clinical translation 47: 48,

In conclusion, the present study reports the use of a recently developed fluorescent probe
with minimal background uptake in the gastrointestinal tract. cRGD-ZW800-1 showed clear
uptake in both a subcutaneous and an orthotopic colon cancer mouse model. Moreover, as
cRGD-ZW800-1 is cleared renally, ureteral visualization is feasible after a single injection.
As a low probe dose was used, clinical translation of these results is possible.
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Figure 1. Structure formulas and optical properties
a: Chemical structures and formulae of cRGDyK and cRADyk before and after conjugation

to ZW800-1. b: Optical property measurements of cRGD-ZW800-1 and cRAD-ZW800-1.
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Figure 2. In vivo NIR fluorescence imaging of mice bearing subcutaneoustumors
a: NIR fluorescence imaging of mice bearing subcutaneous HT-29-Luc2 tumors 2 h after

administration of 1 nmol cRGD-ZW800-1 (upper row), 1 nmol RAD-ZW800-1 (middle
row), and 1 nmol ZW800-1 (lower row). b: NIR fluorescence imaging of the same cRGD-
ZW800-1 mice 24 and 48 h after dye administration. Scale bars represent 1 cm. b: Tumor-
to-background ratios over time. Plotted are the tumor-to-background ratios (mean, SEM) of
cRGD-ZW800-1 (blue line), cRAD-ZW800-1 (yellow), and ZW=800-1 alone (green). d:
Signal-to-background ratio (mean, SEM) 24 h after administration of 1 nmol of fluorophore.
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Figure 3. Fluorescence micr oscopy
Shown are hematoxylin and eosin (H&E) staining (left column) with a pseudo-colored green

NIR fluorescence overlay (Odyssey, right column) of a 5 um tissue section of a
subcutaneously growing colon tumor using a 5 x objective. A high fluorescent signal was
observed after cRGD-ZW800-1 administration using the Odyssey compared to cRAD-
Z\W800-1 and ZW800-1. Scale bars represent 500 pum.

Ann Surg Oncol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

wdudsnuel Joyny vd-HIN

Verbeek et al. Page 15

1 nmel
eRGD-
ZWE00-1

0.25 nmel 1
cRGD-
IWEDD-1

Figure 4. Intraoper ative imaging of orthotopic colon tumors
a: Schematic overview of the induction of an orthotopic tumor model. Subcutaneously

growing HT29-luc2 colon tumors were resected and transplanted onto the cecum of a
healthy mouse. b: tumor growth monitoring using noninvasive bioluminescence imaging. c:
Shown are 2 examples of cRGD-ZW800-1 administered intravenously, which allowed clear
tumor identification using NIR fluorescence in orthotopic colon tumor bearing mice. cRGD-
Z\W800-1 was injected at dosages of 1 nmol and 0.25 nmol. Scale bars represent 1 cm. d:
H&E and fluorescence overlay of the border between tumor and normal colon tissue.
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Figure5. In vivo biodistribution and ureteral visualization in rats

a: Both ureters (arrowheads) could clearly be observed after injection of cRGD-ZW=800-1
using NIR fluorescence imaging. b: Fluorescence intensity of abdominal organs was
measured using the Mini-FLARE camera system in 3 rats at several time points. c: Signal-
to-background ratio of both kidney and ureter is shown over time. Based on these curves the
ideal window for ureter visualization appears to lie between 10 min and 8 h. Bars represent

mean = SEM.
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