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Abstract. We successfully labeled colorectal cancer in vivo using quantum dots targeted to vascular endothelial
growth factor receptor 2 (VEGFR2). Quantum dots with emission centered at 655 nm were bioconjugated to anti-
VEGFR2 antibodies through streptavidin/biotin linking. The resulting QD655-VEGFR2 contrast agent was
applied in vivo to the colon of azoxymethane (AOM) treated mice via lavage and allowed to incubate. The colons
were then excised, cut longitudinally, opened to expose the lumen, and imaged en face using a fluorescence
stereoscope. The QD655-VEGFR2 contrast agent produced a significant increase in contrast between diseased
and undiseased tissues, allowing for fluorescence-based visualization of the diseased areas of the colon.
Specificity was assessed by observing insignificant contrast increase when labeling colons of AOM-treated
mice with quantum dots bioconjugated to isotype control antibodies, and by labeling the colons of saline-treated
control mice. This contrast agent has a great potential for in vivo imaging of the colon through endoscopy. © 2014
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1 Introduction
Colorectal cancer is the third most commonly diagnosed and
third most deadly cancer in the United States, accounting for
8% of cases in both categories.1 The five-year survival rate
for cases detected during early stages of development is
90%; however, only 40% of new cases are detected during
this stage. Detection during the moderate to advanced stages
of development is more common and these stages have five-
year survival rates that drop to 70% and 13%, respectively.
Current screening methods for colorectal cancer include fecal
occult blood testing, stool DNA test, flexible sigmoidoscopy,
colonoscopy, double-contrast barium enema, and computed
tomographic colonography.2 These methods have many benefits
and deficits when compared to one another; however, they all
have decreased sensitivity and specificity for polyps <5 mm
in diameter.3–6 Also, nonpolypoid lesions are consistently harder
to detect that polypoid lesions.7,8 For these reasons, studies of
preventative, diagnostic, and treatment methods for colorectal
cancer are still needed for improvement in the morbidity and
mortality associated with this disease.

Mouse models are critical tools in the study of colorectal
cancer. Currently, many studies use xenograft models of cancer,
allowing for the selection of cell types (and thus molecular
expression) present, and for the placement of the tumor in an
area accessible to imaging.9–14 Xenograft models, however,
have many deficiencies, including limited relevance to sponta-
neous carcinogenesis, or to the naturally occurring tumor
microenvironment.15,16 The carcinogen azoxymethane (AOM)
has been known to cause the sporadic growth of colorectal
tumors in the distal colon of mice, exhibiting many of the

morphological and pathological features associated with spo-
radic colorectal cancer in humans.17 This model can be used
to study the tumors of the colon in vivo, providing a more
physiologically relevant method for studying colorectal cancer
and its detection. For example, our group has developed and
described in detail a minimally invasive endoscopic dual-modal-
ity imaging system combining optical coherence tomography
(OCT) and laser-induced fluorescence (OCT/LIF) imaging,18

providing information on the morphological and biochemical
changes taking place in the colon of AOM-treated mice.19

Many current studies on colorectal cancer utilize the imaging
techniques that are not specific to molecular changes; however,
it is likely that systems combining complementary imaging
modalities, including molecular imaging, will be prevalent in
the future.20 The ability to visualize molecular information in
the tumors, simultaneously with morphological information,
has the potential to elucidate the prognosis of a patient, to pro-
vide a route for personalized treatment, and to provide a method
of earlier detection of a lesion.

The development of fluorescence contrast agents to provide a
method of targeted detection of biochemicals could allow for earlier
detection of disease than morphological changes alone. Quantum
dots are nanoscopic particles of semiconductors whose fluorescence
emission wavelength is tunable by the size of the particle. They also
have desirable fluorescence qualities such as a wide range of exci-
tation wavelengths, a narrow emission band, high quantum effi-
ciency, high photostablility, and they can be produced to emit
throughout a wide range of wavelengths.21–23 Quantum dots have
been used in numerous studies as fluorescent markers for cancer
in vitro24–29 and in vivo;30–41however, their use in vivo has been lim-
ited to nontargeted30–33 or xenograft labeling.34–41 In order to obtain
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the specificity in labeling cancerous tissue by the quantum dots, a
targetingmethodmust be considered. It has been shown that vascular
endothelial growth factor receptor 2 (VEGFR2) is upregulated in
many cancers, including colorectal, as it is important in tumor angio-
genesis.42–47 Currently, VEGFR2 is considered a predictor for clini-
cal outcome and in some instances is used for targeted therapy with
antiangiogenic drugs.43,44,48–50 For these reasons, quantum dots bio-
conjugated to VEGFR2 antibodies have the potential to provide
contrast between normal colon and neoplastic lesions as well as
a mechanism for evaluating the molecular changes of colorectal
tumors in vivo.

In this study, we demonstrate the use of a quantum dot with
emission centered about 655 nm conjugated to anti-VEGFR2
primary antibodies (QD655-VEGFR2) as a contrast agent for
detection of VEGFR2 overexpression in colorectal cancer in
mice. In order to determine if the QD655-VEGFR2 properly tar-
gets VEGFR2, the QD655-VEGFR2 contrast agent, as well as
the same quantum dots conjugated to an isotype control anti-
body (QD655-IC) and standard immunofluorescence/immuno-
histochemistry methods were compared. After the confirmation
of proper VEGFR2 targeting, the contrast agents were applied
in vivo to the colon of AOM or saline-treated mice via lavage
and allowed to incubate. The colons were explanted and imaged
ex vivo using a fluorescence stereoscope. With this study,
we show that in vivo labeling of colons with the QD655-
VEGFR2 contrast agent can provide increased contrast between
diseased and undiseased regions and thus has the potential for
future use with in vivo imaging techniques using the OCT/LIF
dual-modality imaging system.

2 Methods

2.1 Contrast Agent Preparation

Conjugation of Qdot655 with Streptavidin® (Invitrogen, Grand
Island, New York) to anti-VEGFR2 primary antibodies was per-
formed through streptavidin/biotin linking. Rabbit IgG isotype
control antibodies (Santa Cruz Biotech, San Diego, California)
and anti-VEGFR2 primary antibodies (Abcam, Cambridge,
Massachusetts) were biotinylated using the DSB-X Biotin
Protein Labeling Kit (Invitrogen, Grand Island, New York).
The antibodies were mixed with the Qdot655 Streptavidin con-
jugates at a 2∶1 ratio and incubated at room temperature for
1.5 h. The resulting contrast agents are Qdot655/anti-VEGFR2
(QD655-VEGFR2) and Qdot655/isotype control (QD655-IC).

2.2 Immunocytochemistry

OVCAR3 cells were used as a positive VEGFR2 cell line and
HT-29 cells were used as a negative control (low expression). A
monolayer of the cells was cultured on 22-mm round glass
coverslips. Cells were rinsed with 1X PBS and then fixed using
2% paraformaldehyde. The paraformaldehyde was quenched
with glycine and rinsed with 1X PBS. The cells were blocked
for nonspecific binding using 10% goat serum before the
application of antibodies. Cells were either labeled with
QD655-VEGFR2 (1 μg∕ml), QD655-IC (1 μg∕ml), QDot655
streptavidin alone (2 μg∕ml), anti-VEGFR2 primary antibodies
(1 μg∕ml), or buffer alone. For comparison, the cells labeled
with anti-VEGFR2 primary antibodies alone were labeled with
secondary antibodies conjugated to Cy5.5 (1∶500).

2.3 Mouse Model and Imaging Preparation

The mouse model used in this study relies on sporadic colorectal
carcinogenesis caused by AOM in A/J mice. 13 A/J mice were
used in this study, divided into two treatment groups. The exper-
imental group had seven mice treated with AOM (Sigma-
Aldrich Chemicals, St. Louis, Missouri) (AOM group) and
the control group had six mice treated with saline (Control
group). In accordance to a protocol approved by the University
of Arizona Institutional Animal Care and Use Committee, AOM
dissolved in saline (10 mg∕kg,) or saline (0.1 ml∕g) was admin-
istered subcutaneously once a week for 5 weeks, beginning
when the mice were 7 weeks of age. The colorectal cancer
was allowed to develop over the course of 20 weeks. Mice
were placed on a liquid diet (Pedialyte, Abbott Laboratories,
Abbott Park, Illinois) for 20 h before imaging and were
anesthetized using Ketamine (0.33 mg∕ml, 100 mg∕kg) and
Xylazine (0.033 mg∕ml, 10 mg∕kg) prior to contrast agent
application. Once the mice were fully anesthetized, the colon
was gently flushed using warm saline until clear of feces
and blood.

2.4 In Vivo Contrast Agent Labeling and Ex Vivo
Fluorescence Imaging

The colon was prepared for contrast agent application by remov-
ing the mucus layer covering the mucosa using the mucolytic
agent N-acetylcystine (1%). This agent is applied via lavage
by filling the colon with the agent and allowing it to incubate
for 2 min before flushing the colon with warm saline. After the
N-acetylcystine was fully flushed, the contrast agent was also
applied via lavage and allowed to incubate for 1 h. The mice
were labeled with either QD655-VEGFR2 (15 μg∕ml) (three
AOM mice and three control mice), QD655-IC (15 μg∕ml)
(three AOM mice and three control mice), or saline (one
AOM mouse). After the incubation time, the colon was thor-
oughly rinsed with warm saline. The mice were euthanized
using carbon dioxide. The distal 30 mm of the colons was
explanted, sliced longitudinally, and opened for en face imaging
of the lumen. The colons were first photographed using a stan-
dard digital camera. Then, fluorescence imaging was performed
using an MVX10 microscope with a xenon light source (Olym-
pus, Tokyo, Japan) and an ImageX Nano camera (Photonic
Research Systems, Manchester, United Kingdom). The
Qdot655 emission was collected using a 440/90 nm bandpass
filter (Semrock, Rochester, New York) for excitation, a 495-
nm Brightline® dichroic beamsplitter (Semrock, Rochester,
New York), and 610-nm longpass filter (Chroma, Bellows
Falls, Vermont) for emission. Images were taken using a 0.63
magnification and an integration time of 0.6 s. Four images
were taken along the length of the colon, ensuring some overlap
of the images.

2.5 Image Analysis

In order to determine if the QD655-VEGFR2 contrast agent was
able to positively label diseased regions of the colon, the inten-
sity of the fluorescence signal coming from the diseased and
undiseased regions of the colon was measured. This was per-
formed by manually drawing regions of interest (ROI) around
suspected areas of disease.51 These areas were determined by
examining the gross digital camera images of each colon
using the metric of visual change in morphology, tissue
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thickness, color and protrusion from the undiseased tissue, and
were confirmed by examining histology. Similarly, two undis-
eased regions per image (eight per colon) were identified. The
average signal intensity for each ROI was recorded. This was
performed on all four fluorescence images for each colon. If
a diseased region was visible on more than one image, the signal
measure for that particular area of disease was taken as the aver-
age of the measured signals. Then, the average of all of the dis-
eased areas and an average of all of the undiseased regions
within a contrast agent/treatment group (i.e., all QD655-
VEGFR2 labeled colons from AOM treated mice) were taken
as the representative signal intensity for diseased and undiseased
tissues for that group. A cutoff value to indicate positive
VEGFR2 labeling was determined using the diseased regions
of the QD655-IC and saline labeled AOM mice because the sig-
nal from these regions should be purely inherent to the tissue
and not caused by the targeted QD655 emission. Anything
above the cutoff value (the average plus one standard deviation
of the signal intensity from these regions) was considered to be
positively labeled for VEGFR2 and anything below the cutoff
value was considered to be negatively labeled for VEGFR2.

2.6 Immunohistochemistry

Immunohistochemistry (IHC) was performed using the same
anti-VEGFR2 primary antibody with a goat antirabbit secon-
dary biotinylated for DAB conjugation through streptavidin.
The colons were fixed in 2% formalin and the embedded in par-
affin wax after fluorescence imaging was performed. Colon
cross sections were cut at 6 μm thicknesses. The sections
were deparaffinized and rehydrated before labeling. Antigen
retrieval was performed using a 10 mM sodium citrate buffer
at 95°C. After antigen retrieval, the tissues were washed and
incubated in goat serum for blocking against nonspecific

binding. The tissues were washed and then the primary anti-
VEGFR2 (2 μg∕ml) was applied to the tissue for 1 h at 37°C.
Endogenous peroxidase was blocked for using 3% H2O2 in
water before the secondary antibody was applied. The secon-
dary goat antirabbit IgG biotinylated antibody (1∶500)
(Vector Labs, Burlingame, California) was applied to the tissue
for 1 h at room temperature. Sections were then incubated with
streptavidin-HRP (Dako, Carpentaria, California) and then visu-
alized (brown chromophore) using 3,3-diaminobenzidine
(DAB) (Dako, Carpentaria, California). A counter stain was per-
formed using 1% methyl green. All washes were performed
using 1X PBS.

3 Results and Discussions

3.1 Bioconjugation and Cell Labeling

Results of the cell labeling with the QD655-VEGFR2 and
QD655-IC contrast agents are shown in Fig. 1. OVCAR3
cells were positively labeled with the QD655-VEGFR2 contrast
agent with identical signal locations and similar intensity values
as the standard immunofluorescence labeling with anti-
VEGFR2 and secondary antibody with Cy5.5. Cells labeled
with QD655-IC and buffer alone showed no signal. Cells
were labeled with double the concentration of QDot655 strep-
tavidin to indicate the tendency of the quantum dots to stick
to the cells when labeling with QD655-IC. Some signal is vis-
ible at this concentration; however, it is very low compared to
the QD655-VEGFR2 signal and will not have an impact on the
ability to determine the specific from nonspecific labeling.
HT-29 cells were also labeled as a negative control. These
cells do have some low expression of VEGFR2 and show
some signal when labeled with QD655-VEGFR2. Similar to
OVCAR3 cells, HT-29 cells labeled with QD655-IC or buffer
showed no signal. Overall, the results of this study indicate

Fig. 1 (a)–(d) OVCAR3 cells labeled with either QD655-VEGFR2, Cy5.5-VEGFR2, QD655, or QD655-
IC. OVCAR3 cells are positive for VEGFR2. (e)–(f) HT-29 cells labeled with either QD655-VEGFR2 or
QD655-IC. HT-29 cells have low expression of VEGFR2 and were used as a negative control. All images
were taken under identical image settings and have been adjusted to the same intensity range to allow for
direct visual comparison between the images. The small inserts on images (d) and (f) have adjusted
intensity range to show that cells are present but have low signal.
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that the QD655-VEGFR2 contrast agent was successfully con-
jugated and has the ability to label VEGFR2 with specificity.
Also, QD655-VEGFR2 signal is comparable to the standard
immunofluorescence labeling technique using a primary and
secondary antibody with Cy5.5.

3.2 In-Vivo Labeling/Ex-Vivo Imaging

The goal of this study was to evaluate the ability of the contrast
agent QD655-VEGFR2 to properly target VEGFR2 in vivo,
which should be expressed in higher quantities in colorectal
tumors than in undiseased regions of colon tissue. In order
for this approach to be effective during colonoscopy, visual
inspection of fluorescence images should provide high contrast
for lesions. Diseased regions of the colon are identifiable
from visual inspection of the gross images of colons from
AOM-treated mice labeled with QD655-VEGFR2 (Fig. 2).
However, these regions are visible with higher contrast in the
fluorescence images of the same colons, with the diseased
regions exhibiting strong fluorescence and the undiseased tissue
having limited to no detectable fluorescence. In comparison, the
diseased regions of colons from AOM-treated mice labeled with
QD655-IC showed very little fluorescence signal, barely detect-
able as greater than the undiseased tissue fluorescence signal.
Because of the minimal fluorescence signal seen in diseased
regions of QD655-IC labeled colons, one AOM-treated
mouse was labeled with saline in order to determine if the signal
was from autofluorescence or from the quantum dots. The saline

labeled colon showed a very similar level of fluorescence origi-
nating from the diseased regions, indicating that the signal is
autofluorescence. There may be greater autofluorescence in
the diseased regions of the colon, or the signal strength may
be greater simply because the disease tissue is thicker compared
to undiseased colon. Visual inspection also indicates that the
expression of VEGFR2 within each diseased area is variable,
as is the expression among all of the tumors in a single
mouse. This has been shown in previous studies on VEGFR2
expression in colon cancer42–46,52 and in our own histological
evaluation of the colons as demonstrated in Fig. 3. This visual
analysis shows that qualitatively, the contrast agent QD655-
VEGFR2 was able to properly target VEGFR2 in colorectal
cancer lesions and provide increased contrast between diseased
and undiseased tissues.

In order to provide quantitative evidence for the proper tar-
geting of QD655-VEGFR2 to colorectal cancer lesions express-
ing VEGFR2, evaluation of the average intensity of the diseased
and undiseased regions of the colons was performed (Fig. 4).
Evaluation of the diseased regions of colons from AOM-treated
mice labeled with QD655-VEGFR2 indicates that the contrast
agent provides on average a factor of 4.2 increase over diseased
regions labeled with QD655-IC or saline and a factor of 5.8
increase over undiseased regions. The average intensity of
the diseased regions labeled with QD655-IC or saline was
not significantly different between these two control groups,
but they were significantly different from their respective undis-
eased regions. This result indicates that the diseased regions

Fig. 2 Colons from AOM-treated mice were labeled in vivo with either QD655-VEGFR2 (2 colons on left)
or QD655-IC (2 colons on right) via lavage. They were then explanted and splayed open such that images
could be taken of the lumen. (a), (c), (e), and (g) gross images taken using a standard digital camera,
(b), (d), (f) and (h) images taken using a fluorescence stereoscope (MVX10, Olympus). Tumors labeled
with QD655-VEGFR2 show a visible increase in fluorescence compared to those labeled with QD655-IC,
and to the undiseased tissue around them. Displayed intensity ranges are identical.
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have some autofluorescence signal; however, it is considerably
smaller than the diseased regions expressing VEGFR2 targeted
fluorescence signal. Visually, this difference can be easily seen.
The large standard deviation in QD655-VEGFR2 labeled colons
can be attributed to previously discussed variability in expres-
sion of VEGFR2 within and between tumors and mice.

After it was determined that the QD655-VEGFR2 contrast
agent successfully targeted VEGFR2 using the fluorescence
images, a metric was determined for stating whether or not a

diseased region was positive or negative for VEGFR2 based
on the fluorescence signal intensity. A cutoff value was chosen
by taking the average of the intensities of the diseased regions
from the QD655-IC and saline labeled AOMmice plus the aver-
age of their standard deviations. Anything above this cutoff was
considered positive and anything below was considered nega-
tive. Immunohistochemical evaluation provided the gold stan-
dard for evaluating the performance of the contrast agent at
identifying VEGFR2 expression status. Immunostained sections
were used to determine the positive or negative staining of each
diseased region as well as the undiseased regions evaluated for
fluorescence signal. Undiseased colon tissue will express
VEGFR2 in low levels and in specific locations. Positive
VEGFR2 signal in histology was determined by the intensity
of the signal above the normal signal strength and location,
which should be a light brown stain located at the bottom of
the crypts, or folds, of the colon. The positive and negative
expressions as determined by the fluorescence and the immuno-
histochemical signals were then used to indicate true and false
signals for sensitivity and specificity calculations (Fig. 5). From
this metric, it was determined that the QD655-VEGFR2 was
85.7% sensitive and 91.3% specific to VEGFR2 expression
in colorectal cancer, while the negative control contrast
agent, QD655-IC, was 5.6% sensitive and 100% specific, indi-
cating that there exists some nonspecific signal from diseased
regions, but none exists in the undiseased regions.

It is notable that for the QD55-VEGFR2, all false-negative
values came from one mouse. This mouse had fluorescence sig-
nal values that were lower than other mice in the group, and the

Fig. 3 Histological analysis of the colon tissues provided further support for fluorescence signals
detected. (a) Fluorescence image of a QD655-VEGFR2 labeled AOM-treated colon with multiple
adenoma and varying quantum dot signal (fluorescence intensity) on adenoma, (b) gross image of
the area, (c) VEGFR2 immunohistochemistry (IHC) for the area surrounded by the circle in image
(a) and (b), (d) VEGFR2 IHC for the area surrounded by the square in image (a) and (b).
Fluorescence images of AOM-treated colons labeled with QD655-VEGFR2 showed variations in fluo-
rescence signal among the diseased regions. IHC confirmed that this difference is mostly due to a true
difference in level of VEGFR2 expression among the tumors.

Fig. 4 Fluorescence intensity measurements were taken of each dis-
eased region and eight undiseased regions for each colon. All dis-
eased regions or undiseased regions for all colons of mice labeled
with a particular contrast agent and in a particular treatment group
were averaged together for a representative signal intensity. This
graph shows these intensities for diseased and undiseased tissue
regions for all contrast agent/treatment group combinations.
****p<0.00001, **p>0.005.
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mouse colon contained a very large number of tumors. The con-
trast agent had been prepared and stored at room temperature
during labeling, and as only one mouse could be labeled at a
time, the agent had been exposed to room temperature for
approximately 3 h before use in this mouse. This time delay
could have led to some changes in labeling efficiency such

as aggregation, and could be avoided in the future by keeping
the contrast agent on ice during labeling. Difficulty in accessing
the tumors due to a very high tumor burden could have also led
to decreased fluorescence signal in this mouse, as large tumors
can press against the opposite side of the colon, essentially
blocking themselves from the contrast agent.

The AOM mouse model can cause changes in molecular
expression and structure throughout the colon, even in areas
without obvious disease. Undiseased tissue in an AOM-treated
mouse model experiences changes, such as a thickened mucosa
and an increased presence of lymphoid aggregates, which can
cause changes in the autofluorescence of the tissue compared
to the saline-treated mice. High autofluorescence is likely the
cause of the one false positive in fluorescence signal of
QD655-VEGFR2 undiseased tissue and one false positive in
QD655-IC mice, as immunohistochemical evaluation confirmed
that the expression of VEGFR2 was negative, and the signals
were generally just above the chosen cutoff.

These results indicate the proper labeling of VEGFR2 in
physiologically relevant cancerous lesions of the colon by the
contrast agent QD655-VEGFR2. In-vivo labeling of spontane-
ous colorectal cancer tumors using fluorescent contrast agents
has been a challenge and has led to studies of cancer in vivo
using xenograft tumors, which have limited relevancy to the
forms of cancer seen in humans. This study shows that tumors
of the colon expressing VEGFR2 can be labeled with QD655-
VEGFR2, a novel fluorescent contrast agent, in vivo via lavage
and that QD655-VEGFR2 can be readily detected, providing a
factor of 5.8 increase in signal between diseased and undiseased
regions of a colon using a physiologically relevant model of
colorectal cancer. Our laboratory has designed and studied
the use of an OCT/LIF dual-modality imaging system for
detecting the colorectal cancer in vivo. The OCT component
of this system provides a high resolution imaging technique
for detecting morphological changes of the mucosa associated
with tumor development, and the LIF component provides the
ability to detect the changes in molecular expression of the cells
of the mucosa which may be visible prior to morphological
changes and can provide information on treatment plan develop-
ment. As we have shown that the QD655-VEGFR2 contrast
agent can be applied via lavage to the colon of mice and appro-
priately target VEGFR2 in diseased regions of the colon, this
contrast agent can be used in studies of tumor development uti-
lizing the in vivo labeling technique and the OCT/LIF in vivo
imaging system. Preliminary investigations have shown that
the OCT/LIF system can be used (ex vivo) to visualize the
adenoma in an AOM-treated mouse colon and to simultaneously
provide a fluorescence intensity map of the QD655-VEGFR2
labeled adenoma (Fig. 6). Fluorescence signal was very strong
at and near the tumor location, suggesting high levels of
VEGFR2 expression in the tumor and some surrounding tissue.
Targeted labeling of adenoma with QD655-VEGFR2 in vivo, in
combination with the in vivo OCT/LIF dual-modality imaging
system, has great potential for studying the development and
molecular expression of colorectal cancer in vivo.
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