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Abstract 

Tumor growth is connected with increased vascular growth, where vascular endothelial 

growth factor (VEGF), and its associated receptor (VEGFR) may be overexpressed, initiating the 

growth of endothelial cells and increasing tumor vasculature. In a previous study conducted in 

our lab, a VEGFR-targeted fluorescent dye probe (scVEGF-Cy5.5) was imaged in vivo to 

aggregate in tumor areas. However, an untargeted probe (inVEGF-Cy5.5) also accumulated in 

tumors. The purpose of this study is to determine if the mechanism for accumulation differs 

between targeted and untargeted probes. A combined system of Optical Coherence Tomography 

(OCT) and Laser Induced Fluorescence (LIF) was used to visualize fluorescent dyes in vivo in 

tumor and normal colon in four animals. Post imaging, the colon was excised, opened 

longitudinally, frozen, and multiple sections taken at 8 longitudinal positions. Sequential sections 

were stained with H&E for diagnosis, immunostained for VEGFR-2, and left unstained for Cy5.5 

dye visualization. Analysis showed that scVEGF-Cy5.5 is co-located with regions of VEGFR-2 

immunostaining, a match not seen with inVEGF-Cy5.5 probe. InVEGF-Cy5.5 accumulated in 

adenomas and lymphoid aggregates, normal structures often near tumors in diseased regions. 

Both probes showed non-specific accumulation on the surface of the colon, perhaps due to the 

method of application of the dye. Results suggest that both probes will co-localize with tumors, 

but through different mechanisms. 
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Introduction 

All tissues need a blood supply to thrive. A blood supply is delivered by blood vessels, 

which can only grow and be maintained by endothelial cells that form the lining of the vessels. 

New vessels arise as endothelial cells of existing vessels that extend pseudopodias to form new 

branches of capillaries. As they grow, blood does not circulate through them until the new 

capillaries are connected in the vascular network. Since there is no blood in the emerging 

capillary, blood flow and pressure are not necessary for the initiation of capillary growth. 

(Alberts) During the growth and development of tumors, cancerous cells have higher metabolic 

needs than normal cells, meaning that they need more blood vessels to meet their increased 

demands for growth. 

During angiogenesis, vascular endothelial growth factor (VEGF), a chemical signal that 

stimulates the growth of new blood vessels, is expressed in higher amounts than normal tissue 

through controlling the stability of its mRNA and its transcription rate. The normal role of VEGF 

in endothelial cells is to make new blood vessels during development, after injury, or to bypass 

obstructions in vessels, but too much VEGF can promote disease by allowing tumors to grow 

and metastasize. When a tissue has a shortage of oxygen, the cells produce more hypoxia –

inducible factor 1 (HIF-1), which stimulates the transcription of the VEGF gene. (Alberts) The 

VEGF protein can then be secreted to act on nearby endothelial cells. VEGF attaches to VEGF 

receptors (VEGFR), of which there are two that have been identified: VEGFR-1 and VEGFR-2, 

which is the main mediator on the surface of vascular endothelial cells and is the receptor under 

consideration in this paper. Through alternative splicing of the same gene, the two different 

VEGFRs are produced. (Robinson) 
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VEGFR is a receptor tyrosine kinase that dimerizes upon binding of its ligand, VEGF, 

which causes the receptor to self phosphorylate itself and induce a signaling cascade that 

upregulates the expression of the transmembrane protein ephrin-B2. Ephrin-B2 binds to the 

receptor protein Eph-B4, which cause the asymmetric growth of endothelial cells to form 

vessels. Cells expressing ephrin-B2 migrate outwards, while cells expressing Eph-B4 are 

repulsed from those with ephrin-B2. This push-pull growth system supports the artery-to-vein 

model of angiogenesis. (Fuller) The endothelial cells respond in four stages: First, they produce 

proteases that degrade the basal lamina of the parent vessel. Secondly, they migrate towards the 

source of the VEGF. Then the endothelial cells proliferate. Lastly, the cells form tubes and 

differentiate. The growth of endothelial cells supplies the tumor with blood and oxygen and 

increases tumor vasculature. (Alberts) 

In a previous study conducted in our Tissue Optics Lab, dye that was attached to targeted 

VEGF probes was visualized in vivo in higher density in tumor areas, but dye that was attached 

to untargeted probes was also detected in tumor areas. The purpose of this study is to determine 

whether or not the VEGF probes are indeed binding with VEGFR-2. The hypothesis of this study 

is that VEGF dye accumulation is collocated with the presence of VEGFR-2. (Winkler) 

A combined system of Optical Coherence Tomography (OCT) and Laser Induced 

Fluorescence (LIF), shown in Figure 1 and 2, was used to visualize the fluorescent dyes and the 

structural characteristics in cancerous and normal epithelial tissues in the colon. In previous work 

conducted in our lab, this dual modality system was shown to be advantageous in gaining 

structural and functional information about aortic tissue. (Barton) Through the use of VEGF 

probes (Backer), areas of overexpressed VEGFR can be seen, which can provide functional 

information about tissue. This paper describes an in vivo molecular imaging method that is 



5 
 

minimally invasive to visualize probe-labeled biomarkers that can indicate pre-cancerous tumors 

in mouse colon. 

This type of molecular imaging allows the detection of biomarkers, VEGFR in this case, 

that indicate cancer progression. This can be very useful in evaluating drug efficiency. For 

example, a drug used to impede tumor progression can be evaluated by monitoring the presence 

of biomarkers, rather than the size of the tumor, since shrinkage may be the result of functional 

changes. Monitoring cancer progression at an earlier stage than visualizing tumor size can lead to 

an earlier and more effective course of treatment to be chosen for the cancer, and thus, a better 

prognosis for the patient.  
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Materials and Methods 

The OCT/LIF dual modality system, shown in Figure 2 and its schematic shown in 

Figure 1, allows for in vivo minimally invasive imaging inside a mouse colon to observe the 

structural and molecular changes that are indicative of normal and cancerous tissue. The OCT is 

used to acquire structural images of the tumors while the LIF is used to visualize VEGFR 

expression with a fluorescent VEGF-based probe that can be excited with 633 nm laser light 

from a HeNe laser. The OCT and LIF have different sources for light, but both collection fibers 

are coupled into one endoscope, which allows the modalities to collect data from adjacent points 

of the tissue. The OCT uses a coupler to split light into its reference arm and sample arm, which 

collects the data. Photons of light enters the tissue from the endoscope and the more light returns 

to the endoscope, the brighter that area will be displayed on the OCT image. The LIF fiber in the 

endoscope, shown in Figure 3, collects data by analyzing the light emission of the excited 

fluorescent probes. The endoscope itself could be controlled by a linear actuator that allowed it 

to move along the length of the mouse colon and a rotation actuator that allowed the endoscope 

to rotate around inside the colon. The images were collected over 3000 Ascans, which are 

individual columns of data, over 30 mm, which is the length of one mouse colon. 

The targeted dye was made by attaching a single chain (sc) VEGF molecular probe to a 

fluorescent tracer, Cy5.5 maleimide, creating the scVEGF-Cy5.5 probe. As a form of control, an 

untargeted dye was made by scrambling the amino acid fragment of the scVEGF probe and 

attaching it to the Cy5.5 tracer, making it the inVEGF-Cy5.5 probe (both probes from SibTech, 

Inc., Brookfield, CT). (Backer) Both probes exhibited fluorescence emission at about 700 nm 

wavelength. It was hypothesized that the scVEGF-Cy5.5 probe will be identified in the same 

locations as the VEGFR-2, while the inVEGF-Cy5.5 would not. 
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Figure 1. OCT/LIF system schematic. The light source for the OCT is a superluminescent diode with 

1300 nm center wavelength and 49 nm bandwidth. A red light beam is mixed with the diode light 

source to provide a visual aide. The light source for LIF is a HeNe laser at 633 nm. A coupler splits 

the light into the reference and sample arms. The LIF light and OCT light are fiber coupled into the 

endoscope. Two collection fibers detect the emission data which is relayed to the CCD spectrometer 

and then to the computer.  
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Four female mice were given azoxymethane (AOM) carcinogen and were found, via the 

OCT system, to have developed tumors inside of their colons. AOM induces aberrant crypt foci 

(ACF) in the colon, which leads to the development of tumors. ACF is a condition seen in 

humans prior to cancer, allowing this animal to be well suited to model human colon cancer. 

Colon cancer was induced in A/J strain mice by 5 weekly injections of azoxymethane (AOM). 

Figure 2. OCT/LIF dual modality optical imaging system used to monitor cancer development in vivo. The top 

shows the optical mirrors and filters of the system and the bottom shows the mechanics involved in controlling the 

endoscope. 

Figure 3. Endoscope can scan over 30 mm and is 2 mm in diameter. 
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One day prior to imaging, the mice were placed on a liquid diet (Pedialyte) to prevent 

colon obstruction during imaging. Before imaging, the OCT/LIF system must be calibrated. 

About four hours prior to imaging the mice were anesthesized with different doses of Avertin 

according to their body weight. Then the targeted scVEGF/Cy5.5 dye was delivered to two mice 

via colon lavage and the untargeted scrambled inVEGF/Cy5.5dye was delivered to two mice by 

the same method. After allowing the dye to incubate inside of the colon for 30 minutes, the colon 

was flushed gently with saline, and the lubricated endoscope was inserted 30 mm inside the 

colon. Longitudinal OCT/LIF images were taken at eight equally-spaced angles around the 

circumference of the colon. Each image was 30 mm long by 1.5 mm deep into the tissue. 

After imaging, the mice were sacrificed so that the distal 30 mm of the colon could be 

excised, spliced open longitudinally, as shown in Figure 4, and frozen into cryomold blocks, 

shown in Figure 5. The blocks were sliced at eight lateral positions to correlate with the eight 

images taken around the circumference of the colon. Three serial slides with widths of 6 um 

(approximately the thickness of a cell) that showed at least 50% of the colon were made at each 

of the eight positions for haematoxylin and eosin stain (H&E) staining for diagnosis of disease, 

immunostaining for VEGFR-2, and unstained to visualize the Cy5.5 tracer. 

        

 

 

 

Figure 4. This is a diagram of the mouse colon with 

the eight positions that were imaged by the OCT/LIF 

system and made into slides. Position 1 is where the 

first image was taken, as well as approximately where 

the colon was sliced open longitudinally. 

  5 
4  6 

      
       3        7 
 

2  8 
  1 

Figure 5. Cryoblock containing an 

excised mouse colon. 
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 After the slides were stained, the fluorescent slides were visualized under the Olympus 

MVX10 MacroView, a macro view fluorescent microscope. The immunostained slides were 

viewed through a green fluorescent protein (GFP) filter cube to visualizing the locations of the 

VEGFR-2 in the colon through tagging of the receptor to HRP-strptavidin, which is in turn 

attached to the green fluorescent TSA-Alexa. The unstained slides were viewed through a Cy5.5 

filter cube to visualized the Cy5.5 probes attached to the targeted and untargeted dye. About 5-8 

pictures were taken along the length of the colon for each slide with the 2.25x objective, which 

shows 4.5mm of the colon per image. Some of the images were stitched together in Adobe 

Photoshop to show a complete adenoma or section on the colon (Figure 5, 2a and b). 

 The H&E (haematoxylin and eosin) stain stained slides showed that the haematoxylin 

stained the nuclei purple and eosin stained the cytoplasm and other proteins pink. These slides 

were viewed under the Olympus BX41 Clinical Microscope, a light microscope to visualize the 

normal and abnormal structural regions of the colon. 
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Results 

The OCT/LIF system allows us to locate regions of adenoma in the colon and visualize 

regions of dye accumulation. OCT images (Figures 6a and 7a) are compared with H&E histology 

(Figures 6b and 7b), the gold standard for anatomical verification, to visualize areas of normal 

and abnormal tissue. Since the OCT and LIF fibers collect data about 1mm adjacent to each 

other, the images are offset, as shown by b and c of figures 6 and 7.  

LIF data can be compared to fluorescence microscopy images from thin sections 

immunostained for VEFGR-2 or left unstained for microscopic imaging of the VEGF/Cy5.5 

probes. The brightness seen in the LIF images should be proportional to the quantity of 

VEGF/Cy5.5 probes at those locations, but other structures such as feces and adipose tissue can 

also cause fluorescense (Hariri). Thus, generally the LIF image can characterize the biochemistry 

of the tissue. 

Three slides were made at each of the eight positions corresponding to OCT/LIF images 

in vivo. The three slides were H&E staining for diagnosis of disease, immunostaining for 

VEGFR-2, and unstained to visualize the Cy5.5 tracer. The H&E slides show the anatomical 

structure of the colon; haematoxylin stains the nuclei blue and the eosin stains the cytoplasm and 

proteins red and pink. The immunostained slide was compared with the unstained slide to 

visualize whether or not VEGF/Cy5.5 and VEGFR-2 co-localized. The fluorescence of the 

targeted and untargeted dye from the unstained slides was compared to anatomy depicted by the 

OCT images and H&E slides (normal tissue, adenomas, and lymphoid aggregates) and 

fluorescence from the immunostained VEGFR-2 slides. This comparison can be viewed for the 

targeted dye in figure 6, box 2 and figure 8, 1a, b, c, while the untargeted dye can be viewed in 
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  Figure 8.  Fluorescence microscopy images ex vivo visualizing scVEGF/Cy5.5 and an immunofluorescent probe for 

VEGFR-2 (Flk-1) are shown.  The images are from ex vivo sections from one AOM-treated mouse colon treated 

with scVEGF/Cy5.5 in vivo (labeled 1) and from another AOM treated mouse colon treated with inVEGF/Cy5.5 in 

vivo (labeled 2) 1a and 2a show fluorescence from Cy5.5, 1b and 2b show fluorescence from the 

immunofluorescent probe applied ex vivo. 1c and 2c are H&E stained histology that correspond to the 

scVEGF/Cy5.5 images and inVEGF/Cy5.5 images, respectively.  
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Discussion 

In addition to the benefit that in vivo imaging can serve as a preliminary model for future 

imaging of human patients, in vivo imaging was used because the interaction between VEGF and 

VEGFR would not occur ex vivo. Since VEGFR-2 is a receptor tyrosine kinase, the receptor 

must dimerize to achieve binding with the ligand. Thus, dead tissue would not allow the two 

subunits of the receptor to associate and thus, no binding would occur between the ligand and its 

receptor. 

OCT images of the structural characteristics of the colon were compared with the gold 

standard H&E slides of the colon as well as the LIF images that showed the fluorescence of the 

molecular condition of the colon using the criteria made previously in our lab. (Hariri) There are 

many difficulties that arises during the comparison process that causes the invivo tissue to be 

visualized differently than ex vivo tissue in that the colon. For example, the colon may be more 

stretched out during the imaging process than when mounted on slides. Often, the endoscope 

may depress tumors down into the surrounding tissue when inserted into the mouse so that the 

OCT image shows distorted images of the colon. Also, frequently parts of the mouse colon may 

not be clearly visualized or show “artifacts”,  which are optical aberations, in the image due to 

some muscle contrations that are occuring around the colon. And at other times, a large adenoma 

that was imaged at a different position around the colon may obscure the view of another 

position on the colon- this creates “stalks” on the image that falsely depicts the presence of that 

characteristic. 

There is a set of guidelines (Hariri) to characterize different structures in the OCT image 

that was used. The surfaces layers of the colon are the mucosa, submucosa, muscularis propria, 

and adventitia. In normal tissue, the boundary between each layer can be seen as distinct lines 
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that are brighter that the surrounding tissue. Conversely, these bright lines cannot be seen in 

abnormal tissue, probably because of overgrowth of cells has blurred the boundaries between the 

layers of tissue. This can be seen in the adenomas marked in figure 6 by boxes 2 and 3 as well as 

in figure 7 by box 3. Other structures, such as blood vessels can also be seen in the histology in 

figure 6, box 3. There are venous pores in the adenoma that still have blood cells in them. These 

pores could be the small dark spots in the OCT image (figure 6, b). 

The LIF images show the biochemistry of the tissue. Since the brightness is a result of the 

presence of fluorescent VEGF/Cy5.5 probes in that area, and the scVEGF/Cy5.5 probes are 

collocated with VEGFR-2, it can be assumed that the brighter an area of tissue, the more 

receptors are present (with the exceptions of known structures that also fluoresce listed above), 

as seen in figure 6 by box 1, 2 and 3. The presence of a bright fluorescence in box 1, where 

histology does not show a tumor, may indicate the early progression of angiogenesis, and 

perhaps, carcinogenesis. In box 3, the histology shows a tumor, yet the LIF image shows low 

fluorescence. This may indicate that the tumor is not continuing angiogenesis, and thus may be 

benign. There is still much uncertainty in characterizing the biochemistry of a tissue using LIF, 

but there is definitely potential. 

In Figure 8, the colon with the targeted dye (1 ),Cy 5.5 dye fluorescence (a) is co-located 

with the fluorescence from VEGFR-2 immunostaining (b), shown by the arrows. The untargeted 

dye (2) showed nonspecific uptake, as hypothesized. There is little correspondence between 

fluorescence seen in 2a vs. 2b as shown by the solid circles. Regions of fluorescence from the 

VEGFR-2 immunofluorescent probe are not correspondingly fluorescent in the Cy 5.5 image. 

There exists some correlated untargeted dye fluorescence, shown by the dotted circles and 

especially on the surface of the tissue. Also, the untargeted dye seems to aggregate in the crypts 
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and folds of the adenoma, as shown by arrows, thus highlighting the structural characteristics of 

the adenoma. Thus, the targeted dye is able to identify the molecular presence of biomarkers 

related to angiogenesis, while the untargeted dye is able to illustrate the structure of the adenoma. 

Another feature that takes up dye is the lymphoid aggregate (LA), shown in figure 7 by 

box 2.  The histology shows the LA as a dark purple mass that is clearly different from normal 

tissue and adenomas. The OCT image shows the LA as a mass that has a circular shape  that 

resembles the histology. The LIF image shows bright fluorescence at that area, indicating an 

accumulation of dye. Knowing that LAs are formed by the immune system, it is logical that it 

would absorb the dye, since the dye may be seen as a foreign invader of the body. 

There exists some uncorrelated dye fluorescence, especially on the surface of the tissue, 

where no receptor is present. This may be due to the lavage technique enhancing non-specific 

uptake in the surface cells and cellular debris. Also, mucin molecules on the surface of the colon 

create a gel-like mucus layer that may trap the targeted and untargeted dye. 
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