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ABSTRACT 

 

Advances in optical imaging have provided methods for visualizing molecular 

expression in tumors in vivo, allowing the opportunity to study the complexity of the tumor 

microenvironment. The development of fluorescent contrast agents targeted to molecules 

expressed in cancer cells is critical for in vivo imaging of the tumors. Contrast agents 

emitting in the near infrared (NIR) allow for an increased depth of penetration in tissue due 

to decreased absorption and scattering. There is also significantly less autofluorescence 

from tissue in the NIR. Quantum dots are nanoscopic particles of semiconductors whose 

fluorescent emission wavelength is tunable by the size of the particle with desirable 

fluorescent qualities such as a wide range of excitation wavelengths, a narrow emission 

band, high quantum efficiency, high photostablility, and they can be produced to emit 

throughout the NIR imaging window. 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 angiogenesis and is considered a predictor for clinical outcome and, in 

some instances, is used for targeted therapy with anti-angiogenic drugs. For these reasons, 

quantum dots bioconjugated to VEGFR2 antibodies have the potential to provide contrast 

between normal tissue and cancer, as well as a mechanism for evaluating the molecular 

changes associated with cancer in vivo.  

In this dissertation, we present on the design of two contrast agents using quantum 

dots targeted to VEGFR2 for use in the molecular imaging of colon cancer, both ex vivo 

and in vivo. First, as a preliminary ex vivo investigation into their efficacy, Qdot655® 

(655nm emission) were bioconjugated to anti-VEGFR2 antibodies through 
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streptavidin/biotin linking. The resulting QD655-VEGFR2 contrast agent was used to label 

colon adenoma in vivo and imaged ex vivo with significant increase in contrast between 

diseased and undiseased tissue, allowing for fluorescence based visualization of the 

VEGFR2 expressing diseased areas of the colon with high sensitivity and specificity. Then, 

QD655-VEGFR2 was used in a longitudinal in vivo study to investigate ability to correlate 

fluorescence signal to tumor development over time using optical coherence tomography 

and laser induced fluorescence spectroscopy (OCT/LIF) dual-modality imaging. The 

contrast agent was able to target VGEFR2 expressing diseased areas of colon; however, 

challenges in fully flushing the unbound contrast agent from the colon before imaging arise 

when moving from ex vivo imaging to in vivo image. 

Lastly, lead sulfide (PbS) quantum dots were made by colloidal synthesis to emit 

at a 940 nm (QD940) and conjugated to anti-VEGFR2 primary antibodies through 

streptavidin/biotin linking. The resulting QD940-VEGFR2 contrast agent was then used 

to label cells in vitro. The QD940-VEGFR2 molecules were able to positively label 

VEGFR2 expressing cells and did not label VEGFR2 negative cells. Very low 

photoluminescence and large amounts of aggregation after conjugation of the quantum 

dot to streptavidin was detected. Improvements to the quantum dot stability through 

synthesis, capping and conjugation techniques must be made for this contrast agent to be 

effective as a contrast agent for cancer imaging. 
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1. INTRODUCTION 

 

1.1 Molecular imaging of cancer in vivo 

The ability to visualize and study cancer in vivo allows for the development of 

drugs targeted to cancer specific markers, individualization of a patient’s treatment, 

visualization of tumor response to therapy, and potential improvement in early detection. 

In vitro imaging of cancer cells allows for molecular imaging with extremely high 

resolution and sensitivity; however, the in vivo environment of cancer encompasses not 

only the cancer cells, but also the extracellular matrix, surrounding stromal cells, 

vasculature, and immunological components, leading to a very complex system that 

cannot be easily studied. Currently, the most readily available molecular imaging of 

cancer in vivo provides functional information on the tumor through techniques such as 

MRI, CT, PET/SPECT and ultrasound (US). Functional information indicates tumor 

characteristics such as hypoxia, pH and metabolism. This information can lead to 

improved treatment through better selection of drugs based on initial tumor behavior and 

tumor response to the treatment. Another area of heavy development focuses on utilizing 

optical imaging techniques for higher resolution imaging of the tumors, allowing for 

direct visualization of changing biomolecular expression of tissue. Within all of these 

imaging techniques, a mechanism for enhancing the visibility of diseased tissue is 

required. Optical imaging of fluorophores provides an increased sensitivity to small 

amounts of analytes compared to the previously discussed techniques, reducing the 

amount of contrast agent required for visualization compared to the other imaging 

techniques and allowing for the visualization of changing biomolecules within tumors, 



14 
 

which occurs on a small scale compared to overall functional changes within a tumor. A 

multitude of fluorescent contrast agents have been studied, including endogenous 

molecules, as well as exogenous contrast agents that are taken into the tumors through 

passive uptake or through a variety of targeting mechanisms. In combination, the 

potential for in vivo molecular imaging of cancer remains exceedingly high, with future 

development likely having impacts in all areas of cancer care. 

 

1.1.1 Common imaging modalities for in vivo molecular imaging 

1.1.1.1 CT, PET, US and MRI 

Currently, CT is the most commonly used cancer imaging modality.1 CT obtains 

cross-sectional images through tissue using x-rays, allowing for rapid imaging with high 

spatial resolution and low costs. Contrast between similar soft tissues is low in CT 

imaging, necessitating the use of exogenous contrast agents for tumor visualization. The 

most commonly used contrast agents are based on iodinated molecules that absorb x-rays; 

however, a large amount of these heavy molecules are required to achieve satisfactory 

sensitivity.2 This raises concerns for toxicity of the contrast agents, along with the already 

damaging exposure to x-rays. One of the frequently studied areas in cancer imaging using 

CT involves the use of nanoparticles as contrast agents. Researchers have focused on 

iodine containing liposomes and micelles3, 4, iodinated polymeric liposomes5, 6, and metal 

nanoparticles7, 8. In CT imaging, the most commonly relied on targeting mechanism is 

passive5, 9, while some recent studies have used passive uptake in combination with 

targeted contrast agents.7, 10 While CT has been shown to be a very clinically relevant 
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tool for visualizing tumor morphology, more study is required for its use in molecular 

imaging. 

PET imaging is also widely used in cancer visualization. PET relies on the 

detection of photons generated after positron emission by radionucleotides.  The most 

clinically relevant radionucleotide in PET imaging of cancer is 18F-FDG.11 

Overexpression of glucose transporters in cancer cells allows for the increased uptake of 

18F-FDG in tumors, as FDG is an analog for glucose.11 This elevated uptake can be used 

to distinguish between cancerous and undiseased tissue, and also as an indicator of tumor 

metabolism. Studies are investigating other radionucleotides that include analogues to 

choline12, 13 and somatostatin14, 15, as well as 18F-FLT for tumor proliferation16, 17 and 18F-

Fluciclatide for tumor angiogenesis.18, 19 These advances in imaging probes allow the use 

of PET imaging for many cancer characteristics including proliferation, angiogenesis and 

metabolism. Because these targets are changed in cancer cells but not limited to cancer 

cells, the specificity of the contrast agents is limited. Also, patient exposure to 

radioactivity can be a challenge. Otherwise, PET imaging is one of the most widely used 

cancer imaging techniques in the clinic, with many clinical studies of new contrast agents 

likely to increase the ability to obtain molecular information from cancer in vivo.  

High spatial and temporal resolution, as well as lack of radiation, low cost, and 

real-time imaging have allowed ultrasound to become a prominent technique in 

biomedical imaging. Ultrasound uses the difference in scattering of sound waves between 

layers of tissue to obtain cross-sectional images. Without the aid of contrast agents, US 

provides morphological information on tissue. With the aid of contrast agents, ultrasound 

has potential use in molecular imaging of cancer. Microbubbles have been largely studied 
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as US contrast agents.20, 21 Because they are too large to leave the vasculature, they can 

be produced to target vascular based cancer markers, as demonstrated for VEGF22, 

VEGFR223, 24, and ανβ3 integrin22, 23. These microbubbles can also be used in therapy for 

tumor ablation25 and by enhancing tumor response to radiation therapy26. Other than 

microbubbles, some studies have investigated the use of nongaseous acoustically 

reflective liposomes27 and perfluorocarbon nano-emulsions28, 29. These non-microbubble 

contrast agents also have great applicability to image guided therapy for release of drugs 

at directed sites30, 31, but they have reduced acoustic reflectivity compared to the 

microbubbles. Through the use of contrast agents, US has demonstrated great success in 

enhanced visualization of tumor vasculature, and has great potential for cancer 

theranostics applications. 

MRI has clinical applications in solid tumor imaging through its high spatial 

resolution and excellent anatomical detail.  MR imaging uses an applied magnetic field to 

align the dipoles of proton dense molecules, such as water. After a radiofrequency pulse 

is applied, the alignment of the dipoles changes and the rate that it takes for them to 

return to the aligned state is dependent on their surroundings. For soft tissue, this often 

correlates with the water content. Techniques have been developed to exploit the 

difference in water content and diffusion in solid tumors, which can indicate cell 

proliferation and response to treatment.32-35 Other mechanisms utilize the assistance of 

contrast agents which can be categorized as T1 agents36, 37, T2 agents38, 39, chemical 

transfer saturation probes40, 41, 19Flourine probes42, 43, and hyperpolarized imaging 

probes44, 45. The contrast agents within these groups can then be further categorized as 

either a responsive probe or a targeted probe, depending on the probe’s mechanism. 
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Responsive probes highlight differences in biomolecules, pH or temperature which are 

then used as indicative of disease caused by changes in cell proliferation, vascularization, 

metabolism and other biological processes.40, 43, 46 Targeted probes highlight preferential 

accumulation in a diseased tissue after conjugation to a targeting molecule specific to a 

biological process or cancer specific.38, 39, 47 With the vast variety of MRI imaging 

techniques and contrast agents, continual progress in the field has allowed for the 

development of many methods for diagnosing and evaluating cancer and its response to 

treatment.  

 

1.1.1.2 Optical imaging 

In order to visualize cancer in vivo on a cellular level, optical microscopy 

techniques must be employed. Optical imaging relies on the manipulation of light and a 

detector to visualize small structures. It has high resolution but limited depth of 

penetration of light, lending it mostly useful in surface imaging and endoscopic 

techniques that allow direct access to the tumor. There are a few techniques that do allow 

for 3D optical imaging, but there is a tradeoff between depth of penetration and 

resolution.48 Fluorescence detection is the most studied application of in vivo optical 

imaging as it enhances the visualization of compounds that would otherwise blend in 

with their surroundings with high sensitivity and specificity. This fluorescence signal can 

come from endogenous sources in the tissue, or through an exogenous fluorophore. 

Fluorescence signal can be used in many optical imaging systems, including surface 

imaging using fluorescence reflectance imaging and fluorescence spectroscopy or 

microscopy. Fluorescence imaging can also be performed in 3D using confocal 
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microscopy, multiphoton microscopy and fluorescence molecular tomography. Other 

optical imaging techniques exist that do not use fluorescence imaging, such as 

photoacoustic imaging and optical coherence tomography, which can visualize structural 

changes to tissue, as well as incorporate high scattering contrast agents for molecular 

imaging.  

Many imaging modalities exist for detecting this fluorescence signal, the most 

straightforward of which simply excites the fluorophore with a light source tuned to its 

excitation and detects the emitted light using a CCD and appropriate filters. One of the 

most common macroscopic fluorescence imaging techniques is fluorescence reflectance 

imaging (FRI) used for whole body imaging in small animal studies. This technique 

utilizes a highly sensitive CCD with a large numerical aperture lens for detecting low 

levels of fluorescence and has been extremely valuable in testing new contrast agents for 

in vivo applications. One of the most common uses of this technique in cancer imaging is 

to determine if a new contrast agent accumulates in tumor xenografts in mice, and then 

how the contrast agent distributes in the body and organs.49-53 Fluorescence microscopy 

also uses the collected light of excited fluorophores to form images, but visualizes this 

fluorescence on a much smaller scale. This technique has been used for a variety of in 

vivo applications including single molecule tracking54 and fluorescence lifetime 

imaging55, 56, providing detailed information on cellular processes in cancer. Another 

interesting application of fluorescence imaging is in spectroscopy, where the intensity of 

light detected at individual wavelengths is used to generate a spectrum, which can then be 

separated into individual contributors, such as the desired fluorescence signal and 

background autofluorescence. This technique can be used to remove autofluorescence 
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signal from in vivo tissue signals53, 57, or to separate signals from multiple contrast 

agents, allowing for simultaneous collection of signal from multiple targets51, 58. This 

technique can also be performed on both the microscopic59-62 and macroscopic scale51, 53, 

63. Cai and colleagues have used this technique with FRI for removal of autofluorescence 

and for multispectral imaging in whole body imaging51, and Tumlinson and colleagues 

demonstrated the ability to incorporate fluorescence spectroscopy into a microendoscope 

for applications for in vivo colon cancer imaging61.  

Fluorescence microscopy techniques have been developed that allow for 3 

dimensional imaging of tissue, up to a few hundred micrometers deep. In standard 

fluorescence microscopy, the out of focus fluorescence light that comes from the cone of 

light that is generated above and below the focal plane causes not only a reduction in 

resolution, but as an inability to image into the depth of tissue. One method for 

eliminating this out of focus light is to use pinholes that only accept light from the focal 

point can pass through, known as confocal microscopy. This blocks all out of focus light 

and allows for imaging into the depth of tissue. The focal point can then be scanned 

across each plane to generate a 3D image of a volume of tissue. There are still limitations 

on the depth of penetration based on the inherent limitations of light penetration into 

tissue, but with NIR fluorophores, researchers have been able to achieve up to few 

hundred micrometers deep.48, 64 Confocal microscopy has demonstrated value in in vivo 

molecular imaging in cancer, including skin65, 66, GI-tract67, 68, cervical69 and breast70 

cancers. Several groups have also used confocal microscopy in endoscopes and 

microendoscopes for in vivo imaging of cancer.67, 68, 71, 72 Multiphoton microscopy is 

another 3D microscopy technique studied for in vivo molecular imaging of cancer. 
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Multiphoton microscopy can include both 2-photon excited fluorescence (TPEF), as well 

as second harmonic generation which will be discussed in section 1.1.2.1.  TPEF relies on 

a phenomenon where two photons of lower energy are absorbed simultaneously at twice 

the wavelength required for single photon absorption. In combination with a high power 

pulsed laser, this 2-photon excitation can occur at the focal point, allowing for depth 

resolved imaging of tissue. Combining this with laser scanning imaging allows for the 

formation of high resolution 3D images. In cancer xenograft imaging, researchers have 

demonstrated the ability to achieve several hundred micrometers of depth using various 

fluorophores and also endogenous fluorophores such as elastin.73, 74 Kobat and colleagues 

demonstrated the ability to achieve an impressive 1 mm imaging depth in mouse brains.75 

One of the important benefits to multiphoton excitation is the ability to image live cells 

and tissue due to reductions in phototoxic effects by eliminating the excitation of out of 

focus fluorophores. Watson and colleagues demonstrated the ability to image ovarian 

cancer in vivo and in situ over multiple time points in living mice.76 Also, several groups 

have incorporated multiphoton microscopy into microendoscopes for in vivo imaging, 

with potential for visualizing internal tumors.77-79 Fluorescence molecular tomography is 

another imaging tool that allows for 3D imaging of tissue. This technique relies on the 

principles of tomography, where source and detector pairs are used in conjunction with 

algorithms for light propagation through tissue, to build 3D images of tissue. This 

technique uses fluorescence in particular for the molecular information on the tissue, and 

is limited by the penetration depth of light in vivo. It has shown great promise in whole 

body fluorescence imaging in mouse models of cancer xenografts, with increased 

resolution over the most common macroscopic fluorescence imaging technique, FRI.48, 80 
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It has also shown promise in relatively thin tissues, such as breasts, for tumor 

visualization using ICG, as demonstrated by Nzitiachristos and colleagues81 and later 

again by Corlu and colleagues82. 

Other important optical imaging modalities for in vivo molecular imaging of 

cancer that do not rely on fluorescence imaging exist, most notably photoacoustic 

imaging and optical coherence tomography. These modalities offer another mechanisms 

for seeing into the depth of tissues for imaging of functional and structural changes 

during cancer. Photoacoustic imaging is a hybrid technique that uses pulsed lasers as a 

source to cause local changes in temperature after absorption of the laser light. The heat 

leads to transient thermoelastic expansion generating broadband acoustic waves which 

are then detected to form an image. This technique often provides information on the 

common tissue absorber hemoglobin, which can provide functional information on 

angiogenesis, tumor growth, and tumor hypoxia.83-86 By adding exogenous absorbers to 

the tissue, it is possible to increase the contrast between the tumor and undiseased tissue, 

and also to provide targeted imaging of the tumors for molecular expression. NIR 

contrast agents ICG87 and IRDye800CW84 have been used in vivo for tumor functional 

and molecular imaging, but gold nanoparticles have been studied most extensively due to 

their strong absorption in the NIR and ease of functionalization.88-91 Overall, 

photoacoustic imaging has the ability to image a few hundred micrometers into tissue 

with high resolution; however it still faces the same challenges as other optical 

techniques due to the strong absorption and scattering of light in biological tissue.92-94 

Optical coherence tomography (OCT) has been shown to be extremely valuable for in 

vivo imaging of morphological tissue abnormalities, and is known as optical biopsy due 
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to its ability to obtain cross-sectional imaging of tissue like a biopsy, but without having 

to remove the tissue as with standard histopathology. OCT has been most successful and 

widely used in ophthalmic95-97 and arterial imaging98-100. Like other optical imaging 

techniques, the depth that OCT can image is limited in biological tissues; however, many 

groups have demonstrated the ability to incorporate OCT into endoscopes and 

microendoscopes for in vivo imaging of abnormal and cancerous tissue including the oral 

cavity and pharynx101, GI tract102, 103, bladder102, 104 and ovaries105. OCT is analogous to 

ultrasound, but instead of sound it measures the echo time delay and intensity of 

backscattered light, forming cross-sectional images of the tissue. Due to the speed at 

which light travels, standard detection methods do not suffice for OCT detection, 

therefore low-coherence interferometric techniques are used to correlate the light that is 

collected from the tissue with light that travels through a reference path. The light is 

scanned over a length of tissue generating 2D cross-sections into the depth of the tissue. 

Multiple 2D scans can be compiled to provide a 3D image of the tissue. Because OCT 

relies on the differences in backscattering of light caused by components of the tissue, it 

can generate high resolution images of the tissue structure and morphology. The ability to 

detect abnormal and cancerous lesions using OCT is most often demonstrated simply by 

changes in morphology.101, 102, 105-107 Other groups have designed contrast agents for 

enhanced OCT detection and for targeted imaging.108-112 This provides an opportunity for 

contrast enhanced molecular imaging of tumors using OCT, and while little research has 

been performed in this area, future research should move toward targeted molecular 

imaging of cancer using contrast agents.  
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1.1.1.3 Dual-modality imaging  

 All of the previously described imaging modalities have associated weaknesses 

that reduces their usefulness for in vivo molecular imaging of cancer. For the majority of 

cancer diagnoses, two or more imaging methods are used to make the final diagnosis. For 

this reason, many researchers have designed imaging systems that combine two different 

imaging systems into one, allowing for simultaneous collection of images to improve 

accuracy and to provide a more complete assessment of the disease. The most common 

set up with dual-modality imaging uses one modality that is able to determine 

morphology, location, and size of the lesion in combination with another modality that is 

able to detect functional changes, tumor specific markers and contrast agents. This 

potentially allows for the improved detection of a lesion as well as combined diagnosis, 

molecular expression profiling, and monitoring response to treatment with higher 

sensitivity and specificity, especially for small lesions.  

One of the most heavily studied dual-modality imaging systems is PET/SPECT 

combined with either CT113-115 or MRI116, 117. PET/CT was the first dual-modality system 

to be used in the clinic and has since then been studied for its usefulness in improving 

diagnosis of cancer in the prostate118, head and neck119, and lungs120. Many groups report 

that the combined PET/CT images improve diagnosis accuracy and overall patient 

outcomes119-122, but the information gathered from both of these images still reports 

mostly on anatomical information with some functional details. Because of this, and the 

evidence that molecular expression affects a patient’s response to treatment123, 124, other 

groups are studying method combinations that also provide information on the molecular 
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expression of the lesion. Fluorescence imaging is the best modality for detecting low 

concentrations of biomolecules, an attribute important for in vivo imaging of cancer 

molecular expression. Dual-modality imaging can be achieved by the design of a dual-

purpose contrast agent used for both systems, or through the use of one modality that uses 

a contrast agent and the other using intrinsic tissue properties. The design of dual-

modality imaging probes which are fluorescent and can also be detected by MR125-127 and 

PET/SPECT128-130, and some other modalities, have been studied as well, but the dual-

modality functioning of the probe is not always necessary. Many groups have sought to 

combine a variety of optical imaging modalities, including optical tomography131, 132, 

confocal microscopy30, fluorescence spectroscopy133, 134 or fluorescence life-time 

imaging135 with modalities that can readily detect lesion morphologies, such as MRI81, 131, 

PET/SPECT132, 136 and OCT133, 135. As the optical imaging techniques have limited depth 

of penetration in tissue, researchers have worked to incorporate them into endoscopes and 

microendoscopes to access tumor surfaces internally30, 61, 134. This may allow for both 

improvements in the clinic, as well as in how cancer research is performed. 

Microendoscopic dual-modality imaging provides opportunity to perform studies over 

time on cancer development, removing the need to sacrifice animals at various time 

points for tissue sample collection and also for using less accurate surface xenograft 

models. Together, these imaging modalities can overcome many of the challenges they 

face individually, providing improved diagnostics and treatment monitoring to cancer 

care and improved cancer research methods in the laboratory.  
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1.1.2 Common fluorescence contrast agents 

1.1.2.1 Endogenous signatures 

 Many components of tissue have the ability to fluoresce under certain 

circumstances, allowing for the visualization of tissue fluorescence without the need for 

added contrast agents. Endogenous fluorescence, or autofluorescence, comes from 

biochemicals found within cells, tissue, and fluids in the body. There is a change in 

availability for many of these endogenous fluorophores in tumors due to changes in 

metabolism, tissue thickness, expression of biomolecules, and blood supply, allowing for 

a contrast mechanism in cancer imaging. Some imaging techniques look at this change in 

autofluorescence as a whole, allowing for tumor visualization. These techniques include 

standard fluorescence microscopy, as well as fluorescence spectroscopy. Other imaging 

modalities have the capabilities of looking at specific autofluorescent molecules, mostly 

non-linear optical imaging techniques. The most commonly imaged endogenous 

fluorophores are ECM proteins collagen and elastin, and cellular coenzymes. Utilizing 

endogenous fluorescence prevents the need for potentially toxic exposure to exogenous 

fluorophores.  

Collagen can be visualized as an endogenous scatterer under the conditions of 

second harmonic generation (SHG), a technique that allows the visualization of 

noncentrosymmetric structures and is detected like fluorescence, and is also capable of 

fluorescence. Collagen I is a triple helical molecule comprised of three α chains held 

together by hydrogen bonds, which then self-assemble into larger fibrils, allowing it to 

produce an SHG signal under laser excitation. SHG imaging also allows for 3D optical 

sectioning of tissue, up to several hundred microns deep.137 Collagen is one of the main 
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components of the ECM, which has been shown to change shape and composition during 

diseased states.138 Because of this, researchers have investigated collagen SHG signal and 

fluorescence of tumors in vivo of the skin139, 140, breast141, 142, and ovaries76, 143. Location 

and thickness of skin cancer lesions has allowed SHG imaging to be used widely to study 

collagen structure of these tumors. Two-photon excited fluorescence imaging of elastin, 

another important component of the ECM, in combination with SHG imaging of collagen 

provides extensive information on skin. One of the most promising applications to 

collagen and elastin imaging in skin cancer is in tumor margin identification. Lin and 

colleagues created an index based on signal from both TPEF and SHG, with the higher 

index values indicating tumors and lower index values indicating normal tissue, to 

delineate tumor margins in basal cell carcinoma.139 Thrasivoulou and colleagues later 

showed that SHG could also be used to delineate melanoma lesion margins with high 

accuracy.140 Breast density has been shown to be a risk factor for breast cancer, and 

collagen amount has been shown to correlate with breast density.  Provenzano and 

colleagues demonstrated that tumor associated collagen structure (TACS) could be used 

to classify tumors into three categories, which was later used to demonstrate that the 

TACS-3 classification highly correlated to patient outcome.141, 142 In ovarian cancer, 

Kirkpatrick and colleagues demonstrated that while normal ovarian stroma has highly 

structured collagen, abnormal ovarian tissue demonstrates quantifiable changes in 

collagen structure.143  Watson and colleagues further demonstrated that these changes 

could be used to classify ovarian tissue as cancerous or non-cancerous with 81.2% 

specificity and 77.8% sensitivity.76 
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 NAD(P) is a major electron acceptor in the electron transport chain of 

metabolism, with its reduced form NADH being fluorescent. FAD is a redox cofactor 

also used in electron transport for metabolism and is also fluorescent. Changes in 

metabolism in tumors versus undiseased tissue have allowed for studies using these 

coenzymes as fluorophores in conjunction with multi-photon excitation and fluorescence 

lifetime imaging. As tumors grow, there is a shift in the ratio of FAD to NADH, which is 

known as the redox ratio and is often expressed as [FAD+]/[NADH] or another 

derivative.  Researchers have used this ratio to demonstrate that there is a reduction in 

this ratio in precancerous and cancerous lesions;144-147 however, one group demonstrated 

that this ratio increases in precancerous and cancerous ovarian lesions.143 Recently, 

Walsh and colleagues used the redox ratio to monitor response to therapy in breast 

cancer, showing correlation with change in tumor size.147  

 

1.1.2.2 Organic fluorophores 

  Many classes of organic fluorescent molecules have been defined, with the 

polymethine (e.g. cyanine and indocarbocyanine) and xanthene (e.g. rhodamine and 

fluorescein) dyes being the most common dyes used in biological molecular imaging and 

clinical diagnostics. Dyes in these groups have been produced to fluoresce throughout the 

visible and NIR wavelengths. Typically these fluorophores have high molar absorptions, 

often with high quantum yields in the visible wavelengths occurring from 50-100% and 

low quantum yields in the NIR wavelengths occurring from 5-50%.148 Organic 

fluorophores undergo photobleaching after prolonged exposure to light, limiting their use 

in applications requiring prolonged illumination. Also, in biological imaging of 
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exogenous fluorophores, it is often necessary to use NIR (700-1200nm) emitting 

fluorophores in order to avoid low signal to noise ratios caused by autofluorescence and 

increased absorption of light. Due to their low quantum efficiency in the NIR 

wavelengths, organic fluorophores, with a few exceptions, are rarely used for in vivo 

imaging, but have wide applications for in vitro imaging.  

 The most commonly used polymethine dyes include cyanines and 

indocarbocyanines. The CyDyeTM series (Cy3, Cy5, Cy5.5, Cy7) and ICG are the most 

heavily studied of these dyes, with the CyDyeTM dyes being the first commercially 

available cyanine dye and ICG being the only FDA approved cyanine dye. Cy5.5 has an 

absorption maximum at 673 nm and an emission maximum at 707 nm, allowing for some 

use in vivo. Several groups have used Cy5.5 as a fluorophore for in vivo cancer imaging, 

with Ballou and colleagues demonstrating that Cy5.5 provides a stronger signal in vivo 

than Cy5.52, 149-151 Winkler and colleagues, as well as Leung and colleagues, have both 

demonstrated the use of Cy5.5 conjugated to antibodies for imaging colorectal cancer in 

vivo using a microendoscope and fluorescence spectroscopy.60, 62 ICG has an absorption 

maximum at 805 nm and an excitation maximum at 835 nm, and has been used in human 

applications mostly involving imaging of the lymphatic system.152 The structure of ICG 

makes direct conjugation to targeting molecules difficult153, making its use in cancer 

imaging in vivo limited to non-specific uptake by tumors due to leaky blood vessels154 

and sentinel lymph node mapping155, 156. Also, ICG interacts readily with plasma proteins, 

reducing their retention time in circulation.148 Encapsulating ICG in micro-carriers such 

as liposomes157, 158 and microbubbles159 may offer mechanisms for targeted delivery of 

ICG to tumors. A modified indocarbocyanine dye with 4 sulfides instead of two, 
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IRDye78, has been shown to have improved aqueous solubility and quantum yield, and 

can be conjugated to low molecular weight ligands. 

 Among the xanthene dyes, rhodamine and fluorescein are the most widely used 

due to their high molar absorption coefficients and quantum yields approaching 100%.148 

They have wide uses for in vitro imaging, bioassays, and sensing; however, with their 

absorption and emission maxima falling in the visible wavelength range, they have 

largely been limited to in vitro imaging or in vivo imaging of superficial or optically clear 

tissue like the eye. Recently, Koide and colleagues demonstrated the ability to shift the 

spectra of rhodamine into the NIR by substituting the structure with silica, demonstrating 

a future potential for rhodamine dyes in in vivo imaging.160  

  

1.1.2.3 Fluorescent nanoparticles 

 Nanoparticles have been studied in vivo widely, due to their ability to overcome 

many of the challenges encountered with organic fluorophores. One advantage of 

nanoparticles is that their size and their surface chemistry can be adjusted for increased 

retention time in circulation compared to organic fluorophores, a quality favorable for 

targeted contrast agents. The nanoparticles are still small enough to move into solid 

tumors through the enhanced permeability and retention (EPR) effect, but they remain in 

circulation long enough to reduce non-specific accumulation in other tissue. The ability 

to easily change the size, material and surface chemistry of nanoparticles allows for 

tuning of the contrast agent to meet specific needs determined by tumor type and 

location. Several nanoparticles have also been made to fluoresce throughout the NIR 

wavelengths with high quantum yields and increased photostability. Some of the most 
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widely studied nanoparticles for in vivo fluorescence imaging of cancer are quantum dots 

and rare-earth doped nanoparticles (RE-NP). Other nanoparticles that have been studied 

are carriers of an organic NIR fluorophore, allowing for increased retention and specific 

targeting of the small molecules, but losing the increased quantum yield (photons emitted 

per photons absorbed) and photostability (ability to avoid reduction in fluorescence 

emission during irradiation) seen with quantum dots. These nanocarriers are most 

commonly liposomes and silica, and are often capable of also carrying drugs for 

theranostics applications.  

 Quantum dots have shown great promise as an in vivo fluorophore for molecular 

imaging. They are discussed in detail in section 1.2 of this dissertation. Briefly, quantum 

dots have been produced throughout the NIR wavelength range with high quantum yield, 

high photostability and the ability to easily modify the surface chemistry for increased 

aqueous stability and targeted molecular imaging.161, 162 They have the unique property of 

size tunable photoluminescence emission wavelengths and a broad absorption spectrum. 

There are concerns over toxicity of these nanoparticles in vivo, which has limited their 

use to pre-clinical investigations. They have been shown to be widely efficacious in in 

vitro molecular imaging and have several applications for in vivo cancer imaging.161, 162 

Further studies on clearance and toxicity are necessary before clinical use can occur.  

 Rare-earth doped nanoparticles, or more commonly upconversion nanoparticles 

(UCNPs), have demonstrated great potential for biomedical imaging in vivo. These 

materials have the ability to undergo upconversion fluorescence, allowing for the 

excitation of the nanoparticles with NIR light and emission of high energy shorter 

wavelength light with a large Stokes’ shift and very narrow emission bands. They also 
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have tunable fluorescence emission wavelengths, with the ability to excite multiple 

nanoparticles with the same wavelength, allowing for multicolor imaging.163 There is 

great difficulty in rendering UCNPs water soluble and functionalize their surfaces, 

providing decreased use in biological applications; however, their strong absorption in 

the NIR and the resulting high signal to noise ratio has provided motivation for pursuing 

their use for in vivo cancer imaging. Few groups have been able to achieve in vivo tumor 

labeling with UCNPs thus far. Notably, Xiong and colleagues demonstrated the ability to 

synthesize amine functionalized UCNPs that were then conjugated to folic acid for tumor 

xenograft labeling. Later, Yu and colleagues used UCNPs conjugated to chlorotoxin to 

visualize glioma xenografts in mice with negligible background autofluorescence.164 

Also, Gainer and colleagues demonstrated the ability to detect cancer targeted UCNPs 

using multiphoton excitation, but had difficulties achieving specific targeting of the 

nanoparticles.165 While there are many challenges facing the use of UCNPs in vivo, 

continued advances in synthesis and functionalization offer great potential for future 

developments. 

 One of the main hindrances of organic fluorophores in vivo is their rapid 

clearance from the circulation by the reticuloendothelial system, drastically reducing the 

amount of contrast agent that reaches the target tumors. Increased retention time provides 

the contrast agent time to move through the leaky blood vessels and into the tumor tissue 

to reach the targets before clearance from circulation, a quality that is not favorable to all 

contrast agent applications but favorable for targets that are present in the bulk of the 

tumor. One method of increasing circulation time is by incorporating the organic dyes 

into nanoparticles, whose size and surface functionalization can be modified for increased 
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retention time and tumor specific targeting. This can be through encapsulation within the 

nanoparticle core, doping within the nanoparticle matrix, or attachment to the 

nanoparticle surface.166 While these mechanisms do improve circulation time, they still 

face the challenges seen with organic fluorophores, mainly low quantum yield in the NIR 

wavelengths, small Stokes’ shift, and low photostability. One group demonstrated the 

ability to circumvent some of these challenges by developing a novel NIR fluorescence 

doped silica nanoparticle using two dyes and the principles of FRET to achieve a large 

Stokes’ shift and NIR fluorescence emission.167 They demonstrated the ability to detect 

the fluorescence from these nanoparticles in a living mouse as potential for future in vivo 

imaging application.  The ability to also incorporate drugs into these nanoparticles also 

holds promise in theranostics for simultaneous and targeted tumor visualization and drug 

delivery. For example, Muthu and colleagues have synthesized a liposome nanocarrier of 

docetaxel for therapy and quantum dots for visualization and demonstrated the ability to 

target cancer cells in vitro.168 With further investigation, nanocarriers have many possible 

applications to in vivo cancer care.  

 

1.1.3 Targeting techniques for exogenous contrast agents 

 Targeted fluorescence imaging of cancer in vivo allows for a reduction in non-

specific accumulation of signal, as well as provides a mechanism for targeting specific 

biomolecules unique to different cancers, tumor types, metastases and circulating tumor 

cells. This could allow for the development of improved diagnostics, individualized 

treatment plans, and treatment monitoring techniques all specific to a patients biomarkers 

and all gathered in vivo without the need for biopsy. These targeted fluorophores also 
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provide a mechanism for studying cancer development and progression in vivo using 

animal models. Two main types of tumor targeting exist. Passive targeting relies on the 

EPR effect for increased leakiness of tumor blood vessels and reduced lymphatic 

clearance of solid tumors for non-specific accumulation of contrast agent. Active 

targeting utilizes a variety of ligands (such as antibodies, peptides, aptamers, and folic 

acid) that are able to specifically identify molecules or nucleic acid sequences that are 

unique to or overexpressed in tumors, such as receptors, proteins, enzymes, and nucleic 

acids. The active targeting can still relies on the EPR effect to enter the tumors for 

targeting if the contrast agent is applied intravenously, however in this dissertation, 

topical application circumvents the reliance on the EPR effect. This active targeting 

requires conjugation of the ligands to fluorophores, which is often accomplished through 

covalent bonds between function groups and streptavidin/biotin linking. The targeting 

techniques discussed in this section can be applied to a variety of contrast agents, not 

only fluorescent contrast agents, and provide platforms for investigation into new 

bioconjugation techniques for the various applications.  

Antibodies are one of the most commonly studied targeting ligands for 

fluorescence molecular imaging, relying on antigen/antibody interactions to properly 

target the fluorophore to the desired location. Antibodies have high sensitivity and 

specificity to their antigens, allowing for direct visualization of a desired cell type based 

on molecular expression. Several antigens have been identified to be unique to a variety 

of cancers or to be overexpressed in tumors compared to undiseased tissue. Some of the 

most extensively studied in vivo cancer targets epithelial growth factor (EGF) and 

vascular endothelial growth factor (VEGF), and their respective receptors. Several of the 
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EGF and VEGF receptors have been shown to be upregulated in many cancers,169-171 with 

monoclonal antibodies to the receptors being used extensively as a targeting method in 

vivo. Because antibodies are large (~150 kDa) and they are immunogenic, some studies 

have used antibody derivatives to alleviate these issues. Several derivatives have been 

developed, including synthetic Affibodies172, Fab molecules173 and single-chain fragment 

variables174. These derivatives aim to reduce the size of the molecule, all while 

maintaining the functional portion of the antibody for specificity. These smaller 

derivatives move more freely through leaky blood vessels into solid tumors than the large 

whole antibodies, and also have improved stability and reduced clearance time while in 

circulation.175 The derivatives do still have immunogenicity, which can be further 

avoided by using small peptides as ligands. These peptides are typically 7-10 amino 

sequences have been identified for several peptide targets found in cancer.176 Activatable 

peptide based probes have been used extensively in imaging protease activity. In vivo 

MMP imaging in a xenograft tumor model in mice using these protease-activated peptide 

probes was demonstrated by Zhu and colleagues.177 RGD is another heavily used peptide 

for in vivo cancer imaging as a target for ανβ3 integrin expressed in tumor vasculature.51, 

178, 179 Antibodies, their derivatives, and peptides remain the most common targeting 

ligands used in in vivo fluorescence imaging of cancer, with their high specificity to 

cancer specific markers being critical to their success. 

Aptamers have been gaining traction in their use for cancer targeting as they have 

the ability to target a variety of molecules with high specificity and affinity, including 

proteins, phospholipids and whole cells. Aptamers are oligonucleotides with unique 

three-dimensional structures that have low immunogenicity and toxicity and can be made 
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to target molecules that cannot be targeted by antibodies or other small molecules. A very 

commonly studied aptamer in cancer imaging is that of apt-ανβ3 for targeting ανβ3 

integrin RNA in cancer cells.180, 181 Mi and colleagues demonstrate the ability to attach 

the fluorophore Cy5.5 to aptamers that target ανβ3 integrin to both visualize and inhibit 

ανβ3 integrin in tumor cells, further demonstrating the potential for aptamers in 

theranostics.180 Folic acid is another interesting small molecule ligand that has been 

studied widely for in vivo treatment targeting and fluorescence imaging of cancer. The 

folate receptor has been shown to be over expressed in many cancers including breast, 

ovarian and prostate.182, 183 Because so many studies have used folic acid as a targeting 

mechanism for both drug delivery and fluorescence imaging, it has great potential for use 

in theranostics. Santra and colleagues demonstrated this potential by successfully 

targeting nanoparticles loaded with both NIR dye and chemotherapeutics to cancer cells 

in vitro using folic acid, showing great potential for in vivo applications.184  

A large number of mechanisms for bioconjugation of the fluorophore to the 

targeting ligand exist, with the most common techniques being covalent linking through 

functional groups185 or streptavidin/biotin linking186. Typically, reactive crosslinking 

agents are used to facilitate the conjugation. A secondary reactive agent can be used to 

first create an intermediate reactive group on one of the components. Then the reactive 

groups on one of the molecules can be reacted with functional groups on the other 

molecule to create the final complex. Targeting antibodies, peptides, aptamers and other 

ligands have functional groups present within their structures, the most commonly used 

being carboxylic acid, amine and thiol groups.185 These functional groups can then be 

reacted with a large number of reactive groups. These reactions are typically 
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straightforward and provide a direct link between the fluorophore and the targeting 

ligand. Also, using the functional groups present on both the fluorophore and the 

targeting ligand, streptavidin or avidin can be covalently linked to the fluorophore and 

biotin can be covalently linked with antibodies. Streptavidin and biotin are two 

biomolecules that have the highest known affinity between two biomolecules for each 

other, allowing simple and efficient linking. This mechanism has been extensively 

studied for its use in antibody based assays186; however, it does produce a much larger 

final complex that the direct covalent linking as it adds several large streptavidin 

biomolecules to the complex, presenting challenges in vivo. Also, biotin is an abundant 

biomolecule in vivo, which can lead to streptavidin interactions with biotin that is non-

specific to the desired target, increasing background signal.185, 186  

 

1.2 Quantum dots in biological imaging 

1.2.1 Quantum dot properties 

Quantum dots are fluorescent nanoparticles of semiconductive materials that have 

unique optical properties, including size tunable emission wavelength, high quantum 

yield, resistance to photobleaching, and a wide range of excitation wavelengths.187 These 

properties arise from the spatial confinement of the electrons of the material as the size of 

the particle decreases below that of the exciton Bohr radius of the bulk semiconductor 

material. This confinement causes a change in the energy levels to discrete rather than 

continuum energy levels observed in the bulk material. The discrete energy levels have a 

band gap energy required to move the electrons from the valence band to the conduction 

band. As the size of the particles decrease, the more confined the electrons become 



37 
 

causing an increase in band gap energy required for photon absorption and electron 

excitation to occur. As the size of the particle increases, the electrons become less 

confined, decreasing the band gap energy required for excitation. This causes the 

property that as size increases, the wavelength of emission increases and as size 

decreases, the wavelength of emission decreases.  This property is very valuable in 

biological imaging as it allows for the selection of emission wavelengths to best match 

the application simply by changing the size. This property also causes a unique 

absorption spectra with a wide absorption range that is highest in the shortest wavelength 

and decreases as wavelength increases. This allows for the selection of excitation 

wavelength without concern of overlapping excitation and emission wavelength (large 

Stokes’ Shift) and also for the simultaneous excitation of different quantum dots for 

multi-spectral imaging.  

When comparing quantum dots to organic fluorophores, important differences lie in 

the quantum efficiency, Stokes’ shift, and photobleaching. The quantum efficiency of 

quantum dots in the visible range and in the NIR have been reported at 0.2-0.7, compared 

to organic fluorophores which have been reported at 0.5-1.0 in the visible range and 0.05-

0.25 in the NIR.188 The NIR imaging window has continued to be investigated for 

biological imaging in vivo as tissue components such as water and hemoglobin have low 

absorption and scatter of light in these wavelengths, allowing for an increased depth of 

penetration and a reduction in autofluorescence.189 Organic fluorophores have low 

quantum efficiency in the NIR wavelengths compared to quantum dots, allowing 

quantum dots to provide an opportunity for increased detection sensitivity in the NIR in 

vivo. Organic fluorophores have spectra with a narrow excitation peak and a narrow 
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emission peak, both increasing in width with increasing emission wavelength, and the 

separation of the two being known as the Stokes’ shift which is often very small causing 

difficulty in separation of the two. Quantum dots have a unique property of an absorption 

spectrum that is highest in the shorter wavelengths, and decreasing gradually into the 

longer wavelengths. This allows for a virtually free selection of wavelengths for 

excitation of the quantum dots with a large separation or Stokes’ shift from the narrow 

emission peak. Lastly, a common issue with organic fluorophores is the photobleaching 

that occurs after prolonged exposure to light. This reduces the amount of time the 

fluorophore can be exposed, decreasing flexibility with the imaging procedure and also 

eliminating the ability to increase integration times to compensate for lower quantum 

efficiency or low bio-availability in targeted imaging. Quantum dots have been shown to 

not experience photobleaching after long exposures to light.187 Quantum dots are 

comprised of heavy metals, which can cause toxicity in vivo; however, studies suggest 

that quantum dots do not cause toxicity in rats and non-human primates in vivo190, 191, and 

some groups have demonstrated the ability to synthesize non-heavy metal based quantum 

dots with relatively high quantum yields for use in targeted cancer imaging192, 193. 

Another challenge faced by these nanoparticles is blinking, or the random switching on 

and off of fluorescence, which renders single particle tracking difficult, but has not had a 

large effect on standard fluorescence visualization of quantum dots and is not a 

phenomenon occurring in all quantum dots.194, 195 Overall, these qualities combined with 

the ability to select emission wavelength by simply changing the size of the molecules all 

make quantum dots an intriguing option for in vitro and in vivo fluorescence imaging.  
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1.2.2 Quantum dot synthesis 

Quantum dots are made of semiconductive materials such as CdSe, CdTe, CdS, ZnS, 

PbS, and PbSe, with the materials used affecting both the size and range of emission 

wavelengths. For the purposes of biological applications, quantum dots are most often 

synthesized using colloidal synthesis, with rarer methods utilizing epitaxial growth and 

microwaves. Colloidal synthesis involves the decomposition of precursors into atoms in a 

stabilizing solution and then nucleation and growth of the nanocrystals controlled by 

temperature or pH. The size of the resulting nanoparticles is dependent on precursor 

concentration, pH/temperature of the solution, and time allowed for growth. In order to 

increase quantum efficiency, it is also common for quantum dots to be of the core/shell 

configuration, where the core is the original quantum dot semiconductor material, and the 

shell is another semiconductive material grown around the core.161 Quantum dot 

nanocrystals must also have a capping agent for stability in solution, preventing oxidation 

of the surface and preventing heavy metals from contacting the biological systems they 

are applied to. This type of synthesis is most often carried out in an organic solvent as a 

stabilizer and capping agent such as oleylamine196, oleic acid197, 198, and a combination of 

trioctylphosphine (TOP) and tri-n-octyl-phosphine oxide (TOPO)199-201, all of which are 

water insoluble.  Biological applications necessitate a fluorophore be water soluble, 

requiring that quantum dots have their surface chemistry modified. This is often 

performed through ligand exchange, where the current capping agent is switched out for a 

water-soluble one, examples of which include PEG200, dihydrolipoic acid and other 

various thiols202, 203, and dendrimers204. This procedure often causes a large reduction in 
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quantum efficiency, however the efficiencies often remain higher than organic 

fluorophores.162 Other methods include micelle formation using amphiphilic polymers205 

and phospholipids206, silica encapsulation207, or even synthesis in the aqueous phase208, 

209. These capping agents often have reactive groups exposed at the surface of the 

particle, allowing for functionalization of the quantum dot with the targeting methods 

discussed in section 1.1.3. 

  

1.2.3 Quantum dot use in vitro 

The first reported biological use of quantum dots was in vitro by Bruchez, et al. and 

Chan, et al. in 1998.210, 211 Over the past 17 years, many uses for quantum dots in cellular 

imaging have been developed, including in immunofluorescence imaging and multi-

color/multi-target labeling,  Foerster resonance energy transfer (FRET), and single 

particle tracking.  

Immunofluorescence imaging using quantum dots as the fluorophore was first 

demonstrated in biological use of quantum dots by Bruschez in 1998 for the detection of 

actin filaments in fibroblasts.210 Since then, they have been used to label a vast amount of 

targets in cells and tissue and with a variety of imaging techniques. While many studies 

simply use quantum dots attached to secondary antibodies as a replacement for standard 

organic fluorophores212-214, the real value of quantum dots in this application is in 

visualizing multiple quantum dots on multiple targets simultaneously. The ability to 

excite multiple quantum dots with a single source, as well as the ease of separating their 

narrow emission spectra from each other, creates the opportunity for multispectral 

imaging. The technique was first reported on using two different quantum dots to label 
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two different targets in HER2 cells by Wu and colleagues.215 Since then, others have 

continued to increase the number of targets that can be images simultaneously, such as 

Sweeney and colleagues labeling three different targets in tonsillar tissue216 and Bostick 

and colleagues labeling five different targets in colon cancer tissue217, all imaged 

simultaneously. Challenges arise due to the common use of antibodies for targeted 

labeling in that the use of secondary antibodies requires use of multiple species, which 

are limited. This can be avoided by using direct conjugation to primary antibodies, 

avoiding the need for species specific interactions between primary and secondary 

antibodies.  

Quantum dots are often used as donor molecules in FRET due to their ability to be 

excited in the blue, far from the excitation of the acceptor molecule, and also, their 

narrow emission allows for minimal overlap with the acceptor molecule’s emission peak. 

Quantum dots have largely been used in a multitude of FRET configurations in bioassays 

for the detection of ions218, 219, small molecules220-222, toxins223, drugs224, and 

immunocomplexes225, 226, investigation of protein to protein interactions in cells227, 

monitoring protease activity228-230, and pH measurement231, 232. These applications of 

FRET cross over into single particle tracking, live cell imaging and cancer imaging. For 

example, Courty and colleagues demonstrated the use of FRET and single molecule 

tracking of quantum dots to track the movement of individual intracellular kinesin motors 

in live HeLa cells.233 This type of tracking provides an opportunity to study cell motility, 

polarization, and division, all of which can be useful in understanding the underlying 

mechanisms of cancer growth and metastasis.  
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Single particle imaging (SPI) has become a useful technique in monitoring single 

molecule activities in the living cell, including structural proteins such as F-actin and 

myosin V234, 235, as well as diffusion dynamics of membrane receptors and channels.  For 

example, studies conducted on neuronal cells used SPI to investigate the surface mobility 

of neurorecptors236-238 and vesicular secretion of neurotransmitter239, 240, providing insight 

into entry-exit kinetics at the synapse. Another use has been demonstrated by Lidke and 

colleagues where SPI of quantum dots were used to show that ErbB1 receptors on 

cellular filopodia experience retrograde transport after binding with epidermal growth 

factor, suggesting that molecules at a distance from the cell body can be sensed by 

receptors on filopodia, facilitating cellular response by directed transport of the activated 

receptors.241, 242  

 

1.2.4 Quantum dot use in vivo 

 While the study of cells in vitro allows for relatively uncomplicated visualization 

of the fluorescence molecule being used, moving in vivo brings many different 

challenges with the increased complexity of the system being imaged. Optical imaging in 

vivo has been performed using visible range emitting fluorophores; however, the major 

chromophores of tissue, hemoglobin and water, have high absorption in the visible range. 

The near infrared (NIR) imaging window provides a range of wavelengths where 

hemoglobin and water both have local minima in absorption, allowing for deeper 

penetration of light. Also, much less autofluorescence from endogenous fluorophores 

occurs in these wavelengths. There are few organic fluorophores available that have 

bright emittance in these wavelengths, promoting the search for NIR fluorophores that 
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have high quantum yield. Quantum dots have been widely investigated for their use in 

vivo due to the ability to tune their emission wavelengths throughout the NIR imaging 

window, as well as the ability to excite them over a wide range of wavelengths allowing 

for the avoidance of exciting endogenous fluorophores. High photostability and high 

quantum yield have also contributed to the use of quantum dots as NIR fluorophores in 

vivo, mostly applied to the imaging of lymph nodes, vasculature, and tumors. 

 Sentinel lymph node (SNL) mapping is a necessary step in determining the status 

of the first node of the lymphatic basin of a primary tumor, reflecting prognosis and 

likelihood of tumor recurrence.243, 244 Current techniques for determining SNL utilize a 

blue dye245 such as isosulfan blue, or radiolabeled dyes246. The ability to synthesize 

quantum dots in the NIR, as well as the ability to adjust the size of quantum dots, allow 

for a favorable alternative to current methods. The earliest studies showed that quantum 

dots co-localized with isosulfan blue in axillary lymph nodes, demonstrating the potential 

of quantum dots in this application.247 Soltesz and colleagues then demonstrated the 

ability to quickly map SNL less than 5cm from the surface in pig thighs only 5 minutes 

after injection248, and later in the gastrointestinal tract249. This deeper imaging requires 

the opening of the abdominal cavity. Less depth was achieved for intact skin, >1cm, by 

Tanaka et al. for melanoma in Sinclair swine.250 While size of the nanoparticle has been 

shown to affect lymph node uptake251, 252, Ballou and colleagues demonstrated that the 

surface coating of the quantum dots used for SNL mapping likely does not impact the 

retention of the particles in the lymphatic system.253 Another unique application of 

quantum dots for this purpose is the ability to perform multispectral imaging of different 

lymph node basins, as shown by Kobayashi and colleagues.254 While the benefits of 
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quantum dots in this application are staggering, toxicity of quantum dot materials remain 

a concern. Many groups are studying the synthesis of quantum dots without the use of 

heavy metals, and Pons and colleagues demonstrated the use of a cadmium free quantum 

dots in SNL mapping.255 Also, Soltesz and colleagues demonstrated that very low 

concentrations of these quantum dots can be used for SNL mapping, potentially reducing 

toxicity.248 

 Quantum dots have been used to image the vasculature of both normal and 

diseased states of various tissues. Larson and colleagues demonstrated the used of 

quantum dots in imaging skin capillaries through intact skin using multiphoton 

microscopy.256 Another group showed that quantum dots can be used to visualize 

embryonic vasculature for studying blood vessel development.257 Lim and colleagues 

used quantum dots for imaging of coronary arteries, with potential to be used in 

fluorescence guided surgery.258 For diseased tissue, tumor vasculature is most often the 

target. Several methods of peptide targeted labeling of tumor vascular have been 

demonstrated, most notably by Ackerman and colleagues using a vascular specific 

peptide (F3) coating on the quantum dot surface259, as well as Cai and colleagues using 

RGD peptides to target integrin ανβ3-postive tumor vasculature51.  Unlike with the 

lymphatic system, the surface chemistry plays a large role in the biodistribution seen with 

quantum dots after intravascular injection. Opsonization and subsequent capture by 

macrophages in the reticuloendothelial system organs seems to be the main contributor of 

quantum dot removal from circulation.260, 261 Thus, surface chemistry that avoids or 

reduces opsonization, such as coating with large PEG chains, increases circulation 

time.260, 262, 263 As with lymphatic imaging, toxicity of the quantum dots retained in the 
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body after injection are a concern. While some particles have been found in the liver up 

to 2 years post injection264, Vibin and colleagues recently demonstrated that their silica-

coated CdSe quantum dots were almost completely removed from the body through renal 

and hepatobiliary excretion after only 5 days265. 

  One of the most active areas of research using quantum dots is as contrast agents 

for tumor identification, viewing tumor margins for surgical removal, and theranostics. 

Quantum dots have mostly been used in imaging of tumors through the enhanced 

permeation and retention (EPR) effect seen in solid tumors, where leaky blood vessels 

and reduced lymphatic drainage cause an accumulation of the nanoparticle in the 

tumor.266, 267 This effect can allow for the non-specific accumulation of quantum dots in 

tumors as demonstrated by several groups.53, 205, 268, 269 It can also allow for the delivery 

of quantum dots targeted to cancer specific biomarkers. After the quantum dots reach the 

tumor through vascular delivery, they can then move through the solid tumor and reach 

their targets. Gao and colleagues first demonstrated the ability to target cancer specific 

biomarkers with quantum dots in vivo using a xenograft model for prostate cancer, 

generating contrast between diseased and undiseased tissue based on molecular 

differences.205, 270 Since then, several groups have demonstrated the ability to provide 

contrast between diseased and undiseased tissue using a variety of molecular targets 

attached to NIR quantum dots through a variety of mechanisms.51, 54, 57, 259, 271-275 All of 

these mechanisms rely on the use of xenograft tumors, which allow for the placement of 

tumors in a location convenient to optical imaging, as well as selection of tumor cells 

which express the targeted receptors. This method has little relevance to cancer imaging 

in vivo. Also, the imaging techniques used to visualize the tumors have limited 
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application in their ability to visualize tumors in situ due to the reduced depth of 

penetration. Two groups, including the author of the dissertation, have recently reported 

the use of quantum dots with an azoxymethane model of colorectal cancer in mice, which 

has been shown to be pathologically similar to spontaneous colorectal cancer 

development in humans, to study colorectal cancer in vivo and in.58, 276 The application of 

the contrast agent used a topical method, avoiding loading potentially toxic nanoparticles 

into the vasculature, for in vivo labeling and then subsequent ex vivo imaging. Our group 

demonstrated the ability to also image the tissue using a microendoscope for dual-

modality imaging of mouse colons, demonstrating the potential for imaging of cancer in 

vivo using optical imaging and quantum dots targeted to tumors. Both groups 

demonstrate a clinically relevant method for studying cancer development using targeted 

quantum dots, potentially improving detection and providing a route for in vivo diagnosis 

and treatment monitoring. Lastly, with improved targeting of quantum dots to diseased 

regions, quantum dots can begin to be utilized in combined diagnosis and therapeutics, or 

theranostics. Weng and colleagues demonstrated the ability to combine visualization and 

therapeutics by loading tumor targeted immunoliposomes with both quantum dots for 

visualization and doxorubicin as a therapeutic.277 Other groups are investigating the use 

of quantum dots as photosensitizers in photodynamic therapy in tumors278-280, offering 

another application for quantum dots in cancer theranostics.  

 

1.3 Dissertation Format 

 This dissertation explores the success and challenges of the use of quantum dots 

targeted to VEGFR2 for molecular imaging of colorectal cancer, with experimentation to 
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confirm contrast agent formation, and then use of the contrast agents to label colon 

cancer in vivo and image both ex vivo and in vivo. This dissertation is presented in the 

form of three scientific papers, each provided as Appendices A, B, and C. The major 

findings of each paper are presented in the following chapter, then followed by a section 

discussing the future outlook of this research. The contributions of the author to each 

paper are described below: 

 

Appendix A: “Quantum dots targeted to vascular endothelial growth factor 

receptor 2 as a contrast agent for the detection of colorectal cancer” – This paper was 

published in the Journal of Biomedical Optics. The author of this dissertation was 

responsible for design of the contrast agent, contrast agent preparation, cell culture, 

preparation of the mouse model, experimentation and imaging, analysis of the results, 

interpretation of the results and writing of the manuscript. The co-authors assisted with 

study design, interpretation of the results and editing of the manuscript. 

 

Appendix B: “In vivo molecular imaging of colorectal cancer using quantum dots 

targeted to VEGFR2 and OCT/LIF dual-modality imaging” – This paper has been 

submitted to the Journal of Biomedical Optics. The author of this dissertation was 

responsible for mouse model preparation, contrast agent preparation, imaging, data 

analysis, interpretation of the results and writing of the manuscript. The co-authors 

assisted study design, image analysis, interpretation of the results and editing of the 

manuscript. 
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Appendix C: “Lead sulfide quantum dots targeted to VEGFR2 for NIR fluorescence 

imaging of cancer” – This paper is in preparation for submission to the UA Campus 

Repository. The author of this dissertation was responsible for the synthesis and 

characterization of the quantum dots, bioconjugation of the contrast agent, 

experimentation and imaging, interpretation of the results, and writing the manuscript. 

The co-authors assisted with study design, interpretation of results and editing of the 

manuscript. 

2. PRESENT STUDY 

 

The methods, results and discussions of this study are provided in three papers appended 

to this dissertation. The following summary includes the most important findings of each 

paper. 

 

2.1 Appendix A: Quantum dots targeted to vascular endothelial growth factor 

receptor 2 as a contrast agent for the detection of colorectal cancer 

 In this study, bioconjugation of the quantum dots (QDot655 with Streptavidin) to 

anti-VEGFR2 primary antibodies was first tested and confirmed by labeling VEGFR2 + 

(OVCAR3) cells and VEGFRF2 – (HT-29) cells. Control contrast agents included a 

positive control of standard IHC using the anti-VEGFR2 primary antibody with a 

secondary antibody containing Cy5.5, and negative controls of the QDot655 conjugated 

to IgG isotype control antibodies, QDot655 alone, and buffer alone. Cell labeling with 

these contrast agents demonstrated that the QD655-VEGFR2 contrast agent labeled 

VEGFR2 expressing cells with specificity, comparable to the positive control, and the 

negative controls did not label VEGF2 expressing cells with specificity. 
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 The QD655-VEGFR2 and QD655-IC contrast agents were used to label colorectal 

cancer lesions in a mouse model. The contrast agents were applied in vivo to the colon of 

the carcinogen azoxymethane (AOM) treated or control 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. Qualitatively, in the colons labeled 

with QD655-VEGFR2, diseased regions were visibly fluorescent, unlike the undiseased 

tissue, compared to the colons labeled with QD655-IC, where neither the diseased 

regions nor the undiseased regions were visible fluorescent. Quantitatively, by measuring 

the average fluorescence intensity of diseased and undiseased regions of the colon and 

using IHC for VEGFR2 expression as the gold diagnostic standard, it was determined 

that the QD655-VEGFR2 contrast agent was able to target and label VEGFR2 expressing 

diseased regions of the colon with 85.7% sensitivity and 91.3% specificity. This QD655-

VEGFR2 contrast agent also demonstrated great promise for use in vivo with a dual-

modality OCT/LIF imaging system, as using this system ex vivo showed fluorescence 

signal in a diseased region of the colon and not from the undiseased regions.  

 

2.2 Appendix B: In vivo molecular imaging of colorectal cancer using quantum dots 

targeted to VEGFR2 and OCT/LIF dual-modality imaging 

 Due to the success of the QD655-VEGFR2 contrast agent in targeting VEGFR2 

expressing diseased tissue in vivo as demonstrated in the previous paper, QD655-

VEGFR2 was used in a longitudinal in vivo imaging study to investigate the ability to 

correlate fluorescence signal to tumor development over time. QD655-VEGFR2 was 

applied to the colon of AOM or saline treated mice in vivo via lavage. OCT/LIF images 
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of the distal colon were taken at five consecutive time points 3, 6, 9, 12 and 15 weeks 

after the final AOM injection.  

 The OCT images were graded and used to form tumor maps for comparison to the 

fluorescence intensity maps generated from the LIF data. These fluorescence intensity 

maps were created by applying non-linear least squares curve fitting to the original 

spectra collected by the imaging system for separation of the QDot655 signal. The OCT 

tumor maps were used to create masks for measuring the average fluorescence intensity 

for each diseased region and the surrounding undiseased tissue.  

 The average fluorescence intensity of diseased tissue labeled with QD655-

VEGFR2 was higher than that of the surrounding undiseased tissue by a factor of 3.2 and 

the diseased tissue from QD655-IC labeled diseased regions by a factor of 4.8, however 

large variation in the signals caused no statistical significance to be found between these 

groups. The average fluorescence intensity of the QD655-VEGFR2 labeled diseased 

tissue was significantly larger than the saline labeled diseased regions. Also, there was 

low diagnostic value in the QD655-VEGFR2 contrast agent, with a typical sensitivity 

being 40% and specificity being 80-85%. The data suggests that although the trends 

suggest proper targeting of the VEGFR2 expressing diseased tissue but QD655-

VEGFR2, the large accumulation of unbound contrast agent in the colons causes large 

variation in signals and strong signal in undiseased tissue, preventing significance and 

diagnostic capabilities. For this reason, future studies will need to focus on methods of 

reduction of the non-specific accumulation of the contrast agent in the colon.   
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2.3 Appendix C: Lead sulfide quantum dots targeted to VEGFR2 for NIR 

fluorescence imaging of cancer 

Contrast agents emitting in the near infrared (NIR) allow for an increased depth of 

penetration in tissue due to decreased absorption and scattering. There is also 

significantly less autofluorescence from tissue in the NIR. For these reasons, NIR 

contrast agents are ideal for in vivo fluorescence imaging of cancer. While the QDot655 

used in the previous studies is on the cusp of the NIR imaging window, it doesn’t reach 

the full potential of NIR fluorescence. In this study, PbS quantum dots with a central 

wavelength of 940 nm were synthesized as described by a Deng and colleagues (DENG 

2009). Characterization of the synthesized quantum dots showed that the fluorescence 

absorption and emission spectra, as well as the size of the nanoparticles, matched those 

synthesized by Deng, et al. There was a discrepancy in the reported quantum yield (QY) 

of 10%, as ours was likely several magnitudes less than this after comparison to QDot655 

at 38% QY.  

The PbS quantum dots were then reacted with streptavidin and bioconjugated to 

biotinylated anti-VEGFR2 primary antibodies and IgG isotype control antibodies. The 

resulting QD940-VEGFR2 and QD940-IC were used to label VEGFR2 + (OVCAR3) 

cells and VEGFRF2 – (HT-29) cells. Although the fluorescence signals were low, the 

signal from QD940-VEGFR2 labeled OVCAR3 cells was stronger than the QD940-

VEGFR2 labeled HT-29 cells and all cells labeled with the QD940-IC. This indicates 

proper targeting of the contrast agent to VEGFR2 in the cells. The low signals prompted 

investigations into the QD940 fluorescence, and it was found that after conjugation to 

streptavidin, the QD940 lose their ability to fluorescence and are significantly 
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aggregated. Instability of the capping ligand, as well as the low initial quantum yield, 

likely combine to cause this loss of fluorescence and aggregation. Also, we were unable 

to repeat any positive cell labeling with the QD940-VEGFR2. For these reasons, we do 

not believe this contrast agent is useful in biological imaging applications, and changes to 

synthesis, capping, and conjugation should be made to the contrast agent for improved 

stability. 

 

2.4 Conclusions 

 The dual-modality OCT/LIF microendoscope provides a rare opportunity to study 

the changing molecular expression of cancer in vivo as it develops. In combination with 

the author’s QD655-VEGFR2 contrast agent, this system can provide many answers to 

questions surrounding the cancer microenvironment. QD655-VEGFR2 can properly 

target VEGFR2 expressing tumors in vivo, but improvements to flushing of the unbound 

contrast agent from the colon must be made before in vivo imaging can be achieved; 

however, there is great promise QD655-VEGFR2’s use for in vivo imaging. Once proper 

flushing has been achieved, studies on early cancer detection through changing 

biomolecules can be performed. Also, due to the unique properties of quantum dots, 

studies using multi-color/multi-target contrast agents can be used to detect several 

biomolecules simultaneously, using the OCT/LIF system with the non-linear least 

squares curve fitting for signal separation demonstrated in section 2.2.  

 While the PbS quantum dots used in the last study did not have the stability or 

quantum yield necessary for use in our in vivo imaging applications, many options for 

quantum dot synthesis, capping/stabilizing, and bioconjugation have been demonstrated 
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in the literature. Efforts in this area will likely soon yield a commercially available option 

that will be useful for the OCT/LIF imaging system. In total, the fluorescence properties 

of quantum dots remain unsurpassed by other fluorescent nanoparticles and organic 

fluorophores. While we have demonstrated many challenges that arise when working 

with quantum dots in vivo, as the field progresses, solutions to these challenges will 

likely allow for great success in the use of quantum dots as fluorophores in the molecular 

imaging of cancer in vivo. 
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3. FUTURE OUTLOOK 

 

3.1 Improvements to the present study 

While the QD655-VEGFR2 contrast agent demonstrated effective targeting of 

diseased tissue in colons, challenges in removing unbound contrast agent from the colon 

before imaging caused difficulty for in vivo imaging using the OCT/LIF microendoscope. 

In the study, it was demonstrated that the unbound contrast agent is remaining in the 

colon due to insufficient flushing of the contrast agent after labeling. The labeling is 

performed via lavage, a technique that fills the colon with contrast agent allowing for 

surface contact between the contrast agent and the mucosa of the colon. In doing this, 

contrast agent can be pushed very far into the proximal intestines, making it difficult to 

rinse the contrast agent out after labeling is complete. Also, the rinsing procedure simply 

sprays warm saline into the colon and relies on gravity for the liquid to drain from the 

colon. The process can also push the contrast agent into the colon further, and then it 

slowly drains back down over time. I recommend that this issue is the first item addressed 

before moving forward with any other studies using quantum dot based contrast agents in 

vivo with the OCT/LIF imaging system.  

One technique that could be investigated would involve blocking the proximal 

colon to prevent contrast agent and flush from moving into the proximal colon. This 

could potentially be performed using a small inflatable balloon catheter that is placed 

~35mm into the colon and inflated. Then the contrast agent could be constrained to the 

distal colon, and flushing would not simply push the contrast agent up into the colon. 

This could also allow for slightly more vigorous flushing of the colon. Also, during the 
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final imaging time point, I used a technique for removing excess fluid from the colon, 

where the rubber tipped syringe used for flushing the colon was placed into the colon and 

then drawn back slowly while applying gentle suction. I noticed considerably less fluid in 

the colon during imaging, and the fluorescence distribution along the length of the colon 

(Figure B.6) suggests that the unbound fluorescence in the proximal colon was less in this 

time point. It could also be beneficial to investigate the construction of a system that 

suctions the fluid from the colon during spraying of flush, to immediately remove the 

excess fluid, which is similar to how a dentist rinses the mouth. Together, these 

techniques may reduce the increased contrast agent accumulation in the proximal colon 

that was found in the study. 

Beyond flushing, two other techniques could be employed to prevent non-specific 

interactions between the contrast agent and tissue. First, I believe that reducing the time 

of incubation for the contrast agent in the colon will reduce the non-specific interactions 

between the contrast agent and mucosa. Prolonged time in the colon allows for the 

mucous that was initially removed to be secreted again, which could potentially trap 

contrast agent in the mucosa. Because the study using in vivo labeling with ex vivo 

imaging allowed for visualization of the contrast agent properly targeted to diseased 

tissue, a study using this same technique but with varying incubation times could allow 

for the determination of an incubation time that still produces high diagnostic value, but 

with reduced time required for proper labeling. Second, and likely most importantly, the 

conjugation method used to link the quantum dots to the primary antibodies should be 

changed to avoid the use of streptavidin/biotin molecules. Because there is an abundant 

supply of biotin in tissue in vivo, and streptavidin has multiple free biotin binding sites 
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remaining after conjugation, there will be interactions between the contrast agent’s 

streptavidin and the tissue’s biotin, which would be non-specific to the antibodies’ 

interaction with the targeted receptor. This non-specific interaction will cause increased 

fluorescence signal in the undiseased tissue, reducing the specificity of the contrast agent. 

The bioconjugation should be performed by direct conjugation between the quantum dot 

capping ligand and available functional groups on the antibodies. The QDot655 capping 

ligand has carboxylic acid functional groups exposed on the surface that can be 

covalently reacted with the thiol functional groups found on antibodies. Through these 

modifications, in conjunction with improved flushing of unbound contrast agent, the non-

specific interaction of the contrast agent with the undiseased tissue can be reduced, to 

provide improved specificity of the contrast agent, and thus allowing for its use in studies 

on molecular changes during cancer development as we have previously demonstrated 

sensitivity to the target. 

While it would be desirable to move towards using quantum dots that have a 

central emission wavelength further into the NIR wavelengths, I believe that it is best to 

use commercially available quantum dots for these studies. The proper synthesis, 

capping, phase-transfer, stabilization, and conjugation of quantum dots, while 

maintaining a high quantum yield, is a highly challenging field where experts have 

struggled for years to achieve positive results in all of these areas simultaneously. Also, I 

do not believe it is necessary due to our ability to isolate the quantum dot signal from 

tissue autofluorescence using fluorescence spectroscopy and non-linear least squares 

curve fitting, and the targeting of biomolecules at the surface of the cells and tumors 

reducing the need for increased light penetration into the tissue. Invitrogen has Qdot705 
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and Qdot800, which could increase our reach into the NIR, without the need for in house 

synthesis of an NIR quantum dot. I suggest the use of these quantum dots in future 

studies, instead of focusing on synthesizing an NIR quantum dot in house, which then 

must undergo several studies on cell labeling and tissue labeling that we have already 

achieved with the QD655-VEGFR2 contrast agent.   

 

3.2 Future directions of the present study 

 With improvement to the current contrast agent and labeling techniques discussed 

in the previous section, I believe studies on colorectal cancer using our imaging 

techniques and contrast agent should proceed in two steps: first, studying the use of 

molecular imaging to visualize early changes to tissue indicative of future tumor 

development, and then studying the use of multiple contrasts agents simultaneously for 

improved early detection. These studies could also be used to demonstrate a tumor’s 

molecular expression profile for determining a treatment plan, which can be impacted by 

molecular expression of a tumor, and monitoring response to the treatment. First, 

multiple contrast agents could be used individually to determine targets that have changes 

in expression in diseased states, and early in the lesion development. Then, with our 

fluorescence spectrometric imaging and non-linear least squares curve fitting, multiple 

quantum dots could be detected and separated into individual signals, allowing for 

imaging of multiple targets simultaneously. While individual targets could have early 

expression changes before disease progression, it is likely that combining visualization of 

multiple targets will provide even more information on early changes that can indicate 

future tumor development. This would be extremely valuable for future clinical 



58 
 

applications of the contrast agent and imaging system, where a patient’s tissue can be 

monitored for changes in molecular expression as early indication of disease, and a 

lesion’s molecular expression profile could be obtained in one imaging session, followed 

by rapid diagnosis and treatment plan formation. 

 In the first study, a longitudinal study using a few different contrast agents with 

QDot655 targeted to a different ligands that have demonstrated changes in molecular 

expression in colorectal cancer lesions, should be performed. Recently, Dr. Leung 

published a study using the OCT/LIF imaging system to study several different target 

ligand expressions over time. Of these targets, epithelial growth factor receptor (EGFR), 

transferrin receptor (TfR), and transforming growth factor beta 1 (TGFβ1) all 

demonstrated correlation between the LIF and OCT images, suggesting a detectable 

increase in expression in diseased tissue compared to undiseased tissue, and TfR 

demonstrated signal in early time points that correlated with tumors in later time points.60 

I would recommend starting with these targets, as well as VEGFR2, with each covalently 

conjugated to the Qdot655 quantum dots. The images collected would be analyzed for 

diagnostic value first in all time points, which can indicate at what time point the 

expression difference between diseased and undiseased tissue is great enough for 

diagnostic accuracy, as performed in the OCT/LIF imaging study. Then, they should be 

analyzed for predictive value in tumor development, where it is determined if regions in 

early time points that have a fluorescence signal above a threshold are in the same 

location of a tumor that develops in a later time point. Varying thresholds will need to be 

utilized to determine an ideal threshold for diagnostic accuracy in each time point and 

then in the tumor prediction capability. 
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 After determining which targets have useful changes in molecular expression 

between diseased and undiseased tissue, the targeted ligands could be conjugated to 

different quantum dots with different central emission wavelengths. I recommend the use 

of QDot605, Qdot705, and Qdot800 for these studies. The resulting contrast agents could 

be applied to the colons simultaneously, or sequentially, and then imaged simultaneously 

using the He:Cd laser at 442 nm and using a band pass filter covering 550-850 nm. Then 

using the non-linear least squares curve fitting used with OCT/LIF study data analysis, 

each quantum dot signal could be isolated. Different combinations of the signals could 

then be analyzed for diagnostic accuracy in each time point to determine the combination 

of biomarkers that allows for the earliest prediction of tumor development. This 

multispectral imaging is a highly valuable opportunity unique to quantum dots, and has 

the greatest opportunity to transform in vivo molecular imaging of cancer. 

  

3.3 Movement towards clinical application 

 In order to begin the transition from pre-clinical animal studies, to use in the 

human clinic, several areas will need to be addressed. While I believe that quantum dots 

targeted to cancer specific biomolecules have, and will continue to have, many uses in 

animal studies, I believe the movement into humans is going to be long and difficult. For 

this reason, I believe that our research group should focus on the use of quantum dots in 

studying cancer development in animal models; however there are two studies that I 

believe will be valuable for confirmation of safety in both animal and human use. The 

first studies will need to address biodistribution of the contrast agent in organs and tissue 

post labeling, and the toxicity effects on these tissues. If it is shown that these contrast 
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agents can be cleared form the body without any toxic effects, the next studies will need 

to address immunological responses to repeated exposure to the contrast agents, which 

will likely involve moving away from using whole antibodies as targeting ligands. Lastly, 

in order to consider clinical use, the practicalities of labeling the larger human colons will 

need to be addressed, including scale up of the volume used, adjusting concentration of 

the contrast agent and incubation time, and how prolonged lavage will be achieved.  

 Several groups have performed studies on the biodistribution of quantum dots 

after intravenous injections, demonstrating renal clearance, with accumulation in the 

bladder, as well as opsonization and uptake by the reticuloendothelial system organs 

including liver and spleen.262, 264 Quantum dots have been detected in these organs two 

years after injection, which causes prolonged exposure of tissue to the toxic elements 

found in these nanoparticles. While some non-toxic quantum dots have been 

synthesized192, 193, and some groups have demonstrated that quantum dots do not cause 

any toxic effects190, 191, the reduction of accumulation and persistence in the body will 

need to be achieved before in-human use will be achieved. In our applications in the 

colon, the topical application of the quantum dots will greatly reduce the exposure of 

other tissues to the quantum dots due to their inability to diffuse through the mucosa 

during the relatively short lavage time. Also, we have been able to achieve positive 

labeling at lower concentrations than are used in the intravenous applications, reducing 

the amount of quantum dots the body is exposed to. Our group should perform studies on 

the biodistribution in mice after our lavage labeling technique is performed, preferably 

over several time points spanning at least 6 months. I believe that our application will 

have insignificant accumulation of quantum dots in all organs and tissue, including the 
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colon, making it more suitable in human applications than other quantum dot based 

contrast agents.  

 The body’s response to foreign objects is a major challenge for many areas of 

medicine. While it has been shown that quantum dots do not elicit adverse 

immunological responses from tissue, the targeting ligands that are attached to them can. 

In our studies we use whole antibodies for targeting ligands, which are produced in 

animals. The immune system will respond to antibodies that are from other species, so 

some have worked to humanize these antibodies by replacing the species specific regions 

with human sequences, or use whole human antibodies, to reduce to immunogenicity of 

these antibodies.281 This could be a potential solution to our contrast agent for future 

clinical applications, or could be used to choose antibodies for our animal studies, 

making sure the species match is present between the model and the antibody being used. 

Another potential solution is to move away from using whole antibodies and pursue some 

of the fragmented antibody options, such as Affibodies, Fab fragments, and single-chain 

fragment variables as described in section 1.1.3 of this dissertation. For the animal 

studies, while we did not notice any adverse effects of the contrast agent after multiple 

exposures, and we did use a mouse antibody in mice, it should still be investigated for 

future work in animals in longitudinal studies to avoid any confounding data caused by 

immunogenic reactions with the contrast agent.  

 Many practical challenges also arise when considering the movement from mouse 

studies to human studies, including the increased volume, and possibly concentration, 

that will be required to fill the colon, the increase in time of a colonoscopy that will be 

needed for incubation, and how exactly the entire mucosa will maintain contact with 
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contrast agent for the period of time needed for proper labeling. Achieving the volume 

necessary for human use will be a challenge for both the quantum dot synthesis, and also 

for conjugation to targeting ligand, but could likely be achieved; however, I believe 

overcoming the cost of the contrast agent will be a large hurdle for justifying its use in 

every patient. At the current cost of our QD655-VEGFR2 contrast agent, approximately 

$46 per 150 µL, and using the same lavage by filling technique, labeling one human 

colon with ~ 7 L of contrast agent would cost roughly 2 million dollars. While this cost 

would be greatly reduced without the use of streptavidin/biotin in the conjugation, using 

smaller ligands than whole antibodies, and mostly through price reduction due to large 

scale production, the cost will still likely be prohibitive to standard use of these contrast 

agents in colonoscopy. If successful, they would likely be limited to high risk patients for 

monitoring purposes, and patients with previously detected polyps for diagnostics, 

treatment planning, and treatment monitoring. In the mouse studies, we fill the colon and 

plug the anus to maintain constant lavage of the mucosa for one hour. This will be 

difficult to perform in the large human colon, as very large amounts of fluid would be 

needed to fill the colon. Also, the fluid being placed in the colon could continue to move 

up into intestines, going beyond the areas examined in colonoscopy. This could not only 

waste expensive contrast agent, but could also unnecessarily expose healthy tissue to 

potentially toxic materials. This could potentially be prevented by using a balloon 

catheter to block the proximal colon as I described previously. Instead of filling the 

colon, it would likely be more advantageous for cost saving and practicality to investigate 

how a thin layer of contrast agent over the mucosa could be maintained, possibly using a 
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constant light spraying or misting of the colon or focusing on constant exposure of small 

areas that are suspicious or are polyps that need diagnoses or monitoring.  

 

3.4 Conclusions 

 While there are a few challenges that need to be overcome in order to successfully 

use quantum dot based contrast agents for colorectal cancer using our OCT/LIF imaging 

system, I believe that while they are not trivial, they are minor. We have a truly unique 

opportunity to study cancer development in situ and in vivo with the OCT/LIF 

microendocopic system in combination with the AOM mouse model. We have 

demonstrated that other organic fluorophores can also be used in this system, however 

quantum dots will provide useful properties unmatched by these organic fluorophores, 

such as resistance to photobleaching, high quantum yields, and the ability to excite 

multiple quantum dots (each with a different emission) with one source. Because of this, I 

recommend that effort to improve the present study with the QD655-VEGFR2 contrast 

agent be the first priority. Then, upon successful improvement, I recommend that we 

began evaluating other potential targets based on previous research in our lab and other 

clinically relevant targets. After a few targets with elevated expression in the diseased 

state have been identified, I believe a pivotal study demonstrating simultaneous targeting 

and imaging of these targeting ligands conjugated to three different quantum dots in vivo 

and in situ using the OCT/LIF dual-modality imaging system will greatly impact the field 

of in vivo molecular imaging of cancer. Beyond this, studies on bio distribution, toxicity 

and immunogenicity should be conducted to determine efficacy and safety in long term 
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imaging studies in mice, and eventually for support in moving toward clinical 

applications.  
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APPENDIX A.1 

  

Quantum dots targeted to vascular endothelial growth factor receptor 2 as a 

contrast agent for the detection of colorectal cancer 

Jordan L Carbary-Ganz, Jennifer K Barton, Urs Utzinger 

 

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 

655nm 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 significant 

increase in contrast between diseased and undiseased tissue, 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 great potential for in vivo imaging of 

the colon through endoscopy. 

 

Keywords: Quantum dots, colorectal cancer, vascular endothelial growth factor 

receptor 2, molecular imaging 
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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 (FOBT), stool DNA test (sDNA), 

flexible sigmoidoscopy, colonoscopy, double-contrast barium enema (DCBE), computed 

tomographic colonography (CTC).2 These methods have many benefits and deficits when 

compared to one another; however, they all have decreased sensitivity and specificity for 

polyps < 5mm in diameter.3-6 Also, non-polypoid 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 spontaneous carcinogenesis, or to the naturally occurring tumor 
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microenvironment.15, 16 The carcinogen azoxymethane (AOM) has been shown to cause 

the sporadic growth of colorectal tumors in the distal colon of mice, exhibiting many of 

the morphological and pathological features associated with sporadic 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-modality imaging system combining optical coherence tomography 

(OCT) and fluorescence imaging (OCT/LIF)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 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 prognosis of a patient, provide a 

route for personalized treatment, and 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 excitation wavelengths, a narrow 

emission band, high quantum efficiency, high photostablility, and they can be produced 

to emit throughout a wide range of wavelengths.21-23 Quantum dots have been used in 
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numerous studies as fluorescent markers for cancer in vitro24-29 and in vivo30-41; however, 

their use in vivo has been limited to non-targeted30-33 or xenograft labeling34-41. In order 

to obtain specificity in labeling cancerous tissue by the quantum dots, a targeting method 

must 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 angiogenesis.42-47 Currently, VEGFR2 is considered a predictor for clinical 

outcome and in some instances is used for targeted therapy with anti-angiogenic drugs.43, 

44, 48-50 For these reasons, quantum dots bioconjugated 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 655nm 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 targets VEGFR2, the QD655 -

VEGFR2 contrast agent, as well as the same quantum dots conjugated to an isotype 

control antibody (QD655-IC) and standard immunofluorescence/immunohistochemistry 

methods were compared. After the confirmation of proper VEGFR2 targeting, the 

contrast agents were applied in vivo to the colon of azoxymethane (AOM) or saline 

treated mice via lavage and allowed to incubate. The colons were then 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 
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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, NY) to 

anti-VEGFR2 primary antibodies was performed through streptavidin/biotin linking. 

Rabbit IgG isotype control antibodies (Santa Cruz Biotech, San Diego, CA) and anti-

VEGFR2 primary antibodies (Abcam, Cambridge, MA) were biotinylated using the 

DSB-X Biotin Protein Labeling Kit (Invitrogen, Grand Island, NY). The antibodies were 

the mixed with the Qdot655 Streptavidin conjugates at a 2:1 ratio and incubated at room 

temperature for 1.5 hours. 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 

22mm 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 non-specific binding using 10% goat serum before the 

application of antibodies. Cells were either labeled with QD655-VEGFR2 (1µg/ml), 

QD655-IC (1µg/ml), QDot655 Streptavidin alone (2µg/ml), anti-VEGFR2 primary 

antibodies (1µg/ml), or buffer alone. For comparison, the cells labeled with anti-
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VEGFR2 primary antibodies alone were then 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 azoxymethane (AOM) in A/J mice. 13 A/J mice were used in this study, 

divided into 2 treatment groups. The experimental group had 7 mice treated with AOM 

(Sigma-Aldrich Chemicals, St. Louis, MO) (AOM group) and the control group had 6 

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 administered subcutaneously once a week for 

five 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 hours before imaging and 

were anesthetized using Ketamine (0.33mg/ml, 100mg/kg) and Xylazine (0.033mg/ml, 

10mg/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 removing 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 

minutes before flushing the colon with warm saline. After the n-acetylcystine was fully 
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flushed, the contrast agent was also applied via lavage and allowed to incubate for 1 hour. 

The mice were labeled with either QD655-VEGFR2 (15µg/ml) (3 AOM mice and 3 

Control mice), QD655-IC (15µg/ml) (3 AOM mice and 3 Control mice), or Saline (1 

AOM mouse). After the incubation time, the colon was rinsed thoroughly with warm 

saline. The mice were then euthanized using CO2. The distal 30mm of the colons were 

then explanted, sliced longitudinally and opened for en face imaging of the lumen. The 

colons were first photographed using a standard digital camera. Then, fluorescence 

imaging was performed using an MVX10 microscope with a xenon light source 

(Olympus, Tokyo, Japan) and an ImageX Nano camera (Photonic Research Systems, 

Manchester, United Kingdom). The Qdot655 emission was collected using a 440/90 nm 

band pass filter (Semrock, Rochester, NY) for excitation, a 495 nm Brightline® dichroic 

beamsplitter (Semrock, Rochester, NY), and 610 nm long pass filter (Chroma, Bellows 

Falls, VT) for emission. Images were taken using a 0.63 magnification and an integration 

time of 0.6 seconds. 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 intensity of the fluorescence signal coming from 

the diseased and undiseased regions of the colon was measured. This was performed 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 thickness, color and protrusion from 
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the undiseased tissue, and were confirmed by examining histology. Similarly, 2 

undiseased regions per image (8 per colon) were identified. The average signal intensity 

for each ROI was then 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 average of the measured signals. Then, 

the average of all of the diseased 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 tissue 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 signal 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 

negatively labeled for VEGFR2. 

 

2.6 Immunohistochemistry 

Immunohistochemistry (IHC) was performed using the same anti-VEGFR2 

primary antibody with a goat anti-rabbit secondary biotinylated for DAB conjugation 

through streptavidin. The colons were fixed in 2% formalin and the embedded in paraffin 

wax after fluorescence imaging was performed. Colon cross-sections were cut at 6µm 

thicknesses. The sections were deparrifinized and rehydrated before labeling. Antigen 

retrieval was performed using a 10mM sodium citrate buffer at 95ºC. After antigen 
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retrieval, the tissues were washed and incubated in goat serum for blocking against non-

specific binding. The tissues were washed and then the primary anti-VEGFR2 (2µg/ml) 

was applied to the tissue for 1 hour at 37ºC. Endogenous peroxidase was blocked for 

using 3%H2O2 in water before the secondary antibody was applied. The secondary goat 

anti-rabbit IgG biotinylated antibody (1:500) (Vector Labs, Burlingame, CA) was applied 

to the tissue for 1 hour at room temperature. Sections were then incubated with 

streptavidin-HRP (Dako, Carpentaria, CA) and then visualized (brown chromophore) 

using 3,3-diaminobenzidine (DAB) (Dako, Carpentaria, CA). A counter stain was 

performed using 1% methyl green. All washes were performed using 1X PBS. 

 

3. RESULTS/DISCUSSION 

3.1 Bioconjugation and Cell Labeling 

Results of the cell labeling with the QD655-VEGFR2 and QD655-IC contrast 

agents are shown in Figure 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 Streptavidin to indicate the tendency 

of the quantum dots to stick to the cells when labeling with QD655-IC. Some signal is 

visible 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 specific from non-specific 

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. 
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Similar to OVCAR3 cells, HT-29 cells labeled with QD655-IC or buffer showed no 

signal. Overall, the results of this study indicate that the QD655-VEGFR2 contrast agent 

was successfully conjugated 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.  

 

 

 

Figure 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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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 (Figure 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 detectable 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 originating 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, 43, 45, 46, 52 and in our 

own histological evaluation of the colons as demonstrated in Figure 3. This visual 
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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.  

 

 

 

Figure 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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Figure 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 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 fluorescence 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.   
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In order to provide quantitative evidence for the proper targeting of QD655-

VEGFR2 to colorectal cancer lesions expressing VEGFR2, evaluation of the average 

intensity of the diseased and undiseased regions of the colons was performed (Figure 4). 

Evaluation of 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 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 undiseased regions. This result indicates that 

the diseased regions 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 

expression of VEGFR2 within and between tumors and mice.  
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Figure 4: Fluorescence intensity measurements were taken of each diseased region and 8 

undiseased regions for each colon. All diseased 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 tissues regions for all contrast agent/treatment 

group combinations. **** p < 0.00001, ** p > 0.005 
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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 

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 AOM mice plus 

the average of their standard deviations. Anything above this cutoff was considered 

positive and anything below was considered negative. Immunohistochemical evaluation 

provided the gold standard for evaluating the performance of the contrast agent at 

identifying VEGFR2 expression status. Immunostained sections were used to determine 

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 expression as determined by the fluorescence signal and the 

immunohistochemical signal were then used to indicate true and false signals for 

sensitivity and specificity calculations (Figure 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, indicating that there exists some non-specific signal 

from diseased regions, but none in the undiseased regions.  
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Figure 5: VEGFR2 expression in diseased and undiseased regions for all mice labeled 

with a) QD655-VEGFR2 or b) QD655-IC evaluated by fluorescence intensity threshold 

and gold standard histology. 
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It is notable that for the QD55-VEGFR2, all false negative values came from one 

mouse. This mouse had fluorescence signal values that were lower than other mice in the 

group, and the mouse colon contained a very large number of tumors. The contrast 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 hours 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 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 

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 the 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 

spontaneous colorectal cancer tumors using fluorescent contrast agents has been a 
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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 lab has designed 

and studied the use of an optical coherence tomography/laser induced fluorescence 

(OCT/LIF) dual-modality imaging system for detecting 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 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 development. As we have now shown that the QD655-

VEGFR2 contrast agent can be applied via lavage to the colon of mice and appropriately 

target VEGFR2 in diseased regions of the colon, this contrast agent can be used in studies 

of tumor development utilizing 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 adenoma in an AOM treated mouse colon and simultaneously 

provide a fluorescence intensity map of the QD655-VEGFR2 labeled adenoma (Figure 

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 
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OCT/LIF dual modality imaging system, has great potential for studying the development 

and molecular expression of colorectal cancer in vivo. 

 

 

 

Figure 6: a) Colon from an AOM mouse labeled with QD655-VEGFR2 in vivo and 

imaged ex vivo using the OCT/LIF dual modality imaging system. The OCT image is on 

top, followed by the fluorescence intensity map (600-70nm) on bottom. The box indicates 

an adenoma. Fluorescent signal in the LIF map corresponds to the location of the 

adenoma in the OCT image, with undiseased tissue showing markedly less signal. b) 

Gross image of the colon with the adenoma. The dotted line indicates the slice location of 

the OCT/LIF image and the arrow points to the adenoma. 
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APPENDIX A.2: PROTOCOL FOR CONTRAST AGENT PREPARATION 

 

 

Supplies 

DSB-X Biotin Protein Labeling Kit (Invitrogen, D-20655) 

1X PBS 

1M Sodium Bicarbonate 

Anti-VEGFR2 primary antibody 

Anti-Rabbit IgG Isotype Control Antibody 

Vivaspin 2 Concentrator Columns 

Qdot655 Streptavidin Conjugates (Invitrogen) 

Anti-VEGFR2 primary antibody, biotinylated  

Rabbit IgG Isotype Control antibody 

PBS, pH 7.2 

 

1. Biotinylation of primary antibodies 

1. Preparation of 1 M Sodium Bicarbonate: 

Dissolve 8.4g of NaHCO3 in 100ml of diH2O. 

 

2. Preparation of Antibodies: 

The working volume for the reaction is 200µl. the concentration should be between 0.5-

3mg/ml. 
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VEGFR2:  Comes at 100µg in 1mg/ml. This is a volume of 100µl. We will need to 

increase the volume to 200µl. Add 100µl of the VEGFR2 antibody to 100µl 1X PBS and 

mix. This changes the concentration of antibody to 0.5mg/ml. 

 

IC: Comes at 200µg in 0.5ml. The concentration is 0.4mg/ml. The antibody should be 

concentrated to at least 0.5mg/ml. Concentrate from 500µl to 400µl. Perform this using a 

Vivaspin 2 concentrator and centrifuging at 4000xg. The timing will need to be by trial 

and error. You will only work with 200µl of this volume. Store the remainder of the 

antibody at 4ºC. 

 

3. Biotinylation of the Antibodies: 

Follow the DSB-X Biotin Protein Labeling Kit Procedure provided by Invitrogen for the 

biotinylation reaction. 

 

Store the labeled antibody at 4ºC. If the final concentration of the antibody conjugate is 

less than 1mg/ml, add bovine serum albumin at a concentration of 1-10mg/ml. The 

conjugate can be stored for several months at 4ºC but should be aliquoted and stored at -

20ºC. Avoid freeze/thaw cycles. 

 

 The VEGFR2 antibody is stored at -20ºC, and thus will automatically be aliquoted and 

stored. Make aliquots of 10µl.  

 

The IC antibody should not be frozen! Store at 4ºC. 
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2. Calculate the amount of antibodies to mix with quantum dots. 

 

After the biotinylation of the primary antibody, determine the concentration of the final 

solution using the following formula: 

 

𝑚𝑔

𝑚𝑙
𝐷𝑆𝐵𝑋 𝑏𝑖𝑜𝑡𝑖𝑛 𝑙𝑎𝑏𝑒𝑙𝑒𝑑 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 =  

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑔 𝑜𝑓 𝑝𝑟𝑜𝑡𝑒𝑖𝑛 × 0.85

𝑚𝑙 𝑖𝑛 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑖𝑜𝑛 𝑡𝑢𝑏𝑒
 

 

 

 

For the anti-VEGFR2 antibody, the initial mg of protein is 100µg. For the isotype 

control, the initial mg of protein is 200µg. Solve for these values and then record them 

below: 

                   

                         VEGFR2:   A = __________ mg/ml 

               Isotype Control:   B = __________ mg/ml 

 

Determine the molecules/ml of the VEGFR2 and IC antibodies: 

 

VEGFR2:  

         𝑨       𝑚𝑔 |   𝑚𝑜𝑙   |   6.02 × 1023 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠  |   𝑔    |   𝑘𝑔  

 𝑚𝑙        |   150𝑘𝑔   |   1 𝑚𝑜𝑙  |    1000𝑚𝑔   |    1000𝑔   
 

 

= ____________ VEGFR2 molecules/ml 

 

IC:  

 

       𝑩         𝑚𝑔 |   𝑚𝑜𝑙   |   6.02 × 1023 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠  |   𝑔    |   𝑘𝑔  

 𝑚𝑙        |   150𝑘𝑔   |   1 𝑚𝑜𝑙  |    1000𝑚𝑔   |    1000𝑔   
 

 

= ______________ IC molecules/ml 
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The Qdot655 comes at 1µM in 200µl. This represents 6.02 × 1014 Qdot molecules/ml. 

 

We will be using 10µl of Qdots for the reaction. We will need to calculate the amount of 

antibody to add to the quantum dots for the reaction to take place at 2:1, antibody to 

quantum dot. 

 

Number of Qdots in 10µl: 6.02 × 1012 molecules 

Number of Antibody molecules for 2:1 ratio (2 x Qdot molecules): 1.204 × 1013 

molecules 

 

To achieve the 2:1 ratio, calculate the amount of VEGFR2 or IC to react with the 10µl of 

Qdot: 

 

VEGFR2: 

 

____________ VEGFR2 molecules/ml x (Xml) =  1.204 × 1013 molecules 

 

X = __________ ml = _________ µl 

 

IC: 

 

____________ IC molecules/ml x (Yml) = 1.204 × 1013 molecules 

 

Y = ___________ ml = _________ µl 

 

 

3. Conjugate the Qdots and Antibodies: 

 

Label 2 microcentrifuge tubes either VEGFR2-QD655 or IC-QD655. In the VEGFR2-

QD655 tube, mix 10µl of Qdots with the volume X of VEGFR2 antibodies. In the IC-
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QD655 tube, mix 10µl of Qdots with the volume Y of IC antibodies. Mix well and allow 

to react at room temperature for 1.5 hours. 

 

Final volume of the reaction is: 

 

VEGFR2:          C = 10µl + XµL = __________ µl 

 

IC:                     D = 10µl + Yµl = ____________ µl 

 

The final concentration of antibodies in the solution: 

 

VEGFR2:    E = A mg/ml x (Xµl /Cµl) = _____________ mg/ml 

 

IC:               F = B mg/ml x (Yµl/Dµl) = _____________ mg/ml 
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APPENDIX A.3: PROTOCOL FOR CELL LABELING 

 

Preparation of Solutions for ICC 

 

2% Paraformaldehyde 

o Add 1 g of paraformaldehyde powder to 44mL if H2O in a glass jar with a stir bar 

in it. 

o Heat and stir to dissolve. 

o Add 2 M NaOH drop wise until the solution clears. 

o Add approximately 5mL if PBS (10x) to make 50mL. 

o Remove from heat and place on ice. 

Glycine Wash for quenching PFA 

 To make 500ml of 50mM glycine add the following to 400ml of diH2O 

o 3.75g of glycine 

o Add enough diH2O to make 500ml 

 Adjust pH to 7.4 

1X PBS  

 To make 400ml add 40ml of 10X PBS to 360ml of diH2O 

1X PBS with 5% BSA 

 Make 10ml by adding 0.5g of BSA to 10ml 1X PBS 

10% Goat Serum 

 To make 40ml, add 4ml of goat serum to 36ml of 1XPBS 
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ICC/IFC Protocol 

1. Cut a piece of parafilm large enough to fit the lid of a 6-well plate. 

2. Remove culture medium and add 3mL of paraformaldehyde (PFA) to each well of 

the 6-well plate for 15 minutes (after removal of culture media). 

3. Remove the PFA and discard it in the PFA waste bottle. 

4. Add 3ml of the Glycine Wash to each well and incubate at room temperature for 5 

minutes. Repeat this for a total of 3 washes. Make sure to discard the first wash in 

the PFA waste bottle. The others can be discarded into the general waste bottle. 

5. Add the 10% Goat Serum (3mL) to each well and incubate at room temperature 

for 30 minutes.  

6. Add the 1X PBS (3mL) to each well and incubate at room temperature for 3 

minutes. Repeat this for a total of 3 washes.  

7. Prepare primary antibodies in microcentrifuge tubes. Dilute to proper 

concentration using the 1X PBS/BSA. You will need ~50µl of antibody for each 

coverslip. Use 1µg/ml for primary Ab and 1:500 for secondary. 

8. Dispense 40-50µL of primary antibody into the center of each ring etched in the 

lid for each cover slip. 

9. Remove the cover slips from the wells and gently wipe the backside on a 

kimwipe. Make sure not to wipe the cell side. 

10. Place the cover slips cell side down onto the primary antibody on the parafilm 

making sure there are not any air bubbles. 
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11. Place the six well plate onto the lid to prevent evaporation and let the cover slips 

sit at room temperature for 1 hour.  

12. Carefully remove the cover slips from the parafilm and place them cell side up in 

the 6-well plate. Gently down the side of the well, put 3mL of 1X PBS solution in 

each well. Let it sit for 5 minutes. Repeat for a total of 3 washes. 

13. For the coverslips that do not require a secondary Ab, skip to step 22. 

14. Prepare the secondary antibody to a dilution of 1:500 in 1X PBS. Wrap the tubes 

in aluminum foil to prevent light damage. 

15. Cut a new piece of parafilm and place it in the lid. 

16. Dispense 40-50µL of the secondary antibody onto the center of each of the rings 

etched into the lid for each of the cover slips. 

17. Remove the cover slips from the antibody wash and gently clean the backside of 

the cover slip on a kimwipe. Do not wipe the cell side. 

18. Place the coverslips cell side down onto the antibody making sure there are no air 

bubbles 

19. Incubate at room temperature for 45 min. Place the plate over the lid and cover 

with aluminum foil to prevent evaporation and damage from light. 

20. Carefully remove the coverslips from the parafilm and place cell side up in the six 

well plate 

21. Gently place 3ml of 1X PBS into each well and let sit for 5 min. Repeat the wash 

a total of 3 times. 

22. Put one drop of Vectashield mounting media on the center of a microscope slide. 
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23. Carefully remove the coverslips from the plate and gently wipe the back of the 

coverslip with a kimwipe. 

24. Gently place the coverslip cell-side down onto the mounting media on the 

microscope slide. Allow to dry for a minute. 

25. Seal the edges of the coverslip with clear nailpolish. 

26. Let the slides air dry for 15 min at room temp in the dark. Put in the fridge at 4C 

for short term storage and in a -20C for long term storage. 
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APPENDIX A.4: MOUSE MODEL PREPARATION 

 

Safety  

1. A sign will be placed on the door, INJECTIONS IN PROGRESS DO NOT ENTER  

2. Unnecessary conversations will be kept to a minimum.  

3. Interruptions won’t be allowed.  

4. All procedures must be done in the hood, 6 in inside the lip.  

5. Head must remain outside the hood sash.  

6. Gloves and gown will be disposed of within the hood in a red bag.  

7. Sharps and red bag must remain in the hood for 1 week.  

8. Immediately on finishing, hands must be washed with soap and water.  

9. Double nitrile gloves will be worn.  

10. Any damage to the outer glove will require both gloves to be replaced immediately.  

11. Do not expel bubbles in syringe.  

12. Do not recap syringes.  

 

Procedures  

1. Gown up with lab coat, facemask, and two pairs of nitrile gloves.  

2. Lay down table cover in hood and tape down.  

3. Lay out syringes, and other materials needed for injection.  

4. Place new cage on surface in a convenient position.  

5. Place butyl glove on non- dominate hand.  

6. Weigh mouse.   
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7. In the hood, draw up AOM as in chart below, making an effort not to draw up excess 

air.  

8. Do not expel bubble from syringe.  

9. Place mouse on cage top.  

10. Hold tail of mouse with butyl gloved hand.  

11. With bevel up, insert needle behind the shoulders subcutaneously.  

12. Withdraw the plunger slightly to insure not on a blood vessel.  

13. Inject the AOM.  

14. Withdraw the needle and immediately place in the contaminated sharps without 

recapping the needle.  

15. Return the mouse to a new, clean cage.  

16. At the completion of the cage, move lid of old cage to new cage.  

17. Store used cages and all other materials in biohazard hood for 1 week.  

18. Place disposables into in red biohazard bag.  

 

This was repeated weekly for a total of 5 injections. 

Saline mice were injected in the same manner using saline in place of AOM. 
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Mouse weight (in 

g)  

AOM (mL)  

15  0.15  

16  0.16  

17  0.17  

18  0.18  

19  0.19  

20  0.20  

21  0.21  

22  0.22  

23  0.23  

24  0.24  

25  0.25  

26  0.26  

27  0.27  

28  0.28  

29  0.29  

30  0.30  
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Appendix A.5: PROTOCOL FOR MOUSE ANESTHETIZATION 

 

 

Procedures 

Mixing and Dosing:  

 

1. Put on a pair of gloves.  

2. Completely empty one bottle of saline using a syringe. This will be your new 

Ketamine/Xylazine container.  

3. Discard saline in sink.  

4. Add 1166.5 μL Ketamine 100 mg/ml stock and 583.25 μL Xylazine 20 mg/ml stock to 

vial.  

5. Add 8250.25 μL Saline to vial.  

6. Gently mix.  

7. Label bottle with the following information:  

a) 100 mg/ kg Ketamine + 10 mg/kg Xylazine  

b) Date  

c) Your initials  

8. Administer anesthetic based on mouse weight.  

 

Mouse Weight (g) Full Dose (ml) Half Dose (ml) 

12 0.10 0.05 

13 0.11 0.06 

14 0.12 0.06 

15 0.13 0.06 

16 0.14 0.07 

17 0.15 0.07 

18 0.15 0.08 

19 0.16 0.08 
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20 0.17 0.09 

21 0.18 0.09 

22 0.19 0.09 

23 0.20 0.10 

24 0.21 0.10 

25 0.22 0.11 

26 0.22 0.11 

27 0.23 0.12 

28 0.24 0.12 

29 0.25 0.12 

30 0.26 0.13 

31 0.27 0.13 

32 0.28 0.14 

33 0.28 0.14 

34 0.29 0.15 

35 0.30 0.15 

 

  

 

 

Anesthetization Procedure: 

 

1. Use anesthetic conversion chart for specific anesthetic to determine amount needed to 

appropriately anesthetize mouse based on its weight.  

2. Fill a syringe with the amount of anesthetic. Be sure to flick at large bubbles and eject 

excess air from end of syringe.  

3. Place mouse on cage rack (above cage).  

4. Hold mouse’s tail with right hand and pull slightly until mouse is taught.  

5. Use left hand to grab loose skin on back of mouse’s neck (i.e. scruff) and hold tightly 

so mouse cannot turn head and bite.  

6. Release tail, pick up mouse by scruff and flip over so abdomen is exposed.  

7. Place mouse’s tail between third and pinky fingers and hold tightly so abdominal skin 

is kept tight.  
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8. Tilt mouse’s head backwards toward floor to allow gravity to pull internal organs out 

of range of injection.  

9. Insert needle into mouse’s abdomen and inject anesthetic.  

10. Remove needle from abdomen carefully and discard in sharps container.  

11. Allow approximately five minutes for anesthetic to have full effect.  

12. When mouse is no longer moving, pinch either back foot to ensure it is anesthetized. 

If mouse moves, wait a few more minutes and try again. If mouse continues to move, 

administer an additional 1/3 of initial amount of anesthetic to mouse.  

13. Once mouse is anesthetized, flush colon with at least 3 mL of warm saline to remove 

any blood or feces. Be careful not to push too hard or you may perforate the colon wall.  

14. Blot anus with cotton pad to remove excess fluid 
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APPENDIX A.6: PROTOCOL FOR COLON EXCISION 

 

Procedures 

Excising Tissue  

1. Place mouse dorsally on cotton gauze.  

2. Wet belly fur with 70% ethanol or isopropanol.  

3. Pick up slack skin on center of lower abdomen with serrated forceps.  

4. Make small horizontal incision with medium point scissors above forceps, ensuring 

incision only penetrates abdominal wall.  

5. Adjust illuminated magnifier over abdomen.  

6. Visualize the peritoneum overlying the abdominal contents under the incision.  

7. Pick up slack peritoneum on lower abdomen with serrated forceps.  

8. Make small incision to penetrate the peritoneum as above ensuring that abdominal 

contents are not damaged.  

9. Remove peritoneum and skin to expose abdominal contents.  

10. Locate cecum (usually on right side of lower abdomen).  

11. The small intestine lies on top of the segment of colon we are interested in. To 

remove it, unwind the small intestine with the non-serrated forceps until the junction 

between the small intestine and stomach is visualized and move entire small intestine out 

of abdominal cavity.  

12. Lubricate endoscope replicator and insert into anus until black mark on replicator is 

just outside of the anus (replicator should be inserted about 30mm deep). This allows you 
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to visualize the segment of colon we are interested in and know how much colon we need 

to collect.  

13. Unwind the large intestine until the endoscope replicator is clearly visualized.  

14. Carefully dissect away the organs and fat stores lying on top of the colon and remove.  

15. Dissect away the connective tissue holding down the colon dorsally (behind the 

colon).  

16. Insert the medium point scissors into the anus above the replicator and break the 

pubis of the pelvis that lies over the ventral colon.  

18. Use the fine point scissors to dissect out the colon as close to the anus as possible. 

The distal portion of the colon should now be free.  

19. Cut the proximal portion of the colon 0.5 cm above the end of the endoscope 

replicator with the scissors.  

20. The entire segment of colon should now be free.  

21. Use wash bottle with saline to rinse the outer surface of colon.  

 

Mounting on slide: 

1. On a glass microscope slide, use a histology pen to indicate where the proximal end 

will be and where the anus end will be.  

2. Using a scalpel, make a thin cut down the length of the colon, making sure to avoid 

cutting through obvious adenoma if possible. 

3. Splay the colon open on the microscope slide with the lumen facing up. 

4. Place a small dot of super glue at each of the corners to hold the tissue in place, 

making sure to avoid obvious areas of adenoma. 
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5. Place 1X PBS over the colon to keep it moist. 

 

Wrap Up  

1. Wash endoscope replicator by hand and dry.  

2. Wash all other instruments.  

3. Place mouse and it’s organs inside a plastic bag, close, and put in biohazard bag in 

freezer.  

4. Throw gauze, tabletop pad, wrappers, etc. in biohazard waste container.  

5. Take empty cages to animal facility.  

  



147 
 

APPENDIX A.7: PROTOCOL FOR COLON FLUORESCENCE IMAGING 

 

Mouse #:_______________________ 

Treatment Group: _______________ 

Contrast Agent: _________________ 

Date: __________________________ 

Start Time: _____________________ 

 

1. Weigh Mouse: ____________ 

2. Give mouse Ketamine/Xylazine dose and let fall asleep: ____________ 

3. Flush colon with 3ml warm saline 

4. Lavage colon with 100ul of 1% N-acetylcystine for 2 minutes 

5. Flush colon with 3ml warm saline 

6. Apply 100µl of contrast agent to the colon and let sit for 1 hour 

7. Rinse colon using 3 ml of warm saline 

8. Euthanize mouse using CO2 chamber 

9. Excise distal 30mm of colon, mark 1st position 

10. Splay open and pin on silicon pad with left proximal where the black dot is 

11. Rinse with warm saline 

12. Take a picture with the digital camera of the entire colon with the left proximal at 

the lower left hand corner of the image 

13. Keep moist with warm saline and go down to the MVX10 
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14. Take 4 en face images along the length of the colon with some overlap between 

each image using the QDot filter cube with the left proximal in the lower left hand 

corner of the image. Save as: Ms####_MVX10_treatment_contrastagent_1-4 

15. Place tissue in Formalin for 12-24 hours. 

16. Remove tissue from formalin and place in tissue cassette with left proximal at the 

top left corner where the hinge is. Enter tissue into log book and assign block 

number.  

17. Place cassette in 70% ethanol and place in the fridge. 

18. Contact Histology for embedding. 
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APPENDIX A.8: PROTOCOL FOR IHC 

Solutions Needed: 

All PBS is 1X and pH 7.4 

Antibody Buffer: 5% Bovine Serum Albumin in PBS 

Acetate Buffer: 

 Make 0.1N Acetic Acid by adding 2ml glacial acetic acid to 346ml diH2O 

 Make 0.1N Sodium Acetate by adding 4.1g NaAc to 500ml diH2O 

 Make 0.1 N Acetate Buffer by adding 148ml of 0.1N acetic acid to 352ml 0.1N 

sodium acetate 

 Adjust pH to 5 

1% Methyl Green: 

 Add 1g methyl green to 100ml Acetate Buffer 

 Adjust to pH 4.2-4.5 

Sodium Citrate Buffer (10mM Sodium Citrate, 0.05% Tween 20, pH 6.0): 

 Tri-sodium citrate (dihydrate) --------- 2.94 g 

 Distilled water --------------------------- 1000 ml       

 Mix to dissolve. Adjust pH to 6.0 with 1N HCl and then add 0.5 ml of Tween 20 

and mix well. 

Incubation Time     Reagent             

10 min                       xylene  

10 min                        xylene 
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5 min                         100% EtOH 

5 min                         100% EtOH 

5 min                         95% EtOH 

5 min                         90% EtOH 

5 min                       80% EtOH 

5 min                       70% EtOH 

5 min                        ddH2O 

Pre-heat 2 L beaker with Sodium Citrate Buffer until temperature reaches 95-100 °C. 

Immerse slides in the beaker. Place the lid or foil loosely on the staining dish and 

incubate for 20 minutes. Turn off water bath and remove beaker to room temperature 

and allow the slides to cool for 20 minutes. 

2 min X 2                   PBS Tween 20 (1L DCF PBS + 0.5 ml of Tween 20 and mix 

well)           

5 min X 1                  PBS  

60 min RT                 Normal Goat serum (not diluted) 

5 min    PBS  

2 min X 2                     PBS Tween 20 (1L PBS + 0.5 ml of Tween 20 and mix well)           

15 min   Streptavidin for blocking  

5 min X 3  PBS  

15 min   Biotin for blocking 

5 min X 3  PBS  
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Overnight at 4ºC        1o antibody              Antibody Type: ____________ Lot # 

_________ Dilution: _________ 

5 min X 3  PBS  

10 min   3% H2O2 in diH2O (30ml of 30% H2O2 in 300ml diH2O) 

5 min X 3  PBS  

60 min RT 2 antibody  Antibody Type: ____________ Lot # _________  

    Dilution: _________ 

5 min X 3  PBS  

10 min RT   Streptavidin for conjugation (horseradish) 

5 min X 3  PBS  

Visual Timing  Substrate (1 drop/1ml, put slide in water when light brown color is 

observed) 

5 min X 3   diH20 

5 min   Acetate Buffer, pH 5 

____min (~8)  1% Methyl Green 

10 dips   90% Acetone 

10 dips   100% Acetone 

5 min   Xylene 

5 min   Xylene 
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APPENDIX B.1 

In vivo molecular imaging of colorectal cancer using quantum dots targeted 

to VEGFR2 and OCT/LIF dual-modality imaging 

Jordan L Carbary-Ganz, Weston Welge, Jennifer K Barton, Urs Utzinger 

ABSTRACT 

Optical coherence tomography/laser induced fluorescence (OCT/LIF) dual-

modality imaging allows for minimally invasive, non-destructive endoscopic 

visualization of colorectal cancer in mice. This technology enables longitudinal tracking 

of morphological (OCT) and biochemical (fluorescence) changes simultaneously as 

colorectal cancer develops, compared to current methods of colorectal cancer screening 

in humans that rely on morphological changes alone. We have shown that QDot655 

targeted to vascular endothelial growth factor receptor 2 (VEGFR2) (QD655-VEGFR2) 

can be applied to the colon of carcinogen treated mice and provides significantly 

increased contrast between the diseased and undiseased tissue with high sensitivity and 

specificity ex vivo. In this study, QD655-VEGFR2 was used in a longitudinal in vivo 

study to investigate ability to correlate fluorescence signal to tumor development. 

QD655-VEGFR2 was applied to the colon of AOM or saline treated control mice in vivo 

via lavage. OCT/LIF images of the distal colon were taken at five consecutive time points 

every three weeks after the final AOM injection. Difficulties in fully flushing unbound 

contrast agent from the colon led to variable background signal, however a spatial 

correlation was found between tumors identified in OCT images, and high fluorescence 
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intensity of the QDot655 signal, demonstrating the ability to detect VEGFR2 expressing 

tumors in vivo.  

 

Keywords: Quantum dots, molecular imaging, colorectal cancer, in vivo, optical 

coherence tomography, fluorescence spectroscopy, dual-modality, microendoscope 

 

1. INTRODUCTION 

Advances in in vivo imaging of the molecular expression of cancer have provided 

access to understanding the tumor microenvironment and how variations in expression of 

proteins and signaling molecules affect cancer development and treatment.1 The ability to 

visualize molecular information of tumors has the potential to aid in surgical removal of 

lesions2, 3, provide a route for personalized treatment and treatment monitoring4, 5, and 

provide a method of early detection of a lesion6, 7. 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, with mouse models being critical tools in its study.8 

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.9-13 Xenograft models however have many deficiencies, 

including limited relevance to spontaneous carcinogenesis, or to the natural tumor 

microenvironment.14, 15 The carcinogen azoxymethane (AOM) has been shown to cause 

the sporadic growth of colorectal tumors in the distal colon of mice, exhibiting many of 

the morphological and pathological features associated with sporadic colorectal cancer in 
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humans.16 This model can be used to study the tumors of the colon in vivo, providing a 

physiologically relevant method for studying colorectal cancer and its detection.  

Targeted contrast agents have great potential to detect cancer specific 

biochemicals in vivo, allowing for earlier detection of disease than morphological 

changes alone. Quantum dots are nanoscopic particles of semiconductors with 

fluorescence emission affected by the size of the particle. They have many desirable 

fluorescence qualities for biological imaging such as high quantum efficiency, high 

photostability, a wide range of excitation wavelengths, a narrow emission band, and they 

can be produced to emit over a wide range of wavelengths.17-21 Many studies have used 

quantum dots as fluorescent markers for cancer in vitro22-27 and in animal models in 

vivo28-40, with their use in vivo being mostly limited to non-targeted29, 34, 37 or xenograft28, 

30-33, 38-40 labeling. While numerous molecular targets of carcinogenesis exist, it has been 

shown that vascular endothelial growth factor receptor 2 (VEGFR2) is upregulated in 

many cancers, including some colorectal cancers, as it is important in tumor 

angiogenesis.41-45 Also, VEGFR2 is currently considered a predictor for clinical outcome 

and, in some instances, is used in targeted therapy with anti-angiogenic drugs.46-48 

Recently, our group demonstrated that QDot655 targeted to VEGFR2 (QD655-VEGFR2) 

can be applied to the colon of carcinogen treated mice in vivo and provides significantly 

increased contrast between diseased and undiseased tissue ex vivo (explanted) with high 

sensitivity and specificity compared to a control contrast agent.49 Thus, evidence exists 

that quantum dots bioconjugated to VEGFR2 antibodies can provide a mechanism for 

evaluating the molecular changes of colorectal tumors in vivo.  
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Optical imaging of ex vivo and xenograft tissue, as well as in vitro models, allows 

for high resolution and sensitivity to targeted biomolecules, however these simplified 

systems fail to incorporate the complex environment of both the diseased tissue and 

surrounding undiseased tissue. Utilization of endoscopic imaging techniques provide a 

direct pathway for non-destructive and minimally invasive optical imaging of tissue in 

vivo. Our group has developed and described in detail a minimally invasive 

microendoscopic dual-modality imaging system combining optical coherence 

tomography (OCT) and laser induced fluorescence spectroscopy (OCT/LIF) to be used in 

conjunction with the AOM mouse model of colorectal cancer.50-54 This technology allows 

for longitudinal tracking of morphological (OCT) and biochemical (fluorescence) 

changes simultaneously as colorectal cancer develops, and in combination with the AOM 

mouse model, provides a rare opportunity to study cancer development both in vivo and 

in situ.  

In this study, QD655-VEGFR2 was used in a longitudinal in vivo study on the 

ability to visualize VEGFR2 expression using OCT/LIF dual modality imaging. The goal 

of this study was to determine if QD655-VEGFR2 could be used in conjunction with 

OCT/LIF dual modality imaging to visualize VEGFR2 expression in colorectal tissue.  

We have previously shown that QD655-VEGFR2 can be used to label adenoma 

expressing VEGFR2 through in vivo labeling and ex vivo fluorescence imaging with high 

sensitivity and specificity, and also using the OCT/LIF microendoscope ex vivo.49 

Quantum dot fluorescence in the colon should coordinate with VEGFR2 expressing 

adenoma. OCT provided gold standard for presence of adenoma with 

immunohistochemistry as a gold standard for VEGFR2 expression. Proper targeting of 



157 
 

the contrast agent should yield stronger fluorescence signal from the diseased regions of 

the colon than from the surrounding undiseased regions. The QD655-VEGFR2 was able 

to target VGEFR2 expressing diseased areas of colon; however, challenges in fully 

flushing the unbound contrast agent from the colon before imaging arise when moving 

from ex vivo imaging to in vivo image.  

 

2. METHODS 

2.1 Contrast Agent Preparation 

Conjugation of Qdot655 with Streptavidin® (Invitrogen, Grand Island, NY) to 

anti-VEGFR2 primary antibodies was performed through streptavidin/biotin linking, as 

previously described.49 Briefly, biotinylation of rabbit IgG isotype control antibodies 

(Santa Cruz Biotech, San Diego, CA) and anti-VEGFR2 primary antibodies (Abcam, 

Cambridge, MA) was performed using the DSB-X Biotin Protein Labeling Kit 

(Invitrogen, Grand Island, NY). The biotinylated antibodies and the Qdot655 with 

Streptavidin® were mixed at a 2:1 ratio and incubated for 1.5 hours at room temperature. 

The resulting contrast agents are called QD655-VEGFR2 (Qdot655/anti-VEGFR2) and 

QD655-IC (Qdot655/isotype control). 

 

2.2 Mouse Model and Imaging Preparation 

The mouse model used in this study relies on sporadic colorectal carcinogenesis 

caused by azoxymethane (AOM) in A/J mice. 24 A/J mice were used in this study, 

divided into 2 treatment groups. The experimental group had 13 mice treated with AOM 
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(Sigma-Aldrich Chemicals, St. Louis, MO) (AOM group) and the control group had 11 

mice treated with saline (Control group). In accordance to a protocol approved by the 

University of Arizona Institutional Animal Care and Use Committee, AOM (10 mg/kg,) 

dissolved in saline or saline (0.2 ml) was administered subcutaneously once a week for 

five weeks, beginning when the mice were 6 weeks of age. The mice were imaged 3, 6, 9, 

12 and 15 weeks following the final injections for a total of 5 imaging time points. Mice 

were placed on a liquid diet (Pedialyte, Abbott Laboratories, Abbott Park, Illinois) for 20 

hours before imaging and were anesthetized using ketamine (0.33 mg/ml, 100mg/kg) and 

xylazine (0.033 mg/ml, 10mg/kg) i.p. prior to contrast agent application. Once the mice 

were fully anesthetized, the colon was gently flushed using warm saline until apparently 

clear of feces and blood. The colon was prepared for contrast agent application by 

removing 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 minutes before flushing the colon with warm saline. 

After flushing, the contrast agent was applied via lavage and allowed to incubate for 1 

hour. The mice were labeled with either QD655-VEGFR2 (15 µg/ml) (5 AOM mice and 

4 Control mice), QD655-IC (15 µg/ml) (5 AOM mice and 3 Control mice), or saline (3 

AOM mice and 3 Control mice). After the incubation time, the colon was rinsed with 

warm saline. 

 

2.3 OCT/LIF Imaging 

The endoscopic OCT/LIF system has previously been described in detail.53 Briefly, 

longitudinal simultaneous OCT and LIF images were collected at 8 evenly spaced 
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circumferential positions rotations (45 degrees apart) around the colon, along the distal 

30 mm of the distal colon. A superluminescent diode with a 1300 nm center wavelength 

and 70 nm bandwidth was used as the illumination source for the OCT subsystem 

(Superlum, Carrigtwohill, Co. Cork, Ireland). This subsystem obtained depth-resolved 

images 30 mm long and 2 mm deep into the tissue with an axial resolution of 8 µm and a 

lateral resolution of 18 µm. A He:Cd laser at 442 nm was used for the excitation source 

of QDot655 for the LIF subsystem. The resulting emission was captured by a CCD-

coupled spectrometer which measured fluorescence emission intensities between 600-700 

nm along the length of the colon. One hundred and forty eight distinct spectra were 

collected along 30 mm of colon (spectrum obtained every 200 μm) at 8 rotations 

circumferentially (Figure 2, D). 

 

2.4 Image/Data Processing 

OCT images were used to create a binary map or presence of adenoma in a two-

dimensional (2D) format with the length of the colon on the x-axis and the rotation on the 

y-axis. Adenoma were identified according to previously published criteria.55 Briefly, 

each longitudinal OCT image slice was segmented into 36 segments along the 30 mm 

length. Each segment was identified as either diseased (adenoma) or undiseased based on 

the previously published criteria (thickened regional mucosa and/or moderate to marked 

protrusion of mucosa to more than twice the average regional thickness, moderate to 

marked signal attenuation and faint or obscured tissue boundaries). Results from all 8 

longitudinal image slices from a colon were stacked together to create an 8x36 matrix 

tumor map (Figure 1). This procedure was performed for all mice and time points. 
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Fluorescence emission intensities collected by the LIF subsystem contained 

spectral information originating from the tissue autofluorescence and autofluorescence of 

the system components, as well as the desired signal from the quantum dots (Figure 2, 

A). Analysis of spectra identified 5 separate spectral components, one belonging to 

QDot655 and the others originating endogenously from the tissue or system (Figure 2, 

B). It should be noted that in time point five of the experiment, a spectrum with a central 

wavelength of 605 nm was detected instead of the expected 655 nm from QDot655. The 

manufacturer later sent a letter to inform of a mislabeled sample of QDot605 being sent 

to us instead of Qdot655. For this reason, the spectrum for Qdot605 was isolated for time 

point 5. Utilizing a non-linear least squares curve fit, the quantum dot signal was 

separated from the collected spectrum for all collected spectra. A 2D map of the quantum 

dot fluorescence intensity was formed with the length of the colon on the x-axis and the 

rotation on the y-axis, similar to the tumor maps from OCT (Figure 2, C). Unless stated 

otherwise, these fluorescence intensity maps were downsampled to 36 elements using 

bicubic interpolation to match the dimensions of the OCT tumor maps for each of the 

analytical methods described below. The distal 2 mm were removed from the OCT and 

LIF maps, as the quantum dots tended to aggregate in the fur and squamous epithelium 

around the anus. This processing was performed for all mice and time points.  
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Figure 1:  A) OCT image at one circumferential position. OCT Images were graded 

based on a previously published method for adenoma detection. This method grades 

segments of the colon as either adenoma or undiseased. B) All eight radial positions for 

one mouse and C) the binary grading of the OCT images from the same mouse to be used 

in mask formation and analysis. The white area shows how an adenoma transfers from 

the original OCT images to the tumor map. Then, the adenoma is dilated in all directions 

and the dilation, as well as the original adenoma, are considered the diseased area for 
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mask formation. Then the diseased area was dilated again in all directions, and this 

dilation minus the diseased area is considered the undiseased area for mask formation. 

 

 

Figure 2: A) A surface map of the full fluorescence spectrum from one circumferential 

position along the length of a colon before the signals are separated. B) One data point 

along the length of the colon demonstrating the 5 distinct spectra that were identified and 

separated out of the measured spectrum. C) All eight circumferential positions of the 

QDot655 signal after spectral separation from the measured signal stacked allowing for 

visualization of the colon as if it were cut along the length between circumferential 

positions 1 and 8 and splayed open. D) The position of the 8 circumferential image 

acquisition locations. 
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2.5 Immunohistochemistry 

Immunohistochemistry (IHC) was performed as previously described.49 Briefly, 

after imaging the colon at the final time point of the study, the colon was explanted, fixed 

in 2% formalin and embedded in paraffin wax. Colon cross-sections were cut at 6µm 

thicknesses, every 500µm. The sections were deparafinized and rehydrated and antigen 

retrieval was performed. Using the same anti-VEGFR2 primary antibody as used to target 

the quantum dots, but with a goat anti-rabbit secondary biotinylated for DAB conjugation 

through streptavidin, VEGFR2 expression in the colons was visualized. All washes were 

performed using 1X PBS. The tissues were blocked against non-specific binding using 

goat serum and then labeled with the primary anti-VEGFR2 antibody (2µg/ml) over night 

at 4ºC. The sections were then blocked for endogenous peroxidase with 3% hydrogen 

peroxide before labeling with the secondary goat anti-rabbit IgG biotinylated antibody 

(1:500) (Vector Labs, Burlingame, CA) for 1 hour at room temperature. Lastly, the 

sections were incubated with streptavidin-HRP (Dako, Carpentaria, CA) and then 3,3-

diaminobenzidine (DAB, brown chromophore) (Dako, Carpentaria, CA) and then 

counterstained using 1% methyl green.  

 

2.6 Image/Data Analysis 

 As the OCT and LIF images were collected simultaneously, and OCT has 

previously been proven to have outstanding sensitivity and specificity to adenoma, the 
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OCT tumor map, along with immunohistochemistry at the last time point can be used as 

the gold standard for presence of adenoma to evaluate the performance of the contrast 

agent. First, the QD655-VEGFR2 fluorescence emission as measured by LIF was 

evaluated for its ability to target adenoma. This analysis was performed by comparing the 

fluorescence intensity of diseased regions and their surrounding undiseased tissue, as well 

as by determining sensitivity and specificity at various fluorescence true positive 

thresholds, according to the following procedure.  

Fluorescence intensity comparisons were used to determine if adenoma detected 

using OCT showed an increased fluorescence signal over surrounding undiseased tissue. 

The OCT tumor map for each mouse and time point was used to create a mask for 

measuring signal intensity in the corresponding quantum dot fluorescence intensity maps. 

These masks were created by dilating the identified diseased tissue (adenoma) by 2 mm 

in both longitudinal direction and one pixel (equivalent to ~2 mm) in both rotational 

directions. This dilation was used to accommodate positive labeling that is often found 

surrounding adenoma boundaries, as shown in our previous study.49 The region inside the 

dilated mask was identified as diseased tissue. The average signal intensity inside each 

individual diseased area in the quantum dot fluorescence intensity maps. Because the 

tissue around this area was histologically proven to be undiseased, the mask was dilated 

further by 2 mm in both longitudinal directions and one pixel (~2 mm) in both rotational 

directions creating a roughly ring shaped mask, and the average signal intensity within 

the mask of the corresponding quantum dot fluorescence intensity maps was computed. 

The fluorescence signal intensity for each diseased and undiseased area was measured for 

all mice and time points. The average fluorescence intensity for each contrast 
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agent/treatment group combination was then determined by averaging all of the diseased 

areas together and all of the undiseased areas together for that group. Statistical 

significance between diseased and undiseased areas and between contrast agent/treatment 

group combinations was determined using a one-tailed Student’s t-test.  

To compare the average fluorescence intensities measured in this in vivo study to 

the average fluorescence intensity values measured in our previously published ex vivo 

study49, both the current and previous fluorescence intensity values were normalized to 

the highest value, which in both cases was from the diseased regions of the QD655-

VEGFR2 labeled, AOM treated colons.  

To determine classification performance (sensitivity and specificity), a variable 

threshold was applied to the fluorescence intensity maps. This threshold was identical for 

each LIF image and ranged from an intensity level of 0 to a maximum of greater than 

95% of intensity values. A true positive was defined as >20% of the pixels within a 

diseased region being above the threshold, with a false negative occurring if this value 

was <20%. A true negative was determined when <20% of the pixels within the 

undiseased region were above threshold, with a false positive occurring if the value was 

>20%. Each region was classified as TP, TN, FP, or FN. Specificity was calculated using 

the measured values from the control mice and sensitivity was calculated using the AOM 

mice, for each time point and contrast agent group. 

As additional analysis, the quantum dot fluorescence intensity spatial distribution 

was evaluated to determine if the quantum dots were accumulating in any particular 

region of the colon of AOM treated mice. A one-dimensional vector of intensity values 

along the length of the colon for each mouse was formed by integrating data in the 
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circumferential dimension. A corresponding integration was performed on the binary 

OCT tumor maps to determine the distribution of adenoma along the length of the colon. 

The resulting profiles show the fluorescence distribution for each time point and each 

contrast agent group, or for individual mice in each time point. The colon was then 

divided into thirds corresponding to the proximal, middle, and distal regions, and the 

percent of the total fluorescence signal in each region was calculated. This procedure was 

repeated to evaluate the distribution in the circumferential dimension.  

 

3. RESULTS/DISCUSSION 

Table 1 includes a count of all mice that started and completed the study, the 

adenoma count at the final time point, and the number of diseased/undiseased region 

pairs used in the analysis (which includes the sum of all region pairs at all time points, 

including in some cases mice that did not survive to the final time point). Three mice died 

as a result of complications from anesthesia. The other 4 mice were euthanized due to 

excessive tumor burden/bleeding and intestinal impactions. No saline treated (control) 

mice developed adenoma during the study. Adenoma appeared in 4 AOM treated mice by 

time point 3, in 6 mice AOM treated mice by time point 4, and in all but one AOM 

treated mice by time point 5. In the AOM treated group, the QD655-VEGFR2 labeled 

group had 14 measured adenoma by the final time point, the QD655-IC labeled group 

had 9 measured adenoma by the final time point, and the Saline labeled group had 7 

measured adenoma by the final time point. 
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Table 1: This table includes the total number of mice, the number of mice surviving at 

time point 5, the total number of adenoma that developed by time point five, and the total 

number of diseased and undiseased regions measured in each contrast agent/treatment 

group combination. The number of diseased and undiseased regions measured includes 

each adenoma at each time point, meaning an adenoma at time point 4 and the same 

adenoma at time point 5 were considered two separate adenoma. Also, if the diseased 

regions of two adenoma in one colon overlapped after dilation, they were considered one 

diseased area. There was one undiseased region measured for every diseased region 

measured.   
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Using the tumor maps generated through OCT, the average fluorescence intensity 

from diseased tissue and surrounding undiseased tissue was measured for each contrast 

agent/treatment group combination. As seen in Figure 3 the fluorescence intensity for the 

diseased regions of QD655-VEGFR2 labeled, AOM treated colons was 3.2 times 

stronger than that of the surrounding undiseased tissue suggesting that the contrast agent 

is correctly labeling the diseased areas. Intensities were not significantly different, 

however, due to a high standard deviation in both data sets (p = 0.12). The average 

fluorescence of the diseased regions of QD655-VEGFR2 labeled colons was 4.8 times 

stronger than diseased regions of QD655-IC labeled colons, suggesting that the binding 

was specific. Again, this difference was not significant, due to large standard deviations 

(p = 0.09). There was no significant difference in the average intensity of diseased and 

undiseased regions of QD655-IC labeled colons, suggesting that this non-specific agent 

was passively accumulating in the colon. The average intensities for all other contrast 

agent/treatment group combinations were low. The minimal fluorescence intensity 

registered from both AOM-treated and control colons lavaged with only saline represents 

the low level of tissue autofluorescence.  Low levels of fluorescence from control colons 

lavaged with QD655-VEGFR2 and QD655-IC likely represents passive accumulation of 

the contrast agent in the colon. A significant difference in average fluorescence intensity 

was seen between diseased areas of QD655-VEGFR2 labeled, AOM treated colons and 

diseased areas of saline labeled, AOM treated colons (factor of 48, p = 0.049). Also, 

significant difference was seen between undiseased regions of QD655-VEGFR2 labeled 

AOM treated colons and QD655-VEGFR2 labeled control colons (factor of 5.6, p = 
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0.032), indicating that there is significantly more contrast agent accumulating in 

undiseased tissue of AOM treated colon than control colons.  

 

 

 

 

Figure 3: Fluorescence intensity measurements were taken of each diseased region and 

the surrounding undiseased regions for each colon. All diseased regions or all 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. All tumors 

from all time points were combined for each group. Standard error is displayed, as well 

as p values from the Student’s t-test. N values can be taken from Table 1 as the number 

of diseased/undiseased regions measured. 
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Comparison of data from this in vivo study and our previously published ex vivo 

study49 show strikingly similar trends, as seen in Figure 4, in which the average 

fluorescence intensities from both the in vivo study and the ex vivo study are plotted 

together. The ex vivo study results demonstrated statistically significant differences 

between groups which in this study failed to achieve significance due to large standard 

deviations. The difference between our current study and the previous study lies in the in 

vivo imaging and data processing. In the previous ex vivo study, colons were excised and 

splayed open for imaging, allowing thorough rinsing of the tissue and greatly reducing 

the unbound contrast agent present in the colon before imaging was conducted. Although 

most imaging was performed utilizing a fluorescence microscope, example ex vivo 

imaging using the OCT/LIF microendoscope employed in this study showed strong 

QD655-VEGFR2 signal in the tumor but nearly undetectable signal in undiseased tissue, 

suggesting that differences in significance in the data are likely attributed to the 

differences in ability to fully rinse the unbound contrast agents from the colons when 

imaging in vivo, rather than attributable to the endoscope. In vivo rinsing of the mouse 

colon poses challenges in removing unbound contrast agent from the mucosa due to the 

small diameter of the colon and tendency of fluid to accumulate in the more proximal 

colon, particularly as adenoma develop and the lumen of the colon becomes blocked. 
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Figure 4: The fluorescence intensity results from the current in vivo study compared to 

those from the previous ex vivo study. Both the diseased and undiseased tissue for each 

contrast agent/treatment group is represented. Error bars represent standard error. 
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As seen in Figure 4, the difference in the average fluorescence intensity between 

the diseased and undiseased regions of QD655-VEGFR2 labeled, AOM treated colons 

was similar, as was difference in the average intensity of the QD655-VEGFR2 labeled, 

AOM treated diseased regions and the QD655-IC labeled, AOM treated diseased regions 

for the in vivo and ex vivo studies. In the in vivo study, the average fluorescence intensity 

of the undiseased areas of the colons in the QD655-VEGFR2 and QD655-IC labeled, 

AOM treated colons and control colons were higher than these regions in the ex vivo 

study, suggesting more passive accumulation. It is interesting to note that the ex vivo 

study captured more autofluorescence from the tissue (see in saline labeled tissue), since 

the ex vivo study did not utilize spectral separation of the quantum dot and 

autofluorescence signals.  

Classification accuracy in the current study data for QD655-VEGFR2 labeled 

colons revealed a low diagnostic performance, as might be expected given the inability to 

achieve statistical significance between diseased and undiseased regions. Maximum 

classification performance (sensitivity + specificity) was 140% (perfect performance 

would be at 200%). A typical sensitivity was 40% with 80-85% specificity. In the 

previous ex vivo study, a sensitivity of 85.7% at a specificity of 91.3% was obtained. 

Given the similarities in average trends between in vivo and ex vivo studies, but large 

standard deviations in the in vivo study, it was speculated that challenges in fully flushing 

the unbound contrast agent from the colons in vivo accounts for the differences in 

classification accuracy.   

The distribution of fluorescence signal along the length of the colon and at each 

circumferential image location for each time point and contrast agent supports this 
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supposition. The fluorescence intensity is typically higher in the proximal end of the 

colon, as well as around the anus (Figure 5, near 30mm and 0 mm). The non-specific 

fluorescence at the anus was mostly removed by excluding the distal 2 mm, which was 

contaminated with fluorescence from dyed fur and squamous epithelium. Data from 

QD655-IC labeled colons had a similar trend in fluorescence intensity distribution 

without correlation to tumor locations. Circumferential distributions revealed that in 

several time points there is an accumulation of fluorescence signal at ventral position (in 

the direction of gravity, data not shown). The inability to completely remove unbound 

contrast agent from the colon is most likely the key contributor to this non-specific 

fluorescence signal distribution along the length of the colon and in the direction of 

gravity, causing large signal variation.  
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Figure 5: Fluorescence intensity at each longitudinal position was summed 

circumferentially for each mouse to demonstrate fluorescence distribution along the 

length of the colon. This was performed for all living mice at each time point. Each 

treatment group (QD-V = QD655-VEGFR2, QD-IC = QD655-IC) is indicated on the y-

axis, with the small line in the middle of each group indicating where the AOM treated 

mice stop and the control mice start. A value of 0.5 is set as the maximum display value, 

causing all values greater than 0.5 to be saturated.  
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While evidence suggests that contrast agent accumulation occurs due to the 

difficulty in flushing the small mouse colon, it is important to also note that some of the 

accumulation of signal in non-diseased regions may be attributed to actual changes in 

VEGFR2 expression throughout AOM treated colons. AOM treated undiseased areas are 

not normal compared to saline treated control colons. They have been shown to have 

abnormal crypt structure56 and have an increased expression of VEGFR2 at a level 

between that of adenoma and control tissue (Figure 6). There are also some changes in 

morphology of the undiseased tissue in AOM treated colon and control colons (e.g. 

thicker mucosa), which may contribute to the increased accumulation of contrast agent in 

the undiseased regions. However, because the average relative fluorescence signal from 

the QD655-VEGFR2 labeled undiseased regions in AOM treated mice was about 2 times 

lower in the ex vivo study than the in vivo study, the elevation in VEGFR2 expression in 

AOM treated colons was likely not the major contributor to the fluorescence signal found 

in undiseased tissue in this study.  

This study provides further evidence that QD655-VEGFR2 contrast agent can 

selectively target VEGFR2 expressing adenoma, and that the OCT/LIF imaging system is 

capable of detecting this signal. In future studies, more thorough flushing of unbound 

contrast agent is expected to result in a reduction in non-specific signal as well as 

standard deviation of measured fluorescence intensity values, leading to increased 

significance between contrast agent/treatment groups and improved classification of 

diseased and undiseased regions. Use of a miniature balloon catheter that blocked the 

proximal colon and constrained contrast agent and flushing solutions to the distal colon 

only could greatly aid complete removal of unbound contrast agent from the colon. 
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Figure 6: IHC for VEGFR2 was performed on all colons after time point 5 imaging. 

Adenoma from AOM mice (left) are different in both VEGFR2 expression and 

morphology than undiseased tissue from control mice (right). This difference is less 

notable for the undiseased tissue in the same AOM treated mice (middle), potentially 

contributing to non-specific accumulation of contrast agent in undiseased tissue. Scale 

bar 100 µm. 
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4. CONCLUSIONS 

Through this study, and the previously published ex vivo study, the ability of the 

QD655-VEGFR2 contrast agent to target VEGFR2 expressing adenoma in an AOM 

treated mouse colon has been demonstrated. In this in vivo imaging study, the average 

intensity of the diseased regions of colons labeled with QD655-VEGFR2 was 3.2 times 

higher than the intensity from surrounding undiseased tissue in the same colons and 4.8 

times higher than the intensity from the diseased regions of colons labeled with QD655-

IC. This is similar to the results obtained in the ex vivo study. The main challenge of 

moving from ex vivo imaging to in vivo imaging in this application is the non-specific 

accumulation of contrast agent in the colon, providing a variable background that 

increased standard deviations and precluded statistical significance in the fluorescence 

intensity data. It is notable that while the small diameter of the mouse colon provides 

great challenge in flushing of the colon, the larger diameter of the human colon would 

mitigate this concern. While improvements in flushing of unbound contrast agent will 

need to be investigated, this study demonstrates the ability of the OCT/LIF system to 

detect the contrast agent in vivo, providing a minimally invasive in vivo imaging 

technique for visualizing molecular expression of colon adenoma.  
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APPENDIX B.2: PROTOCOL FOR OCT/LIF IMAGING SYSTEM 

CALIBRATION 

WARNING: Laser Safety Precautions 

Whenever the laser is energized:  the laser light over the door must be ON. Whenever the 

laser shutter is opened:  the laser curtain must be closed and room occupants warned that the 

curtain is closed because the laser is on. All persons inside the laser curtain must wear 

goggles rated OD > 7 for wavelength 325-442nm.  The beam path appears to be aligned and 

no one is standing where a stray beam is likely to strike if the path is misaligned. 

WARNING: UV Lamp Precautions 

Whenever the UV Lamp is energized:  wear the same goggles used for laser protection. 

1. State of the machine before starting 

1.1. Machine: Slow OCT,  with He-Cd Laser, TRIAX 180 spectrometer  

1.2. Computer (OCTlab), spectrometer assumed on. 

1.3. All other hardware assumed off 

2. He-Cd laser setup 

2.1. Turn on laser warning light 

2.2. laser shutter is closed 

2.3. laser is turned on with key switch 

2.4. laser requires 1 hr warm up time before use 

3. Turn on CCD controller, requires 1 hr warm up time before use 

4. Create experiment directories, one for 325 data, another for 442. 
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5. Setup/Calibrate Spectrometer 

5.1. Open c:\CCDdrivers\lif.llb(CatheterCalibration030402.vi) 

5.2. Set CCD Parameters 

Table A2- 1, CCD parameters for line calibration 

Exposure (ms) 10 

Interval (ms) 10 

Trigger Disable 

Flush Control 1 

CCD ADC and gain 16 bits Gain 1 

Shutter ON 

Number of Regions 1 

Number of Cycles 1 

Read Count 1 

 

5.3. Setup the Spectrometer: 

5.3.1. Set Spectrometer Parameters 

Table A2- 2, Spectrometer parameters 
 

Initialize “Yes”  

Turret Pos 300 g/mm 

Target Position  500  

Axial Entrance Slit 0.5 

5.3.2. Enter 325nm save directory 

5.3.3. Run in mode 0.  This will take about 2 minutes. 

5.3.4. Enter 442nm save directory.   
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5.3.5. Change parameter “Initialize” to “No”   

5.3.6. Run in mode 0.  This will finish in a few seconds. 

5.4. Spectral Calibration 

5.4.1. Wear laser goggles when operating the UV lamp.  

5.4.2. Run in Mode 1 

5.4.3. Place the catheter tip near the UV curing lamp, adjust the catheter position so 

that the peak of each line is clearly resolved while placing the cursor line 

directly over the peak of the line.  Use the lines in the picture below.  (Note you 

may not be able to resolve all lines at the same catheter-lamp spacing): 

 

Figure A2- 1, Mercury calibration screen shot 

5.4.4. “Stop Imaging” and turn off the lamp. 
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5.4.5. Copy numbers from cursor positions 

5.4.6. “Save Calibration Data” in each save directory  

5.4.7. “Quit” 

5.5. Change CCD parameter “exposure” to 1000ms 

5.6. Align laser into LIF source fiber 

5.6.1. Place the over a fluorescent target so you can view the judge the intensity of 

transmitted light  

5.6.2. PUT GOGGLES ON 

5.6.3. With the recommended ND filter in place, open the laser shutter  

5.6.4. Translate the fiber until a maximum of transmitted light is achieved.   If no 

transmitted light is observed, remove the ND filter and adjust until a little is 

seen,  replace ND filter for final adjustment.  TOO much UV will damage the 

catheter! 

5.7. Dark and Autofluorescence Calibration  

5.7.1. Set the room lights OFF inside the curtain, OFF outside the curtain 

5.7.2. Autoscale x-axis on graph, max y-scale = 65000 

5.7.3. Set the save directory, ND filter, and cutoff filter according to the table, 

corresponding to the laser wavelength 

 

Table A2- 3,  Filters for each laser wavelength 

Save Directory Laser shutter 

position 

ND filter Cutoff filter 

*325 325 1.6 “333” 
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*442 442 2.6 “455” 

5.7.4. Immerse catheter in a brown bottle containing distilled water. Placed catheter 

and bottle under light blocking cloth. 

5.7.5. Run in mode 2, with the laser shutter closed 

5.7.6. “Stop Imaging”, “Save Calibration Data”, “Quit” 

5.7.7. PUT GOGGLES ON 

5.7.8. Run in mode 3, with the laser open at desired wavelength.  

5.7.9. “Stop Imaging”, “Save Calibration Data”, “Quit” 

5.7.10. Repeat steps 5.6.3 – 5.6.9 for the other wavelength 

5.8. System Transmission  

5.8.1. Set the cutoff filter according to the table in 5.6.3 

5.8.2. Set the room lights OFF inside the curtain, ON outside the curtain 

5.8.3. Run in mode 4, with the laser shutter closed and ocean optics source at the 

sample plane, adjust exposure so that peak is between 53,000-63,000 

5.8.4. “Stop Imaging”, “Save Calibration Data”, “Quit” 

5.8.5. Repeat steps 5.7.1 – 5.7.2 for the other wavelength 
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APPENDIX B.3: PROTOCOL FOR OCT/LIF IMAGING 

 

OCT/LIF system set up: 

1. Turn on laser and OCT system components and let warm up for 1 hour 

2. Calibrate the system according to protocol on Appendix C.2 

3. Use the 650/50 bp filter in the LIF system 

4. Align laser and measure power. Make sure power remains the same between 

imaging time points.  

 

Contrast agent preparation: 

1. Prepare contrast agent according to protocol in Appendix A.2 

 

Colon labeling and OCT/LIF image acquisition: 

19. Weigh Mouse: ____________ 

20. Give mouse Ketamine/Xylazine dose and let fall asleep: ____________ 

21. Flush colon with 3ml warm saline 

22. Lavage colon with 100ul of 1% N-acetylcystine for 2 minutes 

23. Flush colon with 3ml warm saline 

24. Apply 100µl of contrast agent to the colon and let sit for 1 hour 

25. Rinse colon using 3 ml of warm saline 

26. Lubricate the anus and gently place the mouse on the OCT/LIF endoscope 

27. Acquire 8 scans (20 degree rotations) around the colon, along 30 mm of length 

with the anus being at the end of each 30 mm scan.  
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28. If continuing in the study, place the mouse in an empty cage for recovery from 

anesthesia, Move to standard housing cage once able to move and lift head on its 

own. 

29. If final imaging time point, euthanize mouse using CO2 chamber.  

30. Excise distal 30mm of colon, mark 1st position 

31. Rinse with warm saline 

32. Take a picture with the digital camera of the entire colon with the left proximal at 

the lower left hand corner of the image 

33. Place tissue in Formalin for 12-24 hours. 

34. Remove tissue from formalin and place in tissue cassette with left proximal at the 

top left corner where the hinge is. Enter tissue into log book and assign block 

number.  

35. Place cassette in 70% ethanol and place in the fridge. 

36. Contact Histology for embedding. 
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APPENDIX C.1 

Lead sulfide quantum dots targeted to VEGFR2 for NIR 

fluorescence imaging of cancer 

Jordan L Carbary-Ganz, Jennifer K Barton, Urs Utzinger 

 

ABSTRACT 

Advances in optical imaging technologies provide a method for visualizing 

molecular expression of tumors in vivo, allowing the opportunity to study the complexity 

of the tumor microenvironment. The development of fluorescent contrast agents targeted 

to molecules expressed in cancer cells is critical for in vivo imaging of the tumors. 

Contrast agents emitting in the near infrared (NIR) allow for an increased depth of 

penetration in tissue due to decreased absorption and scattering. There is also 

significantly less autofluorescence from tissue in the NIR. For these reasons, NIR 

contrast agents are ideal for in vivo fluorescence imaging of cancer. Quantum dots are 

nanoscopic particles of semiconductors whose fluorescent emission wavelength is 

tunable by the size of the particle with desirable fluorescent qualities such as a wide 

range of excitation wavelengths, a narrow emission band, high quantum efficiency, high 

photostablility, and they can be produced to emit throughout the NIR imaging window. 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 

angiogenesis and is considered a predictor for clinical outcome and in some instances is 

used for targeted therapy with anti-angiogenic drugs. For these reasons, quantum dots 

bioconjugated to VEGFR2 antibodies have the potential to provide contrast between 
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normal tissue and cancer, as well as a mechanism for evaluating the molecular changes of 

cancer in vivo. In this study, lead sulfide (PbS) quantum dots were made by colloidal 

synthesis to emit at a central wavelength of 940nm. Streptavidin molecules were then 

attached to the surface of the quantum dots and biotin molecules were attached to primary 

anti-VEGFR2 antibodies. The quantum dots and anti-VEGFR2 antibodies were then 

mixed together and allowed to bioconjugate through streptavidin/biotin linking. These 

quantum dots were also bioconjugated to isotype control antibodies as a control. The 

resulting QD940-VEGFR2 and QD940-IC contrast agents were then used to label 

VEGFR2 positive (OVCAR3) and VEGFR2 negative (HT-29) cell lines. The QD940-

VEGFR2 molecules were able to positively label VEGFR2 expressing cells and did not label 

VEGFR2 negative cells. Also, the QD940-IC molecules did not label either of the cell lines, 

confirming that the QD940-VEGFR2 molecule is properly conjugated and able to target VEGFR2 

with specificity. The fluorescence intensities were very low, prompting investigations into the 

quantum dot’s quantum yield and stability in solution. Very low photoluminescence and large 

amounts of aggregation after conjugation of the quantum dot to streptavidin was detected. 

Improvements to the quantum dot quantum yield through synthesis, capping and conjugation 

techniques must be made for this contrast agent to be effective as a contrast agent for cancer 

imaging.  

 

1. INTRODUCTION 

 The complex microenvironment of cancer necessitates a movement from in vitro 

studies to in vivo studies to truly understand the mechanisms of the disease and for 

developments in cancer care. Biological tissues attenuate light through scattering and 

absorption, with the major contributors being hemoglobin and water. In the near-infrared 
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wavelengths, there is a marked decrease in absorption of light by both hemoglobin and 

water, presenting an ideal range of wavelengths for imaging with deeper penetration of 

light, reduced attenuation of signal, and reduced autofluorescence.1 Fluorescence imaging 

permits visualization of small quantities of biomolecules, allowing for detection of 

changes in cancerous tissue that can lead to improved detection and diagnosis, as well as 

provide information for patient specific treatment and for monitoring treatment progress. 

While standard organic fluorophores experience low quantum yields in the NIR, quantum 

dots have been produced to have high quantum yield throughout the NIR wavelengths.2, 3 

Quantum dots have demonstrated considerable success in biomedical applications in 

vitro4-6 and in vivo7-10 for cancer imaging in the visible wavelengths, but little progress 

has been made to truly achieve NIR imaging of cancer using these nanoparticles, with 

most success only reaching the cusp of the NIR imaging.11 

  Quantum dots are nanoparticles of semiconductive material that experience the 

phenomenon of quantum confinement if their radius is less than the Bohr exciton radius 

of the bulk semiconductor. This causes the band gap energy required for absorption to 

increase as the size of the particle decreases, producing a size dependent fluorescent 

emission, with increasing wavelength of emission as the size of the nanoparticle 

increases. This unique property, along with the wide range of excitation wavelengths 

starting in the short wavelengths and slowly decreasing into the longer wavelengths, high 

quantum efficiency, and resistance to photobleaching, have lent quantum dots to 

numerous applications, including lighting in technological display screens, solar cells, 

and fluorophores for biological imaging. Many types of quantum dots in the core and 

core/shell configuration been produced to emit throughout the NIR, but have had limited 
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success in shell formation for improved quantum yields, and in biological imaging 

applications.11 NIR quantum dots have been synthesized to fluoresce between 650-

1250nm, and have been heavily studied for improvements in aqueous solubility, capping 

ligand stability, and quantum efficiency.12 Quantum dot stability in various aqueous 

buffers, pHs, and temperatures is necessary for biological applications and has led to 

considerable efforts in synthesis and surface chemistry modifications.  

Quantum dot nanocrystals must have a capping agent for stability in solution, 

preventing oxidation of the surface and aggregation, and preventing heavy metals from 

contacting the biological systems they are applied to. This type of synthesis is most often 

carried out in an organic solvent as a stabilizer and capping agent such as oleylamine13, 

oleic acid14, 15, and a combination of trioctylphosphine (TOP) and tri-n-octyl-phosphine 

oxide (TOPO)16-18, all of which are water insoluble.  Biological applications necessitate a 

fluorophore be water soluble, requiring that quantum dots have their surface chemistry 

modified. This is often performed through ligand exchange, where the current capping 

agent is switched out for a water-soluble one.17, 19-21 This procedure often causes a large 

reduction in quantum efficiency, however the efficiencies often remain higher than 

organic fluorophores.22 Other methods include micelle formation using amphiphilic 

polymers23 and phospholipids24, silica encapsulation25, or even synthesis in the aqueous 

phase26, 27. These capping agents have reactive groups exposed at the surface of the 

particle, allowing for functionalization of the quantum dot with a variety of targeting 

methods. 

 Active targeting of fluorophores to cancer utilizes a variety of ligands (such as 

antibodies, peptides, aptamers, and folic acid) that are able to specifically identify 
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molecules or nucleic acid sequences that are unique to or overexpressed in tumors, such 

as receptors, proteins, enzymes, and nucleic acids.28 This active targeting requires 

conjugation of the ligands to fluorophores, which is often accomplished through covalent 

bonds between functional groups and streptavidin/biotin linking. Antibodies are one of 

the most commonly studied targeting ligands for fluorescence molecular imaging, relying 

on antigen/antibody interactions to properly target the fluorophore to the desired location. 

Antibodies have high sensitivity and specificity to their antigens, allowing for direct 

visualization of a desired cell type based on molecular expression and reduced non-

specific accumulation of the contrast agent. Several antigens have been identified to be 

unique to a variety of cancers or to be overexpressed in tumors compared to undiseased 

tissue. VEGFR2 has been demonstrated to be overexpressed in many cancers29, 30, and 

has been used as a target for cancer treatment31, 32, as well as fluorescence imaging of 

cancer by several groups.33, 34 By conjugating anti-VEGFR2 primary antibodies to NIR 

quantum dots, improved in vivo fluorescence visualization of cancer could be achieved. 

Using the functional groups present on both the quantum dots and the targeting ligand, 

streptavidin or avidin can be covalently linked to the fluorophore and biotin can be 

covalently linked with antibodies. Streptavidin and biotin are two biomolecules that have 

an extremely high affinity for each other, allowing simple and efficient linking. This 

technique has been used widely for bioconjugation of fluorophores and targeting ligands 

for in vitro6, 35 and, to a lesser extent, in vivo36 applications to cancer imaging.  

 In this study, PbS quantum dots emitting at a central wavelength of 940 nm were 

synthesized as detailed by Deng et al.26 They were then covalently linked to streptavidin 

and mixed with biotinylated anti-VEGFR2 primary antibodies and biotinylated IgG 
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isotype control antibodies. They were then used to label VEGFR2 positive and negative 

cell lines. While some positive cell labeling was achieved, small amounts of fluorescent 

signal prompted investigations into the stability of the quantum dots during conjugation, 

as well as quantum efficiency comparisons to QDot655. These investigations revealed 

aggregation during conjugation of the quantum dots to streptavidin, as well as elimination 

of fluorescence capabilities of the quantum dots past conjugation. This, as well as the 

very low brightness of these quantum dots when compared to Qdot655, demonstrated that 

the combination of this synthesis technique and bioconjugation technique will not be 

effective for biological imaging of cancer. 

 

2. METHODS 

2.1 Quantum dot synthesis and characterization 

 Lead sulfide quantum dots were synthesized as described by Deng, et al. (Deng, 

2007). An aqueous solution of DHLA was prepared by a reduction reaction by adding 2 

ml of diH2O dropwise to a flask containing 62 mg lipoic acid and 20 mg sodium 

borohydride under stirring. The solution was stirred until the bubbling subsided, followed 

by adjustment of the solution to pH 9 using 0.2 M NaOH. Next, lead(II) acetate (1 ml, 0.1 

M) was added dropwise under stirring, with the solution turning a transparent yellow. 

Lastly, Na2S (2 ml, 0.025 M) was added dropwise under strong stirring, turning the 

solution dark brown as the PbS quantum dots formed. Stirring was continued for 5 

minutes, and the entire reaction was performed under inert gas.  

 The size of the particles was determined using a ZetaSizer nanoseries (Malvern 

Instruments, Worcestershire, UK) after diluting the as synthesized particles 1:200 in 
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nanopure diH2O. Size was confirmed using a Tecnai G2 Spirit TEM (FEI, Hillsboro, 

OR). All absorption measurements were performed using a Cary5E UV-Vis-NIR 

spectrometer (Varian, Palo Alto, California) and the photoluminescence emission was 

measured using an QE65000 Spectrometer (Ocean Optics, Denedin, Florida) with a 490 

nm LLS-LED light source (Ocean Optics, Denedin, Florida).  

 

2.2 Bioconjugation 

 Conjugation of QD940 to anti-VEGFR2 primary antibodies was 

performed through streptavidin/biotin linking. QD940 (1 mmol) was diluted in 10 mM 

borate buffer (pH 7.4) to either 2 nmol or 100 nmol and reacted with streptavidin 

(Invitrogen) at a 1:10 ratio with 10 mg/ml EDC for 1.5 hours. The conjugates were then 

filtered through a 0.2 µm PES membrane filter. The conjugates were then purified using a 

100KD ultrafiltration unit using 50 mM borate buffer (pH 8.3). Rabbit IgG isotype 

control antibodies (Santa Cruz Biotech, San Diego, CA) and anti-VEGFR2 primary 

antibodies (Abcam, Cambridge, MA) were biotinylated using the DSB-X Biotin Protein 

Labeling Kit (Invitrogen, Grand Island, NY). The antibodies were then mixed with the 

QD940-Streptavidin conjugates at a 2:1 ratio and incubated at room temperature for 1.5 

hours. The resulting contrast agents are QD940/anti-VEGFR2 (QD940-VEGFR2) and 

QD940/isotype control (QD940-IC). 

 

2.3 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 
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22mm 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 non-specific binding using 10% goat serum before the 

application of antibodies. OVCAR3 cells were either labeled with QD940-VEGFR2 

(1µg/ml), QD940-IC (1µg/ml), QD940 alone (2µg/ml), or buffer alone, and HT-29 cells 

with labeled with either QD940-VEGFR2 (1µg/ml) or QD940-IC (1µg/ml).  

 

2.4 Fluorescence intensity analysis 

 The average fluorescence intensity from cells was determined by taking 6 random 

intensity measurements from cells in each image, avoiding the nucleus. These were then 

averaged together to represent the average fluorescence value for each contrast agent 

group. Statistics were performed using the Student’s T-test with significance occurring at 

p < 0.05. 

 

3. RESULTS/DISCUSSION 

3.1 Quantum dot synthesis and characterization 

 As the quantum dots used in this study were originally synthesized and described 

by Deng, et al., confirmation of proper synthesis was necessary before use of the 

quantum dots in biological imaging. Sizing of our synthesized particles yielded 

nanoparticles with an average size between 1-4nm. This was confirmed by TEM imaging 

of the particles. Deng and colleagues report an average size between 2-4nm. 

Characterization of the particle’s absorption and emission yielded replicable spectra to 

that reported by Deng and colleagues as well, as demonstrated in Figure 1. This 
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characterization confirmed that the synthesis was properly carried out according to Deng 

and colleagues. It was seen that the synthesized quantum dots were not as bright as 

Qdot655 from Invitrogen, which has a quantum yield of approximately 38%. When 

comparing the fluorescence intensities of the two quantum dots, the QD940 particles 

were 6-7 orders of magnitude less bright than the QDot655 (Figure 2). Deng and 

colleagues report a quantum yield of 10% for their as synthesized quantum dot, while our 

synthesis results in a notably lower quantum efficiency. This difference causes great 

challenges in detecting the quantum dot fluorescence in biological imaging. One other 

notable difference our synthesis encountered was the total volume of quantum dots in 

solution produced by the reaction. Deng and colleagues report a reaction volume of 50 

ml, while our reactions only yielded 5ml. This discrepancy could be a contributing factor 

to the reduced brightness of our synthesized quantum dots.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: The photoluminescence and absorption of the PbS QD940   
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Figure 2: The photoluminescence intensity of QDot655 compared to the 

photoluminescence intensity of PbS QD940. To achieve similar intensity levels, QD940 

signal had to be integrated 100 times longer and concentrated 10,000 times more than 

QDot655.  
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3.2 Cell labeling 

 Qualitatively, cellular labeling of OVCAR3 (VEGFR2+) and HT-29 (VEGFR-) 

cells demonstrated positive labeling of OVCAR3 cells with the QD940-VEGFR2 contrast 

agent, as seen in Figure 3. Some signal was detected in the QD940-VEGFR2 labeled HT-

29 cells, as well as the QD940-IC labeled OVCAR3 and HT-29 cells. Also, as shown in 

Figure 4, OVCAR3 cells labeled with QD940 alone and unlabeled cells showed some 

detectable fluorescent signal, though it was lower than the QD940-IC labeled cells, and 

even lower still than the QD940-VEGR2 labeled cells. It was also demonstrated 

quantitatively that the QD940-VEGFR2 labeled, OVCAR3 cells had a statistically 

significant average fluorescence intensity higher than the QD940-VEGFR2 labeled HT-

29 cells and both the OVCAR3 and HT-29 cells labeled with QD940-IC (Figure 5). Also, 

as demonstrated by Figure 6, OVCAR3 cells labeled with QD940-VEGFR2 had a 

significantly stronger signal that QD940-IC, which had stronger signal that the QD940 

alone, which had a stronger signal than the unlabeled cells. This indicates that there is 

some non-specific binding of QD940 alone, which is increased by adding the IgG isotype 

control antibody; however, this non-specific signal from both cases is less than the signal 

from the targeted quantum dot. Together, both the low signal from the HT-29 labeled 

cells (VEGFR2-), and the difference in fluorescence signal from the QD940-VEGFR2 

labeled OVCAR3 cells (VGFR2+) compared to the controls, suggests that the QD940-

VEGFR2 contrast agent properly targets VEGFR2 expressing cells in vitro.  
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Figure 3: OCVAR3 and HT-29 cells were labeled with either A) and C) QD940-

VEGFR2 or B) and D) QD940-IC. OVCAR3 cells (VEGFR2 +) labeled with QD940-

VEGFR2 have more fluorescence signal than those labeled with the QD940-IC and HT-

29 cells labeled with either contrast agent. 
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Figure 4: OCVAR3 cells were labeled with either A) QD940-VEGFR2, B) QD940-IC, 

C) QD940 alone, D) or buffer alone. OVCAR3 cells (VEGFR2 +) labeled with QD940-

VEGFR2 have slightly more fluorescence signal than those labeled with the QD940-IC, 

and considerably more signal than those labeled with QD940 or buffer.  
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Figure 5: The average fluorescence intensity measurements of OVCAR3 and HT-29 

cells labeled with either QD940-VEGFR2 or QD940-IC indicates that  as the control 

contrast agent and cells have the same fluorescence signal and QD940-VEGFR2 labeled 

cells has significantly more fluorescence signal than the control, there is specific 

targeting of VEGFR2 by the QD940-VEGFR2 contrast agent. 
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Figure 6: The average fluorescence intensity measurements of OVCAR3 cells labeled 

with either QD940-VEGFR2, QD940-IC, QD940 alone, or buffer alone shows that 

although the QD940-IC, and to a lesser extent QD940 alone, have some fluorescence 

signal due to non-specific binding, the QD940-VEGFR2 labels cells with specificity.  
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It is notable that the intensity levels detected from these quantum dots are very 

low. Because of the low fluorescence intensities, it was attempted to increase the 

fluorescence intensity of the cells by increasing the number of conjugated 

nanoparticle/antibody complexes in solution used for the cell labeling. This increase in 

concentration yielded no detectible fluorescence from QD940-VEGFR2 labeled cells 

(Figure 7). The original cell labeling experiment was then repeated, but again there was 

no detectable fluorescence signal from the QD940-Streptavidin after conjugation (Figure 

8), or from QD940-VEGFR2 labeled OVCAR3 cells (Figure 9). The original cell labeling 

using the QD940-VEGFR2 contrast agent was not repeatable. Differences between cell 

labeling experiments lie in the quantum dots used for the contrast agent, the biotinylated 

primary antibodies used in the conjugation, the streptavidin lot number used in the 

conjugation, and the cell passage number used for labeling. All other components of the 

reactions and cell labeling/imaging remained the same. The difference in quantum dots 

used in the reaction can likely be eliminated as a source for discrepancy, as the quantum 

dot characteristics (size/absorption/PL emission) are measured and confirmed to match 

the reported characteristics before use in the conjugation reaction. Also, the difference in 

biotinylated antibody used in the conjugation can be eliminated as a potential source of 

error as it was confirmed that they were functional by conjugating them to the QDot655, 

and this QD655-VEGFR2 contrast agent positively labeled the VEGFR2 expressing cells. 

For this reason, the cellular expression due to difference in passage number, as well as 

the positive labeling with standard immunohistochemistry techniques, is not contributing 

to the inability to repeat the original cell labeling. We believe that the challenges lie in 

the chemistry involved in conjugation, causing disruption of the quantum dot cap and 
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aggregation of the nanoparticles, leading to self-quenching of the quantum dot 

fluorescence. Combined with the initial low brightness of the quantum dots before 

conjugation, it is likely that these quantum dots in the current configuration will not be 

suitable for biological labeling. These possibilities are discussed further in the following 

sections. 

 

 

 

 

Figure 7: This conjugation was performed with a higher concentration of QD940 (100 

nmol). OVCAR3 cells were labeled with QD940-VEGFR2, QD940-IC, QD940 alone, 

and buffer alone, as well as, QD655-VEGFR2 and anti-VEGFR2 primary antibodies with 

a secondary antibody with Cy5.5 as a standard immunohistochemical comparison. While 

signal was low, positive labeling of the cells was achieved with QD655-VEGFR2 and 

VEGFR2-Cy5.5 , but no signal was detected from the QD940-VEGFR2 labeled cells.  
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Figure 8: Photoluminescence intensity of QD940 after synthesis and after a standard 

conjugation to streptavidin was compared. While the QD940 quantum dots fluoresce 

before conjugation to streptavidin, there is no detectable fluorescence signal after 

conjugation to streptavidin.   
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Figure 9: This conjugation was performed with the original concentration of QD940 (2 

nmol). OVCAR3 cells were labeled with QD940-VEGFR2, QD940-IC, QD940 alone, 

and buffer alone, as well as, QD655-VEGFR2 and anti-VEGFR2 primary antibodies with 

a secondary antibody with Cy5.5 as a standard immunohistochemical comparison. While 

signal was low, positive labeling of the cells was achieved with QD655-VEGFR2 and 

VEGFR2-Cy5.5, but no signal was detected from the QD940-VEGFR2 labeled cells.  
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3.3 Challenges with stability 

  Due to the strong difference in fluorescence intensity of cells labeled with 

QD940-VEGFR2 compared to cells labeled with QD655-VEGFR2, and the difference in 

quantum efficiency between the two, we investigated the difference in fluorescence 

intensity of the QD940 in the various buffers used during the conjugation reaction and 

cell labeling. In Figure 10, the photoluminescence intensity for QD940 in various buffers 

is shown, with small reductions in PL intensity between most of the buffers, but a sharp 

reduction in intensity when the quantum dots in diluted in PBS containing 5% BSA, 

which is used as the final solvent for cell labeling. For this reason, the final two cell 

labeling experiments were performed without adding BSA to the buffer for cell labeling. 

The fluorescent intensity of the QD940 after syntheses was also compared to the 

fluorescence intensity after conjugation to streptavidin, which included the resulting 

solution, as well as the waste from filtration (Figure 11). This shows that while the 

quantum dots are fluorescing after synthesis, there is no detectable fluorescence of the 

final solution after filtration, or the waste collected from the filtration. This suggests that 

the quantum dot fluorescence in being lost in the molecule itself rather than the quantum 

dots being filtered from the solution.  
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Figure 10: The photoluminescence intensity of QD940 diluted in various buffers used for 

the conjugation to streptavidin, antibodies, and the cell labeling was measured and 

compared. Most buffers did not affect the QD940 fluorescence largely, except for when 

BSA was added to PBS for cell labeling.    
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Figure 11: In order to determine if quantum dots were being lost during purification, the 

photoluminescence intensities were measured after purification of the QD940-

streptavidin conjugates, as well as for the wash solution that could contain the lost 

quantum dots. Neither solution showed measureable fluorescence. 
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Because there is a filtration step that passes the conjugates through a 0.2 µm PES 

membrane filter for removing large aggregates, it is possible that the particles are 

aggregating enough to be too large to pass through this filter. To test for both aggregation 

during conjugation to streptavidin, as well as removal of aggregates using the 0.2 µm 

PES membrane filter, the conjugation of QD940 to streptavidin was carried out at a 

higher concentration for visibility of the particles in solution, as well as PL intensity 

measurements of the particles without filtration through the 0.2 µm PES membrane filter. 

Figure 12 shows that there is a large amount of visible aggregation of the particles, which 

is exaggerated compared to the proper concentrations for cell labeling, but is still an 

indication of instability of the quantum dots during the conjugation procedure. Figure 13 

shows that there is a very low PL from the aggregated quantum dots after the conjugation 

procedure before any filtration, which indicates that the drastic reduction in PL intensity 

from the conjugated quantum dots is likely do to the inability of the quantum dots to 

fluoresce properly after conjugation instead of being caused by the removal of the 

fluorescent quantum dots from the solution during filtration.  

Reduction in quantum yield or photoluminescence of the quantum dots after 

conjugation to streptavidin can be caused by instability of the quantum dot capping 

ligand. While thiol-based capping ligands provide a nanoparticle with a small 

hydrodynamic radius with exposed reactive groups valuable in biological applications, 

these capping agents have been shown to be significantly less stable than other capping 

ligands and lead to a reduced quantum yield.37, 38 The DHLA capping ligand used in the 

synthesis of QD940 adsorbs to the quantum dot surface through thiol interactions with 

the available electrons at the surface. These thiol caps have the ability to dynamically 
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adsorb to and desorb from the surface, creating surface exposure on the quantum dots.39 

This can occur in many ways, including low concentration of free capping ligand in the 

solution40, 41, as well as photooxidation of the thiol42. Instability of the cap can cause a 

great reduction in the quantum yield of nanoparticles, as well as aggregation of the 

nanoparticles, further exaggerating the reduced quantum yield.43 Because the QD940 

quantum dots are diluted in buffer for conjugation and cell labeling, there is a removal of 

free capping ligand from the solution, which could greatly reduce the stability of the 

quantum dots in solution. This could contribute to the amount of aggregation seen in the 

conjugation to streptavidin. Also, thiol groups present on the streptavidin molecules can 

be competing for binding sites with the DHLA on the quantum dot surface, causing 

further reduction of the cap stability. Exposure to light can cause photooxidation of the 

nanoparticle surface to destabilize the capping agent, which can also cause large 

reductions in quantum efficiency.42 Because thiol-based capping ligands already have 

low quantum yields, the instabilities in the cap during reaction to streptavidin, removal of 

excess capping ligand from the solution, and exposure to light during conjugation and 

characterization, it is likely that these particles experience reduced stability in solution 

leading to aggregation and severe reduction in photoluminescent ability. 
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Figure 12: Visibly large aggregates formed during conjugation of QD940 to streptavidin, 

but were reduced after purification.   
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Figure 13: The photoluminescence was measured for QD940 conjugated to streptavidin 

was measured without filtration of purification, and then after purification only. No 

detectable fluorescence was measured, indicating that the quantum dots are not being lost 

to filtration or purification, but rather are losing their ability to fluoresce.   
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3.4 Mechanisms for improved results 

 Improved photoluminescence and stability of the quantum dots used for targeting 

VEGFR2 expressing cells can be achieved through three main mechanisms: use 

core/shell configuration for improved quantum yield, use more stable capping ligand, and 

use direct covalent conjugation technique for antibody attachment. Each of these 

improvements come with their own challenges and have several ways in which they can 

be carried out. First, core only quantum dots have lower quantum yield than core/shell 

quantum dots. The core/shell and core/shell/shell configurations have seen success in the 

visible range quantum dots, but few researchers have been able to achieve a stable shell 

on the NIR emitting quantum dots.11 Next, the capping ligand should be changed for 

increased stability in solution, leading to improved quantum yields and reduced 

aggregation. There is an extraordinary number of options for this capping ligand, and 

several of these options have been shown to have much higher quantum yields than the 

thiol-based caps.37, 38 Also, it may be beneficial to synthesize the quantum dots in the 

organic phase, and then through ligand-exchange or encapsulation, the quantum dots can 

be brought into the aqueous phase. This phase transfer does reduce the quantum yield of 

the quantum dots, but it is often still higher than quantum dots synthesized directly in the 

aqueous phase.44 The aqueous phase synthesis should still be considered, as several 

groups do report on synthesis techniques that result in strong quantum yields.27, 40 

Through improved stability of the capping ligand, higher quantum yield and reduced 

aggregation could be achieved. Lastly, using covalent linking of the quantum dot directly 

to the antibody through available functional groups could reduce aggregation of the 

nanoparticles. Thiol groups on streptavidin molecules could be out-competing the DHLA 
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cap on the QD940 quantum dots, causing instability of the cap and aggregation. Also, as 

streptavidin has several potential binding sites, it is possible to have streptavidin 

molecules on one quantum dot interact with other quantum dots, forming aggregates. To 

reduce the disruption of the cap and to avoid aggregation after conjugation, direct linking 

between the quantum dot and the antibody should be considered. This is the most 

common technique used in bioconjugation with nanoparticles, as most have reactive 

functional groups at the surface, removing the need for linking molecules like 

streptavidin and biotin.45 While there are many options for each of these three 

mechanisms for improvement, and each must be considered carefully for the application, 

the resulting particle will likely have improved quantum yield and stability in solution, 

allowing for improved detection in biological applications.  

 

5. CONCLUSIONS 

 QD940 was conjugated to anti-VEGFR2 primary antibodies and the resulting 

QD940-VEGFR2 contrast agent was used to label VEGFR2 expressing cells with 

specificity. The fluorescence signal from these cells was very low and prompted 

investigations into the QD940 fluorescence before and after conjugation. QD940 has a 

significantly lower quantum yield than QDot655 (38% QY) which indicated that the 

synthesized quantum dots also had a lower quantum yield than those reported by Deng, et 

al. Also, the PL intensity of the QD940 was not detectable after conjugation to 

streptavidin. It was demonstrated that this is likely contributed to inability of the quantum 

dots to fluoresce properly due to instability of the capping ligand, as the quantum dots 

were not simply being lost during filtration and purification. Aggregation of the quantum 
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dots was shown to occur during conjugation to streptavidin, which can be attributed to 

instability of the capping ligand. Also, the capping ligand used already has a lower 

quantum yield than other available capping mechanisms. Because of these findings, the 

PbS quantum dots used in this study, as well as the conjugation mechanism, will likely 

not be useful for biological imaging. Modifications to the quantum dot synthesis, capping 

ligand, and conjugation method should be considered and implemented in order to obtain 

an NIR quantum dot based contrast agent for cancer imaging.  
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APPENDIX C.2: PROTOCOL FOR QD940 SYNTHESIS AND 

CHARACTERIZATION 

 

Synthesis of PbS Quantum Dots 

Sample Name ________________  (PbSQD _Date_XX… eg. PbSQD_061813_01) 

Date Made __________________ 

Name ______________________ 

Solution Preparation: 

0.2 M NaOH 

 If 1M NaOh, then add 4 mL of 1M NaOH to 20 mL DI H2O 

0.1M Lead (II) acetate  

 Need 1 mL, MW=379.33 g/mol 

 Add 0.038 g of Lead (II) acetate to 1mL of DI H2O 

 For storage: flush the bottle with argon gas before closing the lid and seal with 

parafilm 

.025M Na2S   

 Need 2 mL, MW=240.18 g/mol 

 Add 0.012 g of Na2S to 2mL of DI H2O to get 0.025 M Na2S 

 For storage: flush the bottle with argon gas before closing the lid and seal with 

parafilm 

Before Use Cleaning Protocol:  

NO SOAP! For flask, stopper, stir bar, syringes, needle, and storage containers (and any 

other items used) 
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1. Rinse item with regular H2O thoroughly 

2. Rinse item with diH2O 

3. Rinse item with isopropanol 

4. Place item in oven until dry 

 

Protocol: 

1. Weigh 62 mg of lipoic acid and 20 mg of Sodium borohydride in a tilted 100mL 

round bottom flask. Add stir bar. Cap the flask with a Teflon stopper membrane.  

2. Attach an argon gas line to a syringe needle and stick through the membrane to 

continually fill argon in the flask. Also place a vent needle.  

3. Sufficiently flush the flask with argon, and then remove the line.  

4. Place a syringe containing 2 mL of DI H2O through the membrane and add to the 

flask dropwise, under gentle stirring. Foaming will occur. Allow to stir until 

bubbling has ceased, about 3 minutes.  

5. Remove the stopper and adjust the pH of the solution to 9 by adding 350µL of 

.2M NaOH dropwise. Check pH with pH paper.  

6. Flush the flask with argon and vent. Replace the stopper and, under strong 

stirring, add 1mL of .1M Lead (II) acetate to the solution dropwise. The solution 

will turn yellow.  

7. Add 2 mL of .025M Na2S dropwise. The solution will turn dark brown.  

8. Stir the solution for 5 minutes, and then very slowly transfer to a glass vial using a 

syringe needle.  Fill the container with argon and seal with parafilm.  

9. Label the vial with the sample name, date, and initials.  
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10. Store the PbS Quantum dots at 4o C.  

 

Sizing of Quantum Dots 

1:200 dilution (1mL) 

Protocol: 

1. Turn on zetasizer (button on top right corner of machine). 

2. Open Measurement File”Jordan Carbary”. Select specified measurement file: 

PbS QD(emission).  

3. Select  JCarbaryQDH20.SOP” under the dropdown menu.  

4. In the SOP menu, type in sample name, and put your name in the notes section.  

5. Use a kimwipe to remove any fingerprints on the cuvette, and insert cuvette into 

zetasizer (use diagram on machine to assure the correct volume) 

6. Close zetasizer and press play.  

7. When over, click on the “Number PSD” tab. Print screen for both the data and 

graph. Open in Paint to adjust the images. Place the images in a Word document.  

Save under specified filename in “Jordan Carbary” folder.  

8. Turn off zetasizer.  

Average Size _____________________________ 

Filename ________________________________ Ex.  PbSQD_Size _(Date 

Made)_(Sample No.) 

 

Emission Spectra 

Make a 2mL sample (use same dilution as above) 
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Protocol: 

1. Plug in the ocean optics box to power source and the 488 LED Light Source (the 

blue device) to the ocean optics box. Plug in the fan (you will hear the fan).  

2. Turn laser diode on continuous mode.  

3. Use kimwipe on cuvette and gently place in the spectrometer.   

4. Cover the device with the cardboard box, and turn the room light off.  

5. Open Spectra Suite.  

6. Set integration to 100 ms, and press pause/play button. Adjust the integration until 

peak is 60,000. Do not go over 60,000. Only adjust the integration time, and 

record final integration time.  

7. When done, turn off light source.  

8. Save your data by first adjusting the graph (third button from the left). Then copy 

spectra to the clipboard. Open excel, and paste data there.  

9. Take the background data by first running a 1 second integration to clear the 

machine (make sure the light source is off). Then do the same integration time. 

Use pause/play button.  

10. Put data into Excel. Subtract the background from the sample’s data. Plot 

Emission vs. Wavelength.   

11. Save data under specified filename in “Jordan Carbary” document on the desktop.  

12. Check that the light source is off. Turn fan off, and set box back on device.   

Integration Time _________________________ 

Peak Emission ___________________________ 
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Filename _______________________________ Ex.  PbSQD_Em_(Date Made)_(Sample 

No.) 

 

Cary 5 Absorbance 

Make a 2mL sample (use same dilution as above) 

Protocol: 

1. Turn on machine 10 minutes prior to use.  

2. Log on to the computer and open the program “Cary Win UV””Scan”. 

3. Zero machine. Setting as follows: Start at 1200 and stop at 300, avg. time is .1, data 

interval is 1.00, and scan rate is 600.00.  

4. Under setup, select “zero/baseline correction”.  

5. Place a cuvette of solvent, water, into each slot. Run the reference.  

6. After it finished, place the black foam to block the front sensor.  

7. When finished with baseline, place sample in the front slot. Select start to begin the 

measurement.  Save as specified file.  

8. When completed, save data as .CSV file. Open data in excel and plot the 

wavelength and absorbance.  

9. If gone for a long period of time, exit program first, then turn off machine.  

Filename _______________________________ Ex.  PbSQD_Ex_(Date Made)_(Sample 

No.) 
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APPENDIX C.3: PROTOCOL FOR CONTRAST AGENT PREPARATION 

 

Reconstitute the streptavidin: 

Want a 10mg/ml concentration. Add 500µl of diH2O to the 5mg of streptavidin and mix. 

Make 50mM Borate Buffer, pH 8.3: 

Dilute the stock borate buffer 20X. Add 1 ml of the buffer to 19ml of diH2O. Adjust pH 

to 8.3. 

Make 10mM Borate Buffer, pH 7.4: 

Use the 50mM Borate Buffer. Add 1ml of the 50mM buffer to 4ml of diH2O. Adjust pH 

to 7.4. 

Conjugation: 

1) Dilute the stock quantum dots from 1mmol to 2nmol by doing a 1:1000 dilution 

using 2µL quantum dots and 2mL of 10mM borate buffer. Then perform a 1:100 

dilution using the first dilution of quantum dots. Then add 12.5µl of the 10nmol 

solution to 250µl of 10mM borate buffer to get 250µL of quantum dots containing 

2nmol of quantum dots. Do the final dilution in a small glass vial containing a stir 

bar. 

2) We are using a 10:1 streptavidin to quantum dot equivalent. This means we need 

20nmol of streptavidin in the reaction. This is equivalent to 1.2g of streptavidin. 

The streptavidin is at 10mg/ml. This means that we will need 120µl. Add 120µl of 

the 10mg/ml stock solution of streptavidin to the glass vial. 

3) Weigh out ~5mg of EDC in a 1.7ml eppendorf tube. Dilute to 10mg/ml by adding 

0.5ml H20. Immediately add 57µl of this stock solution to the stirred quantum 

dot/streptavidin solution. 



235 
 

4) Stir gently for 1.5 hours. 

5) Filter the conjugate through a 0.2µm PES syringe filter and transfer into a 

centrifugal ultrafiltration unit (100KD, amicon ultra4).  

6) Add 3.5ml of 50mM borate buffer, pH 8.3 to the unit. Spin in a swing bucket 

centrifuge at 4000g, room temperature, for 30 sec. Repeat this step for a total of 5 

exchanges. Make sure that the volume at the end of each exchange is ~300µl. 

7) Filter conjugates through another 0.2µm PES syringe filter. Store at 4C. 

8) Use 5ul of this dilution for the reaction with 7 ul antibodies (~6.02x10^12 

molecules of QDs). 

 

 

 


