


 
 

ABSTRACT 

Optical Contrast Agents to Distinguish Benign Inflammation from 

Neoplasia in Epithelial Tissues 

by 

Anne Hellebust 

A minimally-invasive, optical strategy to detect and discriminate between 

inflammation and neoplasia could improve early cancer detection by reducing the number 

of false positive exams due to benign inflammation. This thesis describes research to 

optimize optical molecular contrast agents to observe architectural, metabolic, and 

biomolecular changes from inflammation and cancer in the gastrointestinal tract. My goal 

was to: 1) understand the limitations of autofluorescence imaging for cancer detection, 2) 

image exogenous fluorescent contrast agents specific to inflammation and neoplasia in 

rodent models, and 3) topically deliver a contrast agent cocktail in vivo in a mouse model. 

Wide field autofluorescence imaging of oral tissue utilizes endogenous tissue 

contrast to discriminate neoplastic from normal tissue; clinical studies of this technique 

show good sensitivity but poor specificity. I conducted a confocal microscopy study of 47 

biopsies from 20 patients; results showed a similar decrease in autofluorescence in the 

stroma of inflamed and neoplastic tissue. This finding helps explain the low specificity of 

wide field autofluorescence imaging. 

Topically applied exogenous contrast agents could be used to improve 

discrimination between neoplasia and inflammation. I tested individual fluorescent 



 
 

contrast agents and contrast agent cocktails in chemically induced rodent models of 

inflammation and neoplasia. The first model used autofluorescence imaging with 

fluorescence imaging of proflavine to highlight cell nuclei and 2-NBDG to assess 

metabolic activity for oral cancer detection. A classification algorithm based on 

proflavine and 2-NBDG staining separated neoplastic from non-neoplastic areas on the 

tongue with 91% sensitivity and specificity. In the second model, a contrast agent 

cocktail composed of proflavine, a fluorescently labelled CD45-targeted antibody to 

identify inflammatory cells, and permeation enhancers was evaluated for topical in vivo 

delivery to image ulcerative colitis. The antibody identified the presence of inflammation 

and established topical delivery of antibody sized agents in vivo. 

These results provide evidence that topically applied contrast agent cocktails 

could improve discrimination between inflammation and neoplasia when endogenous 

contrast is insufficient. An optical-based strategy utilizing contrast agent cocktails to 

observe architectural, metabolic, and biomolecular changes associated with inflammation 

and cancer could improve early cancer detection by reducing the number of false 

positives from inflammation. 
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dysplastic mouse colon tissue from the 10 week AOM/DSS time point. Yellow 
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(B-F) Z-stack of the ROI from A at 50 micrometer intervals above and below 

the original FOV. The surface of the glandular tissue is highlighted in B. A 

microscopic lymphoid aggregate is shown in C-E. The underlying muscle is 

shown in F. Scale bars are100 μm.............................................................................. 113 
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Chapter 1 

CHAPTER 1: Introduction 

1.1. Project Summary 

Clinicians have difficulty discriminating normal tissue and benign inflammation 

from neoplasia (1, 2). Inflammatory lesions often appear visually similar to neoplastic 

lesions, making inflammation a common source of false positives during visual 

examination. Currently intraepithelial lesions are observed and monitored through 

subjective, invasive, and repetitive physical examinations with white light and tissue 

biopsies. The ability to visualize the architectural, biomolecular, and metabolic changes 

specific to inflammation and neoplasia has the potential to improve discrimination 

between normal tissue, benign inflammation, and neoplastic lesions thereby improving 

specificity.  

Optical imaging has the potential to increase contrast between benign 

inflammation and neoplastic tissue resulting in increased diagnostic yield. Although 

optical techniques such as wide field autofluorescence, narrow band imaging, and 

confocal endomicroscopy, are available for imaging epithelial tissues in real time, 

specificity remains relatively low, in large part due to a high number of false positives 

from inflammation. The use of topically delivered, molecular specific fluorescent contrast 

agents can increase image contrast while reducing the toxicity and circulation issues 

associated with contrast agents delivered intravenously.  

The focus of this research is to optimize molecular specific contrast agents to 

identify normal tissue, benign inflammation, and neoplasia in epithelial tissues, 
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specifically in the oral cavity and colon. This work uses preclinical models to study the 

endogenous optical properties of inflamed tissue, develop contrast agents to improve 

contrast between inflammation and neoplasia, and evaluate contrast agent cocktail 

delivery in vivo to improve discrimination between benign inflammation and neoplasia.  

1.2. Objective and Specific Aims 

The objective of my research is to optimize molecular specific contrast agents to 

differentiate between normal tissue, benign inflammation, and neoplasia in epithelial 

tissues, specifically in the gastrointestinal tract. The following specific aims were 

designed to achieve this goal: 

Specific Aim 1: Understand the biological basis for changes in the optical properties of 

inflamed tissue to better distinguish between inflamed and neoplastic tissue. 

In wide field autofluorescence imaging of the oral cavity, inflammation is often a 

source of false positive results. Evaluating changes at a cellular level is necessary to 

understand the source of and improve the specificity associated with inflammation in 

wide field autofluorescence imaging as well as guide molecular specific contrast agent 

design. This aim is focused only on the oral cavity due to the relevance of 

autofluorescence imaging. 

Specific Aim 2: Develop contrast agents to target biomarkers of inflammation. 

My next aim is to develop new contrast agents to target the biomarkers of 

inflammation. Fluorescent antibodies specific to CD45 (a membrane protein 

compromising nearly 10% of the surface area of lymphocytes) labeled with a fluorescent 
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optical marker are the primary contrast agent evaluated. This antibody based agent is 

evaluated in resected human and mouse tissue specimens as well as in vivo in a colitis 

mouse model.  

Specific Aim 3: Translate contrast agent cocktails that highlight molecular, functional, 

and morphological features of normal tissue, benign inflammation, and neoplastic tissue. 

My final aim was to translate contrast agent cocktails that highlight molecular, 

functional, and morphological features of normal tissue, benign inflammation, and 

neoplastic tissue in epithelial tissue. Reliance on the autofluorescence properties of tissue 

and use of individual contrast agents has been insufficient in identifying neoplasia with 

high specificity. The formulation of a cocktail that highlights multiple features of 

neoplasia (increased nuclear to cytoplasm ratio, increased metabolism, changes in protein 

expression) in addition to delineating inflammation has the potential to aid in detection 

with a high sensitivity and specificity. Cocktail formulations were tested in preclinical 

models (biopsies from clinical patients and tissue from carcinogen induced rodent cancer 

models) and ultimately in vivo in rodent models.  

This project resulted in the ability to image biomarkers of inflammation and 

neoplasia to discriminate normal tissue, benign inflammation, and neoplastic lesions. 

While the relationship between inflammation and neoplasia is complex, distinguishing 

between the two would aid in observation of high risk patients where routine observation 

is necessary and provide a tool to reduce false positives in low-prevalence patient 

populations. 



 4 

1.3. Chapter Summaries 

This dissertation describes the preclinical studies conducted to assess the use of 

optical molecular contrast agents in gastrointestinal epithelial tissue via topical delivery. 

The dissertation is organized as follows.  

Chapter 1 lists the specific aims of this research and provides a brief overview of 

the topics to be discussed.  

Chapter 2 provides background information on the motivation for early cancer 

detection, the complex relationship between inflammation and cancer, optical molecular 

contrast agents, barriers to contrast agent delivery and preclinical models of cancer. 

Specific information about oral and colorectal cancer development and screening is 

presented. 

Chapter 3 describes a study to understand the effects of benign inflammation and 

dysplasia on endogenous fluorescence in oral biopsies. Tissue slices from 47 biopsies in 

20 patients were imaged with confocal microscopy to visualize the autofluorescence 

changes associated with inflammation and dysplasia on a cellular level to improve our 

understanding of how inflammation affects wide field autofluorescence imaging for early 

oral cancer detection. A study exploring the use of exogenous fluorescent contrast agents 

to improve the ability to discriminate between these conditions is also presented.  

Chapter 4 presents the results of an ex vivo contrast agent staining and imaging 

study of a mouse model of tongue carcinogenesis. This study describes the rational in 
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formulation for later contrast agent cocktails for in vivo testing. This chapter is a paper 

that I published in the Journal of Biomedical Optics in 2013.  

Chapter 5 describes a study evaluating topical contrast agent delivery in vivo. A 

chemically induced model of ulcerative colitis was used evaluate the feasibility of 

topically delivering contrast agent cocktails to improve visualization of the architectural 

and biomolecular changes associated with inflammation.  

Chapter 6 describes the use of a colitis-associated colorectal carcinogenesis 

mouse model to develop optical imaging technologies for clinical translation. A new 

tissue clearing method to enable three dimensional imaging in tissue specimens is also 

discussed.  

Chapter 7 discusses the major conclusions of this work and discusses the 

implications of optical contrast agent cocktails for early cancer detection. Chapter 7 also 

discusses the future directions for topically applied optical contrast agent cocktail 

development.  
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Chapter 2 

CHAPTER 2: Background 

This thesis summarizes my research to optimize optical contrast agents for in vivo 

delivery to distinguish benign inflammation from neoplastic changes in gastrointestinal 

epithelial tissues. Optical imaging can probe cellular and architectural changes associated 

with carcinogenesis, facilitating early cancer detection which could improve patient 

outcomes and quality of life. However, contrast agents that target molecular changes of 

neoplasia are necessary to improve differentiation between benign inflammation and 

neoplastic tissue. While the relationship between inflammation and cancer is complex, 

the ability to differentiate between inflammation and neoplasia is key to improving early 

detection. 

2.1. Motivation for Early Cancer Detection 

Figure 2.1 depicts the five-year survival rates in the United States by stage of 

diagnosis for both oral and colon cancer (3). As the figure shows, early detection at 

localized stages dramatically improves survival for cancer patients. Unfortunately, due to 

lack of symptoms, over 60% of newly diagnosed cancers are not locally confined (4). 

While screening, visual examination and biopsy are recommended for known at-risk 

individuals, the standard white-light based visual examination frequently misses areas of 

localized neoplastic epithelial growth in the oral mucosa and colon. 
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Cancer development in epithelial tissues is a multistep process with normal tissue 

transitioning through intermediate stages of dysplasia and ultimately transforming to 

neoplasia. The goal of early cancer detection is to identify these intermediate stages of 

dysplasia when the disease is localized to the epithelium and is easily treated. Minimally 

invasive imaging strategies exist for improved early cancer detection for all cancers of 

the gastrointestinal tract. However, selection of the appropriate imaging tools depends on 

the type of cancer under surveillance because both organ accessibility and carcinogenesis 

vary by tissue site. My thesis research focuses on two primary anatomic locations within 

the GI tract: the oral mucosa and the colon; subsections 2.1.1 and 2.1.2 detail the 

prevalence and progression of oral and colorectal cancer, respectively. 

 
Figure 2.1 – Five-year survival rates for oral and colorectal cancer 
categorized by stage at time of diagnosis. Five-year survival decreases when 
cancer is diagnosed at later stages for both oral and colorectal cancer. Modified 
from reference (6). 
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2.1.1. Oral Cancer 

Although the oral cavity is readily accessible for screening, nearly 50% of oral 

cancers are diagnosed when the disease is no longer localized (5). Each year 

approximately 400,000 new cases of oral cancer occur resulting in 300,000 deaths 

worldwide (6). In the United States alone, an estimated 35,720 new cases of oral cancer 

and 7,600 deaths occurred in 2009 (3).  

Squamous cell carcinoma, the most common type of oral cancer, originates in the 

epithelium and develops slowly through a series of transitional stages (Figure 2.2). 

Normal oral tissue is composed of stratified squamous epithelium. Hyperplasia is a 

benign condition, characterized by an increase in the number of normal cells and 

thickened epithelium. Hyperplasia is not preneoplastic and does not require clinical 

intervention. In contrast, dysplasia is a transitional state between benign growth and 

neoplasia. Dysplasia is characterized by increased nuclear size and density, increased 

metabolism, and nuclear pleomorphism. Oral dysplasia is categorized as mild, moderate 

or severe. Low grade dysplasia requires monitoring because the risk of progression to 

cancer is elevated compared to normal tissue. However, mild dysplasia may resolve 

without intervention and never progress to neoplasia or require clinical intervention. 

Moderate dysplasia occurs when two-thirds of the epithelium contains abnormal cells. 

Severe dysplasia, synonymous with carcinoma in situ, occurs when the entire thickness of 

the epithelium contains abnormal cells. Once the abnormal cells invade the basement 

membrane, the lesion is classified as an invasive carcinoma. Noninvasive diagnosis and 

monitoring of each of these stages of cancer progression is needed. (7) 
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In addition to the dysplastic stages described above, benign oral epithelial 

abnormalities exist. These abnormalities include lichen planus, candidiasis, submucosal 

fibrosis, and frictional hyperkeratosis which change the color and texture of the oral 

mucosa. Under white light examination, these inflammatory conditions often appear 

similar to dysplasia, complicating detection and diagnosis of oral dysplasia and neoplasia.  

Optical imaging provides a noninvasive and affordable method for imaging 

inflammatory and neoplastic changes to improve early cancer detection. Additionally, 

noninvasive imaging allows clinicians to monitor mild dysplasia lesions which may 

persist for years without progressing to cancer (8, 9). However, when surgical 

intervention is required, tumor margin selection may benefit greatly from advanced 

optical imaging techniques to preserve as much healthy tissue as possible and avoid 

undesirable morbidity including speech impairment, difficulty eating, and changes in 

physical appearance. Similar advanced optical imaging techniques can be applied to other 

 
Figure 2.2 – Progression of oral squamous cell carcinoma. The top shematic 
illustrates the process of sqamous cell carcinoma development. The bottom 
sequence shows histological examples of oral cancer progression (7). 
Reproduced with kind permision from Springer Science and Business Media, 
copyright 2011. 
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organ sites such as the colon. Colorectal cancer prevalence and progression are detailed 

in the next subsection. 

2.1.2. Colorectal Cancer 

The ability to detect colorectal cancer at an early stage has the potential to 

improve the 5-year survival rate from 65% to 90% (10). Colorectal cancer is the third 

most common cancer with approximately 1,400,000 new cases of colorectal cancer 

diagnosed worldwide each year (6). In the United States alone, an estimated 135,000 new 

cases of colorectal cancer and 51,000 deaths occurred annually (3). Carcinogenesis of 

sporadic colorectal cancers and colitis-associated colorectal cancers differs in disease 

progression and presentation to clinicians upon white light endoscopy.  

As shown in Figure 2.3, sporadic colon cancer and colitis-associated colon cancer 

physically present differently to clinicians. Normal colon tissue is composed of glandular 

columnar epithelium that appears smooth and shiny with white light endoscopy. 

Adenomas associated with sporadic colorectal cancer are usually raised and readily 

visible with the use of standard white-light colonoscopy, but dysplasia in colitis is often 

flat and difficult to detect with the use of white-light colonoscopy (11). Sporadic colon 

cancer initially presents as physically raised adenomatous polyps. These polyps may 

progress through early to late stage adenomas and ultimately become carcinomas. While 

histologically benign, adenomatous polyps carry an increased risk for progression to 

cancer and are physically removed from the colon by clinicians. In contrast, colitis-

associated cancer presents as flat dysplastic lesions with less defined borders that 

progress through low to high-grade dysplasia and ultimately carcinoma. White light 
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endoscopy frequently misses these flat dysplastic lesions, creating a need to improve 

screening techniques for ulcerative colitis patients (12, 13). (14) 

 

Ulcerative colitis (UC) and Crohn’s disease are the principal types of 

inflammatory bowel disease (IBD). UC and Crohn’s differ in location and nature of 

inflammation. UC is limited to the epithelium of the colon, whereas Crohn’s can affect 

the full thickness of any part of the gastrointestinal tract. These chronic inflammatory 

diseases, UC in particular, carry increased risk for developing colorectal cancer (15). 

The epithelial surface of the colon in UC patients becomes ulcerated, making 

identification of flat neoplastic lesions more difficult with white light endoscopy. Colon 

cancer surveillance in ulcerative colitis patients consists of white light endoscopy with 

random four quadrant biopsies at designated intervals (16). This protocol is limited by the 

 
Figure 2.3 – Progression of colorectal cancer. Sporadic colon cancer (A) and 
colitis-associated colon cancer (B) exhibit different clinical presentations and 
require different detection strategies. Reproduced with permission from L. 

Beaugeri & S. H. Itzkowitz, N Engl J Med 2015, Copyright Massachusetts Medical 
Society, (14). 
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inability to sample the entire mucosal surface or to target biopsies (17). High resolution 

optical imaging modalities such as confocal endomicroscopy have emerged to afford 

gastroenterologists the ability to obtain an “optical biopsy” with subcellular resolution 

images of the gastrointestinal epithelium to improve the ability to target biopsies and 

detect areas of increased risk of disease.  

Although the clinical presentation and histologic progression of oral and 

colorectal cancers differ, they share many common features of neoplastic procession 

which can be visualized with advanced optical imaging techniques. Each stage of 

dysplastic progression includes changes in cellular architecture, metabolism and 

biomarker expression. However, inflammatory conditions such as UC in the colon or 

lichen planus in the oral cavity complicate cancer diagnosis. Inflammation and dysplasia 

look similar to clinicians on white light evaluation. Advanced optical imaging strategies 

such as those reported in this thesis could improve a clinician’s ability to differentiate 

inflammatory lesions from neoplastic lesions to improve early cancer detection.  

2.2. Inflammation and Cancer 

Cancer is essentially a failure to regulate tissue growth. While genetic alterations 

alone may transform healthy cells to neoplastic cells, frequently inflammation precedes 

and stimulates carcinogenesis; this, in turn, induces more inflammation (Figure 2.4). 

Inflammatory lesions of the epithelium often appear visually similar to neoplastic lesions, 

and are a frequent cause of false positive results for visual examination. While the 

relationship between inflammation and cancer is complex, the ability to distinguish 
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between the two could aid in the ability to reduce false positives especially in low-risk 

patient populations where inflammation is much more prevalent than neoplasia. (18) 

(

 

2.2.1. Complex Relationship between Inflammation and Cancer 

To understand the connection between inflammation and cancer, it is important to 

understand the basics of inflammation. In response to tissue injury, complex networks of 

chemical signals initiate a host response to repair the damaged tissue. This response 

involves activation of leukocytes and their migration from the circulatory system to the 

damaged tissue. Cytokines, small proteins involved in cell signaling, play a major role in 

this process and cytokine balance inhibits neoplastic progression. While inflammation is 

ordinarily self-limiting, the prolonged presence of inflammatory cells and secreted 

 
 

Figure 2.4 – Inflammation and cancer. Inflammation precedes and stimulates 
carcinogenesis which in turn induces more inflammation. This cycle creates 
sytemic inflammation which supports metastases and inflammatory metastatic 
environments. Reprinted by permision from Macmillan Publishers LTD: Nature 
Reviews Cancer (18), copyright 2010.  
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cytokines may result in genotoxicity to the surrounding normal cell populations (Figure 

2.5). These inflammatory cells act as tumor promoters, producing an environment 

amenable to tumor growth that induces genomic instability, promotes angiogenesis and 

inhibits cell-death. However these same inflammatory mechanisms also disrupt 

neoplastic progression via inflammatory cell mediated cytotoxicity and antibody-induced 

complement-mediated lysis. (19) 

 

In nearly 20% of cancers, microbial organisms are the causative agents of cancer 

inducing inflammation (20). Inflammation causes cancer development through 

genotoxicity, aberrant tissue repair, proliferative responses, invasion and metastasis. 

Colon carcinogenesis possesses an especially strong association with chronic 

 
 

Figure 2.5 – Inflammatory cells and neoplastic progression. Inflammatory 
cells and their cytokines may act both as tumor promoters and tumor  
supressors. Reprinted by permision from Macmillan Publishers LTD: Nature 
Reviews Cancer (19), copyright 2006. 



 15 

inflammation in individuals with inflammatory bowel disease (21). Chronic Heliobacter 

pylori infection is the world’s leading cause of stomach cancer (22). Human 

papillomavirus (HPV) causes nearly all cases of cervical cancer and 70% of 

oropharyngeal cancers in the United States (23, 24). In each of these examples, the ability 

to monitor inflammation resolution and potential neoplastic progression would be 

clinically beneficial. 

2.2.2. Inflammation Lowers the Specificity of Cancer Diagnostics 

Systemic inflammation cofounds cancer biomarker studies causing decreased 

specificity (1). Inflammation can also be an important confounder in molecular imaging 

modalities utilizing exogenous contrast agents. For example, while neoplastic cells show 

increased uptake of deoxyglucose in FDG PET imaging, the high metabolic activity of 

inflammatory cells also leads to increased uptake of the contrast agent. The low spatial 

resolution capabilities of this technique cause the signal from inflammatory cells to 

appear as a false positive (25).  

Additionally in wide field autofluorescence (AF) examination of the oral cavity, 

inflammation reduces the specificity because both inflammation and neoplastic lesions 

exhibit a loss of AF. As commercially available wide field imaging devices, such as the 

VELscope® and the Identafi® 3000, undergo more evaluation in low prevalence 

populations, inflammation is emerging as a source of error thereby limiting the 

effectiveness of these devices (26-30). Wide field imaging primarily captures the AF 

generated in the stroma, where both inflammation and neoplastic lesions demonstrate a 

loss of AF (2). The additional use of exogenous contrast agents and higher resolution 
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imaging can potentially improve low specificity that plagues other detection strategies. 

Combining wide field imaging strategies with high resolution imaging utilizing optical 

molecular contrast agents has the potential to improve the specificity of early epithelial 

cancer diagnosis.  

2.3. Optical Molecular Imaging for Cancer Detection 

Many features of the neoplastic process can be visualized with molecular 

imaging, including changes in the expression of cell surface receptors, changes in 

epithelial-stromal communication, and changes in tissue architecture. Positron emission 

tomography (PET) and magnetic resonance imaging (MRI) have shown promise for 

molecular imaging of cancer in the clinic (31). However, PET and MRI are too expensive 

for population-based screening and often require IV injection of a contrast agent, a 

procedure which is impractical in low-risk populations (32). Therefore, developing tools 

to quantitatively image multiple biomarkers, at multiple spatial resolution scales, across 

the entire epithelial surface at risk would have many important clinical advantages for 

early detection. 

Optical imaging systems are portable, inexpensive, and provide real-time images 

of whole organs at the macroscopic scale, with the potential to image sub-cellular 

structures from smaller regions of interest. Optical molecular imaging systems consist 

broadly of three components: (1) an optically-active contrast agent targeting a specific 

biomarker of clinical relevance; (2) a method to safely deliver the contrast agent to the 

tissue at risk; and (3) an optical imaging system to acquire, process, and interpret 
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resulting images of labeled tissue. The work presented in this thesis focuses on 

addressing the components 1 and 2. 

The chief limitation of optical imaging approaches is the relatively small depth of 

penetration (ranging from hundreds of microns to several centimeters, depending on the 

approach), due to the scattering and absorption of light in tissue. Thus, while optical 

imaging is well-suited to study surface lesions, it cannot currently be used for whole body 

imaging. However, for the two types of cancer presented in this work, optical imaging 

with modified cameras and endoscope systems is easily achieved. Achieving the potential 

of this technology requires coordinated efforts in biomarker discovery and validation, 

design and delivery of contrast agents, and engineering of optical instrumentation. The 

success of optical imaging techniques heavily depends on the optical contrast between 

neoplasia and surrounding benign and normal tissue. 

2.3.1. Optical Imaging with Endogenous Contrast 

During cancer development, changes in tissue morphology and metabolism occur 

affecting the endogenous optical properties of tissue, including changes in 

autofluorescence (AF) (33). When exposed to light of a particular excitation wavelength, 

endogenous fluorophores absorb and emit light at a wavelength longer than the excitation 

wavelength. Neoplastic changes in tissue lead to changes in the concentration and optical 

properties of fluorophores, causing a decrease of AF (2). In the last few years, a number 

of AF imaging systems have received FDA approval to augment early detection of 

neoplastic lesions, including the VELscope (oral), Trimira-3000 (oral), and Olympus 

Lucera (GI). 
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Multiple wide field imaging platforms designed to improve the early detection of 

neoplasia by imaging endogenous optical properties of tissue are being evaluated in large, 

multicenter clinical trials. For example, Curvers et al. developed a tri-modal endoscope to 

improve the early detection of esophageal neoplasia in patients with Barrett’s esophagus 

(34). The endoscope combines three wide field optical imaging modalities; the first two 

modalities, high-definition white-light endoscopy and AF imaging, serve as ‘red-flag’ 

techniques to identify potentially neoplastic lesions with high sensitivity based on 

atypical glandular patterns and/or loss of AF. Suspicious areas are then imaged using 

narrow-band reflectance imaging (NBI) to enhance visualization of superficial 

vasculature features to improve specificity. In a multicenter study of 84 patients with 

Barrett’s esophagus, Curvers and colleagues compared the sensitivity and specificity of 

each mode for diagnosis of neoplasia to the gold standard of histopathology (34). AF 

imaging raised the detection rate of neoplasia from 45 to 90% relative to high-definition 

white-light endoscopy; however, NBI was needed to lower the high false positive rate 

associated with AF imaging. 

The specificity of wide field AF imaging remains a significant concern because 

benign changes such as inflammation are also associated with loss of AF (34, 35). Initial 

studies for oral cancer screening using AF showed high sensitivity and specificity (90-

100%) for early cancer detection (36, 37). However, translating the technology to lower 

prevalence settings resulted in decreased sensitivities (64-84%) and dramatically reduced 

specificities (15-58%) (38-40). The decreased performance is largely due to the large 

number of benign inflammatory lesions present in different patient populations leading to 

an increase in the number of false positives associated with inflammation. Improved 
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understanding of the source of the AF signal in inflamed tissue is needed to identify the 

limitations of this imaging modality and inform engineers how to improve current 

imaging systems. Application of molecular specific exogenous optical contrast agents is 

one way to mitigate the limitations associated with imaging endogenous contrast. 

2.3.2. Contrast Agents for Optical Imaging  

To address the limitations of imaging with endogenous contrast, a number of 

targeted, optically active contrast agents have been developed to identify neoplasia (41, 

42). Targeted agents have the potential to increase image contrast between normal and 

neoplastic tissue and to improve the specificity of optical imaging. Design of these agents 

generally includes three parts: identification of a biomarker to target, selection of a 

targeting moiety specific and sensitive to the biomarker and inclusion of an optically 

active probe (Figure 2.6). The targeted biomarker must be adequately abundant for 

detection and sufficiently specific to the particular disease or stage of the disease under 

examination to yield adequate image contrast. Once the target biomarker has been 

identified, a targeting moiety must be selected.  
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The targeting moiety determines the sensitivity and specificity of the contrast 

agent. Antibodies, antibody fragments, and peptides are some of the most commonly 

used targeting moieties; each class of targeting molecule is associated with different 

binding kinetics and delivery challenges (43). Antibody- and affibody-based agents are 

discussed in greater detail in a later subsection. 

In each of these cases, an optically active probe must be conjugated to the 

targeting moiety, often via an amine, carboxyl, or thiol functional group present in the 

targeting moiety. The optically active probe provides the ability to visualize the agent in a 

particular imaging modality. Optical probes that have shown promise for molecular 

imaging include organic fluorophores, metal nanoparticles, nanoshell composites, and 

semiconductor nanocrystals. Again, each is associated with different delivery challenges 

 
 

Figure 2.6 – Molecular specific optical contrast agents. (A) Biomarkers can be 
targeted with a wide range of targeting moieties. Optical labels are conjugated to 
targeting moieties. (B) Shows examples of targeting moities combined with 
optical labels to detect specific biomarkers (42). 
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and limits of optical detection. Stability, contrast, the potential to image multiple targets, 

and toxicity are important considerations when selecting the optical probe.  

The small molecular weight, high quantum yield, low cost, and the existence of 

well-developed conjugation protocols make organic fluorescent dye an ideal candidate 

for in vivo optical molecular imaging probes. Of particular interest are dyes that fluoresce 

in the red and near infrared (NIR) range, where tissue turbidity is lowest and the greatest 

depth of light penetration can be achieved. Challenges associated with organic 

fluorescent dyes include their propensity for photobleaching, complications from tissue 

AF and the relatively small number of fluorescent dyes which have been approved for 

clinical use.  

Image contrast using peptide- or antibody-targeted fluorescent agents is limited 

primarily by two factors: the degree of differential biomarker expression associated with 

neoplastic tissue, and the degree of non-specific labeling of tissues which do not express 

the targeted biomarker. One approach to improve image contrast is the use of “smart 

fluorescent probes” which, in an effort to reduce background signal, only fluoresce in the 

presence of a targeted biomarker. Generally consisting of a fluorophore and a quencher, 

such smart probes are designed such that the fluorophore and quencher are in sufficiently 

close physical proximity that fluorescence is quenched in the absence of a biomarker of 

interest. When present, the targeted biomarker induces a change in the smart contrast 

agent such that quenching no longer occurs and the contrast agent becomes fluorescent. 

This change in signal intensity is based on changes in conformation, chemical structure or 

displacement. However, these ‘smart probes’ are difficult to synthesize and have low 

target-to-background ratios. 
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Alternatively, innately fluorescent small molecule dyes may be utilized to 

highlight biomarkers of interest. While these vital dyes are less specific, their small size 

and ease of use makes them attractive for clinical use, particularly as topically applied 

contrast agents. Proflavine, cresyl violet, fluorescein and methylene blue are examples of 

vital dyes used to improve image contrast in patients undergoing endoscopy for colorectal 

cancer screening (44-46). 

A minimally-invasive, optical strategy utilizing fluorescent contrast agents to 

monitor the changes associated with inflammation and carcinogenesis has the potential to 

improve early cancer detection in the gastrointestinal tract. Specific small molecule 

contrast agents and chemically modified agents used in this research are discussed in the 

following sections. These contrast agents highlight cell architecture, changes in cellular 

metabolism and differences in protein expression. 

2.3.2.1. Highlighting Cellular Architecture 

Pathologists base clinical grading of dysplasia on changes in cellular architecture 

via reading hematoxilyn and eosin-stained slides of human tissue ex vivo. Specifically, 

the nuclear-to-cytoplasmic area ratio is a commonly used factor in identifying neoplastic 

changes (47). Changes in overall tissue architecture such as the loss of regular glandular 

architecture in colorectal cancer are also indications of dysplasia and neoplasia. 

Inflammatory cells are smaller than normal and neoplastic cells; with sufficient lateral 

resolution, these cells may be differentiated from epithelial cells by optical imaging.  

Proflavine is a small molecule based fluorescent dye used to highlight cellular 

architecture in this work. Proflavine is an acriflavine derived fluorescent dye that binds to 
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nucleic acids (48, 49). Proflavine enhances visualization of cell nuclei in fluorescence 

images allowing for calculation of nuclear-to-cytoplasmic area ratio and internuclear 

spacing, which are commonly assessed in routine histology to distinguish between 

healthy, inflamed and neoplastic tissue. While proflavine is not currently FDA approved 

as an optical contrast agent, it has a long history of safe clinical use (50). For example, 

proflavine is a component of triple dye which is used as a topical antiseptic on the 

umbilical stump of newborn babies with no reported side effects (51). Additionally, our 

lab is actively using proflavine in vivo in the oral cavity as an investigational new drug 

(IND) approved by the Federal Drug Administration. Proflavine has allowed for the 

differentiation of normal tissue and neoplasia in resected esophageal, breast, colon, and 

oral tissue specimens (52-55). My research uses proflavine to stain cell nuclei in both oral 

and colorectal tissue.  

The limitations of exclusively imaging tissue architecture include the difficulty of 

imaging architectural features in areas of tissue with dense cells, the high spatial 

resolution requirements required to image architectural features, and the limited field of 

view that can be imaged at high resolution (on the scale of a millimeter). Additional 

markers of neoplasia may be useful in combination with proflavine. The next subsection 

discusses how metabolic markers provide another target for contrast agents. 

2.3.2.2. Imaging Cellular Metabolism 

Alteration of cellular metabolism is one of the hallmarks of cancer (56). The 

clinical value of assessing tumor glucose metabolism via F‐18 Fluorodeoxyglucose 

(FDG) PET imaging in oncology is well-established; however, the poor spatial resolution 
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of PET imaging is a significant limitation for early detection (25). Optical molecular 

imaging can provide sub‐cellular spatial resolution to overcome this limitation. 

Fluorescently labeled fructose and deoxyglucose have been developed for in vivo optical 

imaging of cancer metabolism and have shown increased uptake in cancer cell lines (57). 

2‐(N‐(7‐nitrobenz‐2‐oxa‐1,3‐diazol‐4‐yl)amino)‐2‐deoxyglucose (2-NBDG) is the 

deoxyglucose analog utilized in my work. 2-NBDG is a fluorescently labeled, 

commercially available glucose analog that enters cells via glucose transporters. 

Competition assays indicate that delivery of 2‐NBDG is mediated via glucose 

transporters (58, 59). Other studies have explored the use of topically delivered 2-NBDG 

in cultured cells and in excised human tissue. Neoplastic tissue was associated with 

higher uptake of the 2-NBDG, leading to a 3.7 fold increase in fluorescence signal 

compared to normal oral tissue (58, 60). Sheth et al. demonstrated the clinical utility of 2-

NBDG through in vivo studies utilizing multiple mouse models which showed high 

target-to-background ratios for both minimally invasive and intraoperative imaging (61). 

In this work, I image 2-NBDG signal from ex vivo stained tissue from mouse models of 

oral cancer.  

Finally, a number of biomarkers are upregulated in inflamed and neoplastic tissue. 

The next subsection discusses targeted contrast agents to image these biomarkers. 

2.3.2.3. Labeling Changes in Biomarker Expression 

Biomarkers are measurable biological indicators of different disease states. 

Differences in expression of genes, proteins, and receptors allow us to image biomarkers 

to identify the presence inflammation, recognize subtypes of cancer, and predict patient 
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response to therapy. This subsection presents examples of biomarker-specific contrast 

agents that vary in size and present different barriers to delivery.  

Antibody and Affibody Based Agents 

Initially, researchers developing contrast agents for in vivo optical molecular 

imaging pursued the use of fluorescently labeled monoclonal antibodies. This was 

facilitated by the growing clinical use of therapeutic antibodies targeting relevant 

biomarkers of cancer, as well as by the existence of straightforward protocols for 

conjugating fluorescent dyes to antibodies. In particular, antibodies targeting cell surface 

receptors overexpressed in cancer, such as epidermal growth factor receptor (EGFR), 

human epidermal growth factor receptor 2 (HER2), and vascular endothelial growth 

factor (VEGF), were explored to target optical molecular imaging agents; sensitivity and 

contrast was optimized in vitro in cell culture and explanted human tumors, and in vivo in 

animal models. 

As a marker of inflammation, I targeted CD45, also known as leukocyte common 

antigen or protein tyrosine phosphatase, receptor type C. CD45 comprises nearly 10% of 

the cell surface area of T and B cells, making it an ideal target for imaging (62). This 

agent allows for identification of inflammatory cells in the epithelium. Although there are 

many regulators of inflammation that could be targets, I selected an abundant marker to 

demonstrate proof of principle of this targeting strategy. Successful development of this 

strategy could then be applied to other biomarkers of inflammation in future work. For 

the purpose of this thesis, the antibody was conjugated to an optical probe, in this case an 
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Alexa Fluor carboxylic acid succinimidyl ester dye. This fluorescently labelled CD45 

targeted antibody serves as an example of an antibody based targeted contrast agent.  

A limitation of antibody-targeted fluorescent contrast agents is the potential 

immunogenicity associated with the targeting moiety. Chimeric and humanized 

antibodies have been engineered to decrease the immunogenicity evoked by the murine 

antibodies initially under investigation. In addition, antibodies are large molecules 

(~150kDa), and this presents barriers to tissue penetration during IV administration as 

well as topical application. Engineered antibody fragments or affibodies are smaller in 

size and have the potential to improve delivery while maintaining specificity and 

lowering production costs (63).  

Peptide Based Agents 

Targeting peptides present another alternative to the use of antibodies and 

affibodies (64). Their small size (<10 kDa) reduces barriers to topical delivery and tumor 

penetration and they are less likely to elicit an immune response (65). The use of peptide 

ligands which bind cell surface receptors that are differentially expressed on cancer cells 

have been explored as targeting moieties for fluorescent contrast agents. For example, 

epidermal growth factor (EGF) labeled with fluorescent dye was used to image EGFR, 

which is overexpressed in many epithelial cancers, in excised tissue and EGFR positive 

tumors in mice (66, 67). Similarly, van Dam et al used folate receptor alpha labeled 

fluorescein to image ovarian tumor cells in patients (Figure 2.7) (68). The development 

of phage display techniques to rapidly screen libraries of peptides which selectively bind 

a target of interest has enabled identification of novel peptide-based targeting moieties. 
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Peptides which selectively bind to colon cancer cells (69, 70) and esophageal 

adenocarcinoma tissue (71) have been identified by multiple groups and used as targeting 

ligands for fluorescent contrast agents.  

 

2.3.3. Advantages of Contrast Agent Cocktails 

With high patient-to-patient tumor heterogeneity, simultaneously imaging 

multiple biomarkers using contrast agent cocktails composed of multiple contrast agents 

allows for improved sensitivity and specificity for early cancer detection (72). The ability 

to non-invasively image the spatial and temporal distribution of multiple biomarkers 

across a tumor surface has the potential to improve treatment through better selection of 

targeted therapeutic agents, real-time imaging for in situ guidance of tumor margin 

assessment, and monitoring patient response to treatment without need for biopsy. 

 
Figure 2.7 – Fluorescent folate receptor α peptide highlights ovarain cancer 
in patients. White light image (a) and the corresponding folate receptor alpha 
fluorescence image (b) of an area in the abdominal cavity of a patient with 
ovarian cancer. Reprinted by permision from Macmillan Publishers LTD: Nature 
Medicine (68), copyright 2011. 
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However, delivery of these contrast agents to biomarkers of interest remains a challenge. 

The next section discusses the barriers to contrast agent delivery. 

2.4. Barriers to Contrast Agent Delivery 

Two primary routes of administration exist for delivery of imaging agents: topical 

application and intravenous (IV) injection. Different barriers to delivery hamper each 

administration route (Figure 2.8). IV delivery leverages contrast agent accumulation in 

tumors, utilizing the enhanced permeability and retention effect. However, the systemic 

nature of this delivery route requires higher dosages of contrast agents and creates a 

higher background signal. In comparison, topical application is only applicable to easily 

accessible epithelial tissues, but it provides distinct advantages in the appropriate settings. 

For example, typically smaller amounts of contrast agent are required, reducing potential 

toxicity and clearance concerns associated with IV injection. This thesis therefore focuses 

on topical delivery as the route for contrast agent delivery.  

 

 
Figure 2.8 – Barriers to contrast agent delivery. The two primary routes of 
administration for delivery of imaging agents are topical and systemic. Both 
routes of administration must pass multiple barriers to contrast agent delivery 
(42). 
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Achieving sufficient epithelial permeation of topically applied contrast agents is a 

major delivery barrier, especially for larger agents such as antibodies. Topically applied 

contrast agents must permeate cellular tight junctions in the epithelium and in some cases 

a tough, protective keratinized epithelium. Furthermore, cytoplasmic and nuclear targeted 

agents must cross the cell and nuclear membranes, respectively, to reach the intended 

target. Topical permeation enhancers are vital to ensure even distribution of contrast 

agent delivery into the entire epithelial surface prior to imaging. My work uses 

historically used chemical permeation enhancing agents and novel agents developed by 

our collaborators to improve topical contrast agent delivery. 

2.4.1. Permeation Enhancement Needed for Topical Delivery 

Because the tight junctions of the epithelium serve as a barrier to exclude foreign 

substances, delivery of agents into the epithelium is not trivial. Physical and chemical 

methods are utilized for improved permeation. Physical permeation methods such as 

electroporation, the use of microneedles, abrasion, and ultrasound have been utilized for 

transdermal delivery. These methods show the potential to increase delivery of imaging 

and therapeutic agents to tumor tissue; however, the increased complexity associated with 

physical methods limits use for early cancer detection methods. In comparison, chemical 

permeation enhancers are easily integrated into contrast agent solutions.  

Chemical permeation enhancers such as Triton-X, dimethyl sulfoxide (DMSO) 

and modified chitosan have been incorporated with dyes to improve permeation in tissues 

by disrupting tight junctions between cells (73-75). Triton-X and DMSO are traditional 

chemical permeation enhancers. Van de Ven et al. incorporated Trition-X to improve 

mucosal and intracellular delivery of contrast agents in excised tissue (74, 75). DMSO 
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has a long history of clinical use to delivery agents topically in skin (76). However, these 

chemicals have toxic effects if delivered at high volumes, and safer chemical agents are 

needed. 

Chitosan is a biocompatible, biodegradable, cationic polysaccharide. Topical 

application of chitosan enhances drug uptake due to its cationic properties, but use is 

constrained by limited solubility at physiological pH which leads to loss of charge (77). 

To improve these characteristics, previous work in collaboration with the Roy lab used 

the modification of primary amines on the chitosan with 4-imidazole acetic acid 

monohydrochloride to introduce secondary and tertiary amines to the polymer and 

improve solubility and charge retention (73). In this study, chitosan-IAA reversibly 

enhanced tissue permeability facilitating delivery of optical contrast agents through the 

epithelium ex vivo.  

While chitosan-IAA has been tested in resected animal and human tissue, 

additional studies were needed to assess the ability of the agent to aid in contrast agent 

delivery in vivo. In my work detailed in Chapter 5 chitosan-IAA is used in an in vivo 

animal model of colorectal cancer to improve delivery of multiple contrast agents of sizes 

up to 150kDa into the epithelium. Optimizing the use of chitosan-IAA in living tissue for 

delivery of the optical contrast agents is a necessary step towards clinical translation of 

these agents.  

A number of models exist for testing contrast agent cocktails with permeation 

enhancers. The next section lists the available models and the advantages and 

disadvantages of using each model to evaluate my topically applied contrast agent 

cocktails. 
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2.5. Models of Human Cancer for Preclinical Studies 

Prior to clinical translation, contrast agent cocktails must be tested in preclinical 

models of human cancer. These preclinical models allow researchers to move from in 

vitro experiments on the benchtop to in vivo animal studies and ultimately to clinical 

work, as shown in Figure 2.9. To adequately test topical contrast agent delivery, 

preclinical models must replicate the markers of disease and barriers to delivery. 

However, no preclinical model fully reproduces human cancer; each model suffers from 

different, inherent limitations. This section describes three major categories of human 

tumor models and how these models relate to topical contrast agent delivery. The three 

preclinical models discussed include: resected human tumors, three-dimensional tissue 

cultures, and rodent models. (78) 

 

 

Figure 2.9 – Models of human cancer for topical contrast agent 
optimization. Modified from reference (78). 
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2.5.1. Resected Human Tumor Tissue 

Resected human tissue maintains the patient tumor microenvironment and tumor 

heterogeneity, making resected tissue a logical model to test contrast agents. In one 

recent notable example, Bird-Lieberman et al. topically applied a fluorescent lectin probe 

to esophageal biopsies and next an esophagectomy specimen to evaluate the probe’s 

ability to distinguish dysplastic tissue from areas of Barrett’s esophagus (79). However, 

use of this model is largely limited by tissue availability. Moreover, uncertainties about 

tissue viability and changes in transport phenomena in ex vivo tissue are major limitations 

to topical contrast agent delivery assessment. Models with sustained availability are 

needed to reliably test contrast agent transport in tissue. Three-dimensional tissue cultures 

possess the ability to test this. 

2.5.2. Three-Dimensional Tissue Cultures 

A three-dimensional culture model combines the control and reproducibility 

associated with cell culture with the barriers associated with topical delivery (80). These 

models may be used to optimize contrast agent concentration, determine the necessary 

application time, and assess the need for permeation enhancing agents in a controlled 

environment. However, initiating three-dimensional cultures in a laboratory is not trivial 

and requires extensive time to maintain these cultures. Pilot investigations with 

commercially available cultures proved to be of limited benefit for assessing topical 

contrast agent delivery. Animal models of cancer proved more suitable models to 

evaluate in vivo contrast agent delivery. 
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2.5.3. Rodent Models of Carcinogenesis 

In vivo animal models of cancer present an opportunity for in vivo contrast agent 

testing; however, the perfect model for assessing the use of contrast agent cocktails is not 

readily available. The ideal animal model would exhibit all stages of carcinogenesis and 

inflammatory lesions, have organ size comparable to humans, allow for in vivo contrast 

agent delivery and permit in vivo imaging. The cost of housing of large animal models is 

often labor intensive and cost prohibitive, making rodent models commonly used cancer 

models. This subsection describes three categories of commonly used rodent models of 

cancer: xenograft models, genetically engineered animals, and carcinogen induced 

models. 

2.5.3.1. Subcutaneous and Orthotopic Xenografts 

The most widely used mouse models to test agents for treatment of cancer are 

xenograft models. Xenograft tumors are created from surgically implanted cancer cells or 

tissue in an organ of interest. The implanted cells may be cell line-based or clinically-

derived. Implants occurring under the skin are subcutaneous; those in the organ of origin 

are referred to as orthotopic. Xenograft studies using human cancer cell lines are easy to 

conduct, relatively rapid and recognized by the FDA as providing evidence of preclinical 

anti-tumor activity against human cancer. However, these models differ significantly 

from clinical specimens, often requiring immunosuppressed mice, limiting the utility of 

these models. For the purpose of this specific work, these models are of limited use 

because imaging carcinogenesis and immune response is key. 
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2.5.3.2. Genetically Engineered Rodents 

Increasing knowledge of the mechanisms of cancer development enables 

researchers to create genetically engineered models of spontaneous cancer in these 

animals. These models vary in complexity, ranging from single gene knockout animals to 

complex models that utilize conditional protein expression or contain genetic instabilities. 

However creation of genetically engineered models of cancer is not trivial, requiring deep 

knowledge of the genes relevant in the carcinogenesis process in order to create viable 

animals that exhibit tumor development. While the availability of these animals is slowly 

increasing, these animals remain both and expensive and difficult for many labs to obtain.  

2.5.3.3. Chemically Induced Tumorgenesis 

Chemically induced rodent models of epithelial cancers are particularly useful in 

the evaluation of contrast agent cocktail delivery. Carcinogen induced models expose 

animals to a carcinogen via introduction through drinking water, intraperitoneal injection, 

or physical application directly onto tissue to induce carcinogenesis. While the longer 

timeline, typically two to six months, needed for these animals to develop neoplasia is a 

major limitation of this type of model, chemically induced animal models more closely 

replicate the process of dysplastic progression in humans, allowing for in vivo imaging to 

attempt to diagnose cancer early. Table 2.1 introduces the three chemically induced 

rodent models of cancer explored for contrast agent delivery in this thesis.  (81, 82) 
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A mouse tongue carcinogenesis model evaluated imaging of AF and targeted 

fluorescent contrast agents for non-invasive diagnosis of epithelial dysplasia and cancer 

in Chapter 4. Mice fed the DNA adduct forming 4-nitroquinoline 1-oxide (4NQO) in the 

drinking water exhibit the histologic changes and patterns of biomarker expression 

observed in patient specimens (83-85). However, surface keratin in this model presents a 

barrier for topical delivery not found in humans; rodent models lacking keratin and more 

closely mimicking what is seen clinically were needed. For this purpose, a rat bladder 

cancer model gives the ability to label nonkeratinized epithelium in vivo. Studies of 

BBN-induced tumors in rats have demonstrated tumorigenesis proceeds through several 

well-defined steps at regular time intervals (86, 87). In an initial pilot study, rats 

induced rodent models of cancer. 
 
Species Mouse Rat Mouse 

Organ Tongue Bladder Colon 

Carcinogen 4-nitroquinoline  
1-oxide 

N-Butyl-N-(4-
hydroxybutyl) 
nitrosamine 

Azoxymethane 

Time 28 weeks 20 weeks 13 weeks 
Pros  Potential for in 

vivo imaging 
 Tissue slicing not 

necessary 
 Potential for in vivo 

imaging 
 Multiple lesions formed 

in 100% of animals  
 Ability to control the 

extent and type of 
inflammation  

Cons  Surface keratin  
 Not all 

specimens form 
advanced 
lesions 

 Lesions on 
dorsal tongue 
predominantly 

 Ex vivo imaging  
 Technical 

execution 
 Not all 

specimens form 
advanced lesions 

 Present as large 
polyps 

 Mostly large polyp 
lesions 

References (83-85) (81-82) (46) 
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underwent the carcinogen exposure via drinking water and underwent contrast agent 

staining and imaging at multiple time points. However, inconsistent contrast agent 

application led us to seek another model. Finally, a mouse model based on the mutagenic 

agent azoxymethane (AOM), which yields multiple tumors in the colon, was investigated 

for the potential to study topically applied contrast agent delivery (88). In this model, 

inflammation-dependent tumor growth can be instigated by combining a single 

intraperitoneal administration of AOM with the inflammatory agent dextran sodium 

sulfate (DSS) in drinking water. Rapid growth of multiple colon tumors per mouse occurs 

within 10 weeks (89). My work with this model is expanded in Chapters 5&6. 

A single type of model may not fully address our research needs. A combination 

of these approaches may further improve upon the individual utility of each individual 

model. For example, a recently developed model in which 4NQO-exposed transgenic 

mice with reduced PTEN expression develop oral lesions and malignant transformation 

in the ventral tongue and floor of mouth (90). Combining Pten deletion with exposure to 

tobacco carcinogens may more closely mimic molecular events of human oral 

carcinogenesis. Utilizing the animal models introduced in this section, my work 

optimized contrast agent cocktails to identify inflammation and neoplasia in 

gastrointestinal cancers. 

2.6.  Conclusions 

Cancer is the second greatest cause of mortality in the world. There are important 

unmet clinical needs, including: (1) more effective techniques to screen the general 

population to identify individuals at high risk for harboring early disease; (2) tools to 
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detect early neoplastic lesions in patients at risk; (3) approaches to more effectively guide 

treatment of these early lesions. Optical molecular imaging systems utilizing contrast 

agent cocktails hold the potential to image the morphologic, functional, and molecular 

properties of early neoplastic lesions with improved resolution over currently used 

clinical technologies. Topical application of a combination of dyes in a chemically 

induced animal model of cancer in vivo is an important step towards translation. While 

individual dyes have been tested in orthotopic models via intravenous delivery, the in 

vivo topical application and imaging of multiple dyes sets the work in this thesis apart. 

These contrast agent cocktails have the potential to increase image contrast between 

healthy, inflamed and neoplastic tissue thereby facilitating detection of cancer at the 

earliest possible stages. 



 
 

 
 

Chapter 3 

CHAPTER 3: Confocal Microscopy of Fresh Oral 

Biopsies Shows Decreased Autofluorescence in Inflamed 

and Neoplastic Tissue 

Wide field autofluorescence imaging is used as a diagnostic tool to identify oral 

cancer and dysplasia but suffers from low specificity. This paper describes a series of 

studies to understand the effect of benign inflammation and dysplasia on endogenous 

fluorescence and to explore whether exogenous fluorescent contrast agents can improve 

the ability to discriminate between these conditions. Tissue slices from 47 oral biopsies 

were imaged with confocal microscopy to study the autofluorescence signal in normal, 

inflamed and dysplastic tissue. Inflamed and precancerous samples showed comparable 

decrease in autofluorescence signal in the stroma. Tissue slices were stained with two 

exogenous fluorescent contrast agents, proflavine and a fluorescent antibody targeted to 

CD45, to assess the potential to improve the identification of the presence of 

inflammation. Results suggest that additional contrast agents or high resolution imaging 

devices could be used in conjunction with wide field autofluorescence imaging to 

improve specificity. 

3.1. Introduction  

Oral cancer is a major public health problem; annually 300,400 new cases are 

diagnosed worldwide, including 45,780 cases in the United States (5, 91). The prognosis 

of oral cancer is poor, with fewer than half of patients surviving five or more years 

following initial diagnosis (92). The poor prognosis of oral cancer is largely due to late-

stage diagnosis (93); over 65% of patients are diagnosed when the disease is no longer 

localized to the oral cavity (5). Improved early detection of oral cancer could 
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dramatically improve outcomes. Despite the easy accessibility of the oral cavity, visual 

examination and palpation, the current standard of care for oral cancer screening, suffers 

from low sensitivity and specificity and is not currently recommended for asymptomatic 

adults over 18 years of age (94).  

Wide field autofluorescence imaging (AFI), a noninvasive imaging method, has 

emerged as a promising adjunctive tool to improve early oral cancer detection. In AFI, 

tissue is illuminated with ultraviolet or blue light, generating endogenous fluorescence 

that can be observed visually or recorded with a digital camera. Autofluorescence in the 

oral cavity originates in both the stroma and epithelium, and changes in both tissue 

morphology and biochemistry influence the fluorescence signal. Epithelial cells contain 

two primary fluorophores, nicotinamide adenine dinucleotide (NADH) and flavin adenine 

dinucleotide (FAD); however, tissue autofluorescence is largely dominated by 

fluorescence from stromal collagen crosslinks (2, 95-97). Autofluorescence images of 

tissue are also influenced by the tissue scattering and absorption; in particular, 

hemoglobin absorption can reduce the intensity of fluorescence remitted from the tissue 

surface. In general, oral neoplasia is associated with a decrease in autofluorescence 

resulting from stromal degradation, epithelial thickening, and increased angiogenesis.  

Multiple studies have explored the ability of AFI to improve oral cancer 

detection. Lane et al. described the initial use of the Velscope to image oral 

autofluorescence and reported high accuracy to detect dysplasia, with 98% sensitivity and 

100% specificity in a study of 44 patients (36). In a private general dentistry practice, oral 

cancer screening with the Velscope in addition to white light examination yielded an 

increased prevalence of potentially premalignant lesions of mucosal abnormalities (98). 
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General white light examination yielded a prevalence of mucosal abnormalities of 0.83%, 

none of which were premalignant by histopathology, while white light examination 

combined with Velscope imaging yielded a prevalence of 1.3%, 83% of which were 

diagnosed as dysplasia by histopathology. Using another AFI device, Roblyer et al. 

identified neoplasia with 94% sensitivity and 98% specificity with autofluorescence 

imaging in a 46 patient study compared to 88% and 89% for white light examination 

(99). These studies demonstrate the potential of AFI to improve oral cancer detection 

compared to standard white light clinical examination. 

However, more recent studies of AFI have examined its performance in larger 

groups of patients with lower prevalence of oral neoplasia. In these studies, AFI showed 

lower sensitivity (64-84%) and dramatically reduced specificity (15-58%) (38-40). This 

decrease in diagnostic performance was attributed in large part to the decrease in 

autofluorescence associated with benign inflammation, ulceration, and scar tissue. 

To better understand the potential limitations of AFI for oral cancer screening and 

detection, it is important to understand the mechanism of decrease in autofluorescence 

associated with both inflammation and neoplasia. Neoplastic and inflammatory processes 

often occur in tandem with inflammation leading to and resulting from neoplastic 

progression (100). While the relationship between cancer and inflammation is complex, 

improving the capability of AFI to differentiate between early neoplastic changes with or 

without inflammation and benign tissue with inflammation could improve specificity of 

early cancer detection. 

The goal of the study presented here is to investigate the morphologic sources of 

autofluorescence signal in normal, inflammatory and neoplastic oral tissue using confocal 
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fluorescence microscopy to visualize tissue autofluorescence on a cellular level. 

Transverse fresh tissue slices were prepared from biopsies of benign and neoplastic oral 

mucosa and imaged at excitation and emission wavelengths typically used for AFI. 

Results suggest that benign inflammation and neoplasia are associated with comparable 

decrease in autofluorescence. To assess the potential to improve visualization of 

inflammation, fresh tissue slices were imaged following application of two exogenous 

contrast agents, proflavine and a fluorescent antibody targeted to CD45, a receptor 

expressed on all leukocytes. 

3.2. Materials & Methods 

3.2.1. Oral Biopsy Collection  

Clinical research protocols were approved by the Institutional Review Boards at 

The University of Texas M.D. Anderson Cancer Center and Rice University. Biopsies 

were obtained from areas of tissue that appeared clinically normal, benign, and neoplastic 

from consenting patients undergoing surgery for treatment of oral cancer at the UT M.D. 

Anderson Cancer Center. Anatomic site of collection was noted and biopsies were 

immediately stored in iced phenol-free Dulbecco’s Modified Eagle Medium and kept 

there until confocal imaging (DMEM, Gibco). 

3.2.2. Confocal Microscopy and Image Collection 

Within 60 minutes of collection, biopsies were embedded in 3% agarose to 

prepare fresh tissue sections for confocal imaging. Approximately 300 μm thick 

transverse tissue slices were prepared using a Krumdieck tissue slicer (Alabama Research 
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and Development). Prior to imaging, slices were not fixed or processed in any way. 

Tissue slices were rinsed with cold phosphate buffered saline (PBS) and placed between 

coverglass for imaging. Confocal images were acquired using a Zeiss LSM 5 Live 

confocal microscope (Zeiss Inc.) within 8 hours of specimen collection. Images were 

obtained using a 40x oil immersion objective (NA 1.3). Optical sections were obtained 

between 15 and 25 microns below the surface of the tissue slice. Images were obtained 

with three excitation and emission settings: 405 nm excitation with a 420 nm long-pass 

filter, 488 nm excitation with a 505 nm long-pass filter, and 405 nm excitation with a 650 

nm long-pass filter. These excitation channels are referred to as blue, green and red 

excitation, respectively. The field of view for each image was 320 x 320 μm. Individual 

image were tiled together by the Zeiss software to display the entire epithelial thickness. 

All images were taken with the same detector settings for each wavelength in order to 

perform quantitative comparisons. Image brightness and contrast was readjusted by the 

same amount for all confocal images prior to display. 

3.2.3. Contrast Agent Stained Tissue Ex Vivo 

Following autofluorescence imaging, fresh tissue slices were stained with a 

fluorescently labeled antibody targeted against the CD45 receptor to identify 

inflammatory cells. Human anti-CD45 antibody (ab8216) was conjugated to AlexaFluor 

647 carboxylic acid succinimidyl ester for 2 hours at room temperature (Abcam & Life 

Technologies). The conjugate was purified using Zeba desalting columns and excess dye 

removal was monitored using a Cary 50 UV-Vis Spectrophotometer (Life Technologies & 

Agilent Technologies). Fresh tissue slices were stained for 30 minutes in 500μL of a 20 

μg/mL solution of the conjugated antibody on ice while shaking. The staining solution 
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contained 10% dimethyl sulfoxide to improve antibody permeation into tissue. Slices 

were rinsed once with PBS and submersed in 0.01% proflavine solution for 1 minute. 

Proflavine is a vital fluorescent dye with a maximum absorption peak at 445 nm and 

emission maximum at 515 nm that stains cell nuclei (101). Slices were rinsed three times 

for 5 minutes each on ice and stored in PBS on ice until imaging. An IgG isotype control 

antibody (ab91353) labeled with AlexaFluor 647 served as a negative control to ensure 

binding of the Fc region of the antibody was not responsible for the signal since 

inflammatory cells were the intended target (Abcam & Life Technologies).  

Images of stained tissue slices were obtained using a 40x oil objective (NA 1.3). 

The focal plane was located between 15 and 25 microns below the surface of the tissue 

slice. Images from contrast agent-stained specimens were obtained with 635 nm 

excitation with a 650 nm long-pass filter for the AlexaFluor 647 channel and 488 nm 

excitation with a 520 nm long-pass filter for the proflavine channel. All images were 

taken with the same detector settings for each contrast agent.  

3.2.4. Pathology Processing and Review 

After imaging, tissue was fixed in paraformaldehyde and processed for 

histopathologic studies using standard protocols. Hematoxylin and eosin (H&E) stained 

sections were obtained for each biopsy and reviewed by an experienced head and neck 

pathologist. A pathologic diagnosis of normal, mild dysplasia, moderate dysplasia, severe 

dysplasia, or cancer was rendered for each biopsy; hyperkeratosis and hyperplasia were 

treated as normal. In addition, the pathologist determined the degree and type of 

inflammation. The degree of inflammation was categorized as none, low, intermediate or 
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high in the stroma and epithelium independently. Based on the dominant type of 

inflammatory cells present, inflammation was categorized as acute (neutrophils, 

eosinophils) or chronic (leukocytes, plasma cells, macrophages). Additional remarkable 

pathology changes, such as fibrosis indicative of scar tissue were noted. CD45 

immunohistochemistry (IHC) was performed on 12 of the biopsies to use as the gold 

standard for the contrast agent stained images. CD45 IHC utilized CD45 antibody, clone 

2B11 + PD7/26 (DAKO) at a 1:1800 dilution. 

3.2.5. Image Analysis 

An initial qualitative analysis of the confocal autofluorescence images was 

conducted to identify key morphologic features associated with autofluorescence and to 

note variations associated with anatomic site, pathology diagnosis and inflammation 

grade. After visually identifying the architectural patterns of autofluorescence, images 

were hand segmented using MATLAB software (The MathWorks). Images from biopsies 

with no evidence of invasive cancer were segmented to identify the epithelial and stromal 

components; however, images from biopsies diagnosed as invasive carcinoma displayed 

a loss of layered morphology and were not segmented. Images were excluded from 

analysis if the stromal component was less than 300 µm deep or greater than one third of 

the image was out of focus. Up to three images were analyzed for each biopsy. Four 

biopsies from normal gingiva with no or low inflammation were excluded from analysis 

(not listed in Table 3.1) due to an inadequate stromal component for analysis. 

The fluorescence intensity of the epithelial and stromal regions was calculated for 

each fluorescence excitation channel by averaging the intensity of the pixels in the 
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segmented area. Images were grouped according to the pathological diagnosis and 

inflammation grade of the biopsy. The average fluorescence intensity for each diagnostic 

category was calculated for the epithelial and stromal components by averaging the mean 

fluorescence intensity for each image in that diagnostic category. The average stromal 

fluorescence intensities were used to compare changes in fluorescence characteristics of 

oral tissue that occur in the presence of inflammation. Data were analyzed with SAS® 

software.  

3.3. Results 

A total of 47 biopsies were acquired from the 20 patients enrolled in this study. 

One to three biopsies were collected per patient. Oral biopsies from five anatomical sites 

were imaged (24 gingival, 14 buccal mucosa, 7 tongue, one lip and one floor of mouth 

biopsy). Each biopsy was assigned to a pathology category and inflammation grade. The 

three pathology categories were normal (30 biopsies), mild dysplasia (6 biopsies) and 

moderate dysplasia to cancer (11 biopsies). Inflammation grades ranged from none (6 

biopsies) through low (22 biopsies), intermediate (10 biopsies) and high grade (9 

biopsies). The stromal inflammation score was equivalent or a degree higher than the 

epithelial inflammation score in 46 of the 47 biopsies. Only one biopsy in this data set 

had lower stromal inflammation compared to epithelial inflammation, for this case the 

higher inflammation score was assigned to the biopsy for quantitative analysis. Appendix 

A contains detailed anatomical information and pathology reads for each biopsy.  
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3.3.1. Loss of Autofluorescence in Inflamed Tissue 

Figure 3.1 displays confocal images for the 405 nm and 488 nm excitation 

wavelengths from representative normal tissue from the gingiva with no, low, 

intermediate and high degrees of inflammation. The boundary between the epithelium 

and stoma is depicted with a white line. The majority of autofluorescence originates from 

the stroma in the biopsies with no and low degrees of inflammation in both channels. A 

dramatic decrease in stromal autofluorescence is associated with intermediate and high 

degrees of inflammation. In the epithelium, 488 nm excitation results in light shows 

autofluorescence in the cytoplasm of epithelial cells that is attributed to NADH and FAD. 

Limited fluorescence signal was observed in the red excitation channel (data not shown).  

 

Table 3.1 – Pathology category and inflammation grade of biopsies and 
corresponding confocal images. 
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Figure 3.1 – Fluorescence and histologic images of normal biopsies with varying 

degrees of inflammation. Mosaics of confocal autofluorescence images with 488 
nm excitation (A, D, G, J) and 405 nm excitation (B, E, H, K), and H&E stained 
images (C, F, I, L) for biopsies with no (A-C), low (D-F), intermediate (G-I), and 
high (J-L) grades of inflammation. White lines approximate the location of the 
basement membrane. Scale bars are 200μm.  
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3.3.2. Loss of Autofluorescence in Dysplastic Tissue 

Figure 3.2 displays representative images of cancerous tissue with a low degree of 

inflammation (A-C) and high degree of inflammation (D-F). Confocal images of tissue 

from cancer biopsies with both low and high degrees of inflammation showed a similar 

decrease in stromal autofluorescence compared to normal tissue with no inflammation. A 

clear delineation in autofluorescence intensity between epithelium and stroma is not 

distinguishable in these images. Low fluorescence intensity is observed over the entire 

area of each of these tissue samples with occasional areas of bright punctate fluorescence 

signal.  

 

 

 
Figure 3.2 – Fluorescence and histologic images of cancer biopsies with varying 

degrees of inflammation. Mosaics of confocal autofluorescence images with 488 
nm excitation (A, D) and 405 nm excitation (B, E), and H&E stained images (C, F) 
for biopsies with low (A-C) and high (D-F) inflammation. Scale bars are 200μm. 
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Table 3.1 lists the number of biopsies and corresponding number of confocal 

images acquired for each pathology category and degree of inflammation. The mean 

fluorescence intensity (MFI) of the stromal component of the images excited with 405 

nm excitation for all 122 images was calculated as described in the Methods. Figure 3.3A 

shows the MFI of each image based on pathology grade. Images from tissue categorized 

as moderate dysplasia to cancer show MFI values of less than 200, with the majority 

falling below 100. However, MFI values from normal and mild dysplasia tissue exhibit a 

larger range of MFI values, ranging from 50 to 265.  

 

Figure 3.3B shows the same MFI value of each image but labeled by degree of 

inflammation. Marker shape specifies pathology grade (circles for normal, triangles for 

 

 

Figure 3.3 – Mean fluorescence intensity (MFI) of the stromal component by 
image. The MFI of the stromal component for each confocal image is plotted for 
each image. Data points are identified by pathology category grade (A) or degree 
of inflammation grade (B). Symbol color represents the detailed pathology grade 
(A) or the degree of inflammation (B). In A, green circles indicate normal, yellow 
triangles indicate mild dysplasia and orange, red and purple squares indicate 
moderate dysplasia, severe dysplasia and cancer, respectively. In B, black 
markers indicate no inflammation, light grey markers indicate low inflammation, 
dark grey indicate intermediate inflammation, and white markers indicate high 
inflammation. Symbol shape represents the diagnosis based on pathology. The 
overlaid + sign indicates scar tissue. 
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mild dysplasia and squares for moderate dysplasia to cancer). Samples from normal and 

mild dysplasia biopsies with intermediate and high degrees of inflammation have MFI 

values less than 150, similar to the MFI values for moderate dysplasia to cancer biopsies 

regardless of degree of inflammation. Images from scar tissue (indicated by an over laid 

‘+’ sign) have low MFI values regardless of pathology or inflammation grade.  

Figure 3.4 shows the MFI of the 405 nm excited stromal component averaged for 

each pathology category and degree of inflammation. Normal tissue and mild dysplasia 

have similar average MFI (Figure 3.4A); however, the average MFI of normal tissue are 

statistically different from the average MFI of samples diagnosed as tissues with 

moderate dysplasia to cancer group (p<0.001). When categorized by degree of 

inflammation, high and moderate degrees of inflammation showed low average MFI 

compared to tissues with low and no degrees of inflammation (Fig 4B). The average MFI 

of tissues with high degrees of inflammation is statistically different than that of tissues 

with no and low degrees of inflammation (p<0.001). Similarly, the average MFI of 

tissues with intermediate degrees of inflammation are statistically different than that of 

tissues with no inflammation (p<0.001). Figure 3.4C shows the average MFI for each 

pathology category, by degree of inflammation. Tissue categorized as normal or mild 

dysplasia with high grades of inflammation has average MFI values similar to that of 

samples with a histologic diagnosis of moderate dysplasia to cancer.  
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Figure 3.4 – Average mean fluorescence intensity (MFI) of the stromal 
component by diagnostic category. (A) Stromal MFI for each pathology 
category. (B) Stromal MFI for each degree of inflammation. (C) Stromal MFI for 
each category of pathology grade and degree of inflammation. The number of 
images in each group is indicated at the base of each column. Error bars 
represent one standard deviation.  
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3.3.3. Exogenous Contrast Agents 

Exogenous contrast agents may improve the ability to visualize the presence of 

inflammation and differentiate from precancer. Confocal fluorescence images of 

pathologically normal biopsies with low (Figure 3.5A-D) and high (Figure 3.5E-H) 

grades of inflammation stained with the CD45-AF 647 contrast agent are shown in Figure 

3.5. All samples show positive immunofluorescent staining with the CD45-AF647 

contrast agent; however, the specimen with a high degree of inflammation shows 

increased fluorescence signal (Figure 3.5A) compared to the specimen with a low degree 

of inflammation (Figure 3.5E). Immunofluorescent results are similar in staining pattern 

to standard CD45 IHC conducted on the same biopsies. Slight discrepancies in staining 

patterns are attributed to the different binding affinities of different clones. Proflavine 

serves as a nuclear counterstain in these images to indicate tissue architecture. However, 

if paired with a high resolution imaging device with sufficient lateral resolution to 

differentiate inflammatory cells which have smaller nuclei compared to epithelial cells, 

proflavine could identify the presence of inflammation based on tissue architecture alone 

(44). This initial study indicates the potential utility of exogenous fluorescent contrast 

agents to identify inflammation. 
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3.4. Discussion 

Wide field AFI has shown the ability to improve early cancer detection but 

inflammation remains a significant source of false positive results, lowering specificity. 

In this study, we used confocal microscopy of oral tissue slices to investigate the origin of 

the AFI signal and explore how it is affected by inflammation and dysplasia both 

individually and combined. The blue excitation channel (405 nm excitation and 420 long 

 

 

Figure 3.5 – Fluorescent contrast agents to improve identification of 
inflammation in dysplastic tissue. Mosaics of confocal fluorescence images of a 
biopsies with low (A-D) and high (E-H) grades of inflammation. IF CD45-AF647 
(A&E), proflavine (B&F), CD45-AF647 and proflavine merge (C&G), and CD45 IHC 
images (D&H) are shown. In the merge, CD45-AF647 is shown in red and 
proflavine is shown in green. Scale bars are 50μm. 
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pass filter) and green excitation channel (488 nm excitation and 505 long pass filter) 

explored in this study correspond closely to the wavelengths utilized by AFI devices used 

in previous research studies which investigated 405 nm excitation with a 435 nm long 

pass emission wavelengths (37, 44) and to that used in the commercially available 

Velscope which incorporates 400-460nm excitation light paired with a 475 nm long pass 

emission filter (36). At 405 nm and 488 nm excitation autofluorescence of oral mucosa is 

dominated by the stromal component. Tissue slices from dysplastic biopsies showed 

decreased stromal autofluorescence regardless of whether inflammation was present. 

Tissue slices from biopsies with moderate or severe inflammation alone showed a similar 

decrease in autofluorescence regardless of pathology diagnosis. These results suggest that 

using AF alone it would be difficult to distinguish between benign inflammation and 

dysplasia. 

Early AFI studies reported a red fluorescence signal in some patients upon 

excitation with blue light (102, 103). Porphyrins are believed to be the source of this 

signal, however it is uncertain if the porphyrins are intrinsic or from bacterial 

contamination (103). We sought to further explore the observed red fluorescence signal 

in this study; however, limited signal was captured with 405 nm excitation light paired 

with a 635 nm long pass emission filter. Only two samples showed a red fluorescence 

with confocal microscopy and that signal appeared as a thin superficial layer on one of 

the tongue biopsies.  

A limitation of this study is the small number of acute inflammation samples. This 

sample set contains only two biopsies categorized as acute inflammation by pathology 

review. No conclusions can be drawn regarding the differences in autofluorescence signal 
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from acute and chronic inflammation due to this limited sample size. A sample set with 

an increased number of acute inflammation biopsies from various anatomic sites would 

be ideal; however, chronic inflammation is more common than acute inflammation in the 

patient population investigated. Many of the inflamed biopsies were from the gingiva, 

where chronic inflammation is most common.  

In order to specifically identify inflammation, exogenous contrast agents 

highlighting tissue architecture or biomarker expression used in combination with high 

resolution imaging devices may be utilized. High resolution imaging devices with 

sufficient lateral resolution could allow leukocytes to be differentiated from epithelial 

cells using only a nuclear dye, such as proflavine. Because of its small molecular weight, 

proflavine can be applied topically to the epithelial surface (101). Other small molecule 

and peptide based fluorescent contrast agents highlighting cellular metabolism, increases 

in growth factor receptor expression, and changes in tissue extracellular pH have been 

evaluated for topical application in resected oral tissue specimens (104-106). 

Alternatively, antibody-targeted molecular specific dyes, such as the CD45-AF647 

antibody contrast agent in this study, could be used to indicate the presence or absence of 

leukocytes in an area of tissue under observation. If topically applied larger, antibody 

targeted dyes may require permeation enhancers to improve permeation depth into tissue. 

3.5. Conclusion 

Ultimately, AFI may need to be used in conjugation with exogenous targeted 

contrast agents or paired with high resolution imaging modalities in order to improve the 

low specificity that currently limits the use of AFI. Results of this study illustrate that oral 
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tissue with inflammation and dysplasia show similar loss of stromal autofluorescence 

which can account for the poor specificity of AFI for detection of precancerous lesions. 

 



 
 

 
 

Chapter 4 

CHAPTER 4: Vital-Dye Enhanced Multimodal Imaging 

of Neoplastic Progression in a Mouse Model of Oral 

Carcinogenesis1 

In this longitudinal study, a mouse model of 4NQO chemically induced tongue 

carcinogenesis was used to assess the ability of optical imaging with exogenous and 

endogenous contrast to detect neoplastic lesions in a heterogeneous mucosal surface. 

Wide field autofluorescence and fluorescence images of intact 2-NBDG-stained and 

proflavine-stained tissue were acquired at multiple time points in the carcinogenesis 

process. Confocal fluorescence images of transverse fresh tissue slices from the same 

specimens were acquired to investigate how changes in tissue microarchitecture affect 

wide field fluorescence images of intact tissue. Wide field images were analyzed to 

develop and evaluate an algorithm to delineate areas of dysplasia and cancer. A 

classification algorithm for the presence of neoplasia based on the mean fluorescence 

intensity of 2-NBDG staining and the standard deviation of the fluorescence intensity of 

proflavine staining was found to separate moderate dysplasia, severe dysplasia and cancer 

from non-neoplastic regions of interest with 91% sensitivity and specificity. Results 

                                                        
 

 

1 This chapter has been published in Hellebust A, Rosbach K, Wu JK, Nguyen J, 
Gillenwater A, Vigneswaran N, Richards-Kortum, R, Vital-dye-enhanced multimodal 
imaging of neoplastic progression in a mouse model of oral carcinogenesis. Journal 
of Biomedical Optics 18, 126017 (2013). 
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suggest this combination of non-invasive optical imaging modalities can be used in vivo 

to discriminate non-neoplastic from neoplastic tissue in this model with the potential to 

translate this technology to the clinic.  

4.1. Introduction 

Early cancer detection is critical to reducing the mortality and morbidity of oral 

cancers (107). Currently, histopathological examination of an incisional biopsy after 

white light examination is the gold standard for diagnosis of oral cancer and its precursor 

lesions (108). However, biopsy is an invasive, time-consuming and expensive procedure 

that may not be representative of larger lesions(109). Optical imaging has the potential to 

noninvasively identify and monitor neoplastic changes in tissue using a combination of 

endogenous and exogenous tissue contrast. Endogenous optical contrast can provide 

information about changes in tissue architecture and cellular metabolism for detection of 

neoplastic lesions(41, 42). Topically applied, molecular specific contrast agents can be 

used to visualize changes in biomarker expression to further increase image contrast 

between neoplastic and non-neoplastic tissue to facilitate detection at the earliest possible 

stages.  

Endogenous tissue fluorescence (autofluorescence) is used as a non-invasive 

diagnostic aid to detect pre-invasive and clinically occult malignant lesions of oral 

mucosa (110). Currently, two U.S. Food and Drug Administration (FDA) approved 

autofluorescence-based oral mucosal devices (i.e. VELscope and Identafi™ 3000) are 

widely used by general dental practitioners for early detection of potentially malignant 

oral lesions. These devices allow for identification of oral mucosal preneoplastic and 
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neoplastic lesions from normal mucosal with high sensitivity (37, 111). However, these 

instruments are less reliable in discriminating benign inflammatory lesions from 

potentially malignant lesions as well as lesions with increased risk of progression (2, 26, 

29, 30).  

The addition of topically applied, targeted optical contrast agents has the potential 

to improve the diagnostic specificity of noninvasive wide field imaging devices by 

mapping expression of multiple biomarkers across a heterogeneous area of tissue and 

tracking changes over time (41, 42, 104). Changes in cell metabolism and nuclear 

morphology are two accepted and well-documented biomarkers of carcinogenesis (112, 

113). 2-NBDG is a fluorescent deoxyglucose molecule that enters metabolically active 

cells via glucose transporters; it is phosphorylated upon transport and entrapped inside 

individual cells (114, 115). 2-NBDG is a reporter of glycolysis, following the same 

pathway of D-glucose (116).Thus, fluorescence of cells labeled with 2-NBDG provides a 

marker of metabolic activity. A variety of tumors show increased 2-NBDG uptake (58, 

117, 118). Similarly, nuclear enlargement, nuclear pleomorphism and increased nuclear 

density are well-defined biomarkers of neoplasia. Proflavine, a fluorescent dye that binds 

to DNA, allows for visualization of nuclear morphology (119). Cell nuclei are stained 

specifically yielding a high signal-to-noise ratio in non-keratinized tissue, allowing for 

nuclear-to-cytoplasmic ratio calculations (120, 121). In keratinized tissue, keratin is also 

associated with proflavine staining. While not yet FDA approved for internal use in the 

oral cavity, proflavine has a long history of safe clinical use as a topical antiseptic agent 

(49).  



 60 

Cancers of the oral cavity and pharynx occur in distinct anatomic locations; the 

most common site of occurrence is the tongue, which accounts for 28% of these lesions 

(107). The most significant histologic difference between anatomic sites within the oral 

cavity is the presence or absence of keratin. Tongue cancer is highly representative of 

neoplastic lesions that arise in keratinized oral sites. For this study an animal model that 

closely simulates the clinical and biological aspects of human tongue cancer development 

and progression was used to explore endogenous and exogenous contrast throughout the 

dysplasia-carcinoma sequence. Mice fed the DNA adduct forming 4-nitroquinoline 1-

oxide (4NQO) in their drinking water exhibit DNA damage similar to that of tobacco 

carcinogens and the resulting oral neoplastic transformation is histologically similar to 

that seen in oral cancer patients (83, 122). This murine model provides an opportunity to 

optimize and validate non-invasive optical imaging techniques with the potential for long 

term in vivo imaging studies to track progression over time.  

The goal of this study was to assess the ability of exogenous and endogenous 

optical contrast for detection of progressive neoplastic lesions, especially across a 

heterogeneous mucosal surface. To accomplish this goal, wide field fluorescence images 

of unstained, 2-NBDG-stained and proflavine-stained tissue were acquired at multiple 

time points in the carcinogenesis process; digital images were analyzed to develop and 

evaluate an algorithm to delineate areas of neoplasia. High-resolution confocal images of 

fresh transverse slices were obtained to improve the understanding of how changes in 

tissue microarchitecture affect wide field fluorescence images of intact tissue.  
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4.2. Materials & Methods 

4.2.1. Mouse Tongue Carcinogenesis Model 

Six-week old female CBA/J mice were purchased from Jackson Laboratories (Bar 

Harbor, ME, USA). Animals were treated with 4-nitroquinoline 1-oxide (4NQO) at 100 

μg/mL in their drinking water for 16 weeks to induce epithelial carcinogenesis. In this 

murine model, over half of the specimens develop dysplasia by 12 weeks and squamous 

cell carcinoma by 24 weeks (123). Animals were euthanized at various time points during 

the treatment process (Table 4.1). Following sacrifice, the tongue was removed for 

imaging experiments as described below. All animal experiments were reviewed and 

approved by the Institutional Animal Care and Use Committee (IACUC) at the 

University Of Texas School Of Dentistry at Houston. 

Table 4.1 – Number of specimens imagined by modality per time point 

Time (weeks) 
0 

(Control) 
11 14 21 26 29 

Autofluorescence  9 3 4 2 3 5 

2-NBDG  6 2 2 1 2 4 

Proflavine  4 1 2 1 1 3 

4.2.2. Wide Field Imaging 

White light and fluorescence wide field images were captured with a multispectral 

digital microscope (MDM) which is described in detail elsewhere(124). Briefly, the 

system is an optical microscope that has been modified to capture digital white light 

images and fluorescence images at multiple excitation wavelengths. The MDM captures 
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images with a field of view of approximately 3 x 2 cm. In this study, the MDM was used 

to capture autofluorescence images at 405 nm excitation with a 430 nm long pass 

emission filter, as well as fluorescence images following topical application of two 

fluorescent contrast agents. Fluorescence images following topical staining with 2-NBDG 

were obtained with an excitation of 450 nm and a 550 nm long pass emission filter; 

following topical staining with proflavine, images were obtained with an excitation of 

450 nm using a 490 nm long pass filter. The gain and exposure time were kept constant 

for each modality. Fluorescent standards and a frosted quartz disk were imaged during 

each imaging session/time point as positive and negative controls. Of particular 

importance, the green and blue fluorescent slides maintained a mean fluorescence 

intensity within ±7% over the course of the study and the negative control showed 

minimal fluorescence above the background. 

After each specimen was harvested, white light and autofluorescence images were 

obtained of the resected tissue. Specimens were then incubated in a 160 μM solution of 2-

NBDG (Invitrogen, Carlsbad, CA, USA) in 1X PBS for 20 minutes at 37
o
C. Uptake of 

this fluorescent deoxyglucose derivative is associated with increased metabolic activity 

(114, 115). Specimens were washed once with PBS and then fluorescence images were 

obtained using the appropriate filters for 2-NBDG imaging. The specimen was next 

incubated in a 0.01% w/v solution of proflavine (Sigma Aldrich, St. Louis, MO, USA) in 

1X PBS for 2 minutes at room temperature. Specimens were washed once with PBS and 

then fluorescence images were obtained using the appropriate filters for proflavine 

imaging. The fluorescence signal from proflavine staining is much brighter than that of 2-

NBDG, allowing for imaging of proflavine stained tissue after 2-NBDG staining. Table 
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4.1 shows the number of samples imaged with each modality at each time point; white 

light and autofluorescence images were obtained from all specimens but some specimens 

were not stained with 2-NBDG and proflavine but were reserved for confocal imaging as 

described below. 

4.2.3. Confocal Microscopy 

Wide field fluorescence images characterize variations in tissue autofluorescence 

and uptake of the contrast agent across the epithelial surface. To qualitatively assess the 

distribution of fluorescence throughout the epithelium and stroma, confocal fluorescence 

images were collected from transverse fresh tissue slices of some specimens. Resected 

specimens were stored in iced phenol-free DMEM (Sigma-Aldrich, St. Louis, MO, USA) 

until slicing. Approximately 300 μm thick transverse tissue slices were prepared using a 

Krumdieck tissue slicer (Alabama Research and Development, Munford, AL, USA). 

Slices were prepared from both unstained specimens and stained specimens, but were not 

fixed prior to imaging. Confocal images were acquired using a Zeiss LSM 5 Live 

confocal microscope (Zeiss Inc., Germany) within 12 hours of specimen collection. 

Images were obtained using a 20x objective (NA 0.8). The focal plane was located 

between 15 and 25 micrometers below the surface of the tissue slice. Autofluorescence 

images were obtained at both 405 nm and 488 nm excitation, and collected with 420 nm 

and 505 nm long pass filters, respectively. Images from proflavine-stained specimens 

were obtained at 488 nm excitation using a 505 nm long pass filter. All images were 

taken with the same detector settings for each modality. Confocal images were not 

obtained from specimens stained with 2-NBDG due to photobleaching. 2-NBDG 

fluorescence is more prone to photobleaching than is autofluorescence or proflavine. 
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4.2.4. Pathology Maps 

Following all imaging experiments, tissue specimens were fixed in 10% formalin 

and returned to the Pathology Department of University of Texas School of Dentistry at 

Houston for hematoxylin and eosin staining. To facilitate the comparison of wide field 

images to a histologic reference standard, a two-dimensional color-coded pathology map 

was created for each specimen. Histological sections were obtained for each section cut 

by the Krumdieck tissue slicer. The H&E slide from each section was reviewed by an 

oral pathologist, who segmented the section into regions of normal/benign epithelium, 

mild, moderate and severe dysplasia, and squamous cell carcinoma using published 

criteria for grading oral epithelial dysplasia (125). A color-coded two dimensional 

pathology map was then created by registering the adjacent segmented sections; this map 

could then be superimposed on top of white light or fluorescence images from the same 

sample. 

4.2.5. Image Analysis 

Confocal fluorescence images were qualitatively analyzed to identify key 

morphologic features associated with autofluorescence and proflavine uptake. These 

features correspond to those present in H&E-stained histology, including changes in 

keratin structure, nuclear crowding and nuclear enlargement. Images of the epithelium 

were divided into three layers that are routinely used for histopathologic assessment to 

qualitatively describe spatial patterns in autofluorescence and proflavine staining 

throughout neoplastic progression. 
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The data used for quantitative image analysis were compiled from twelve of the 

twenty-five total specimens, which were selected because wide field images of 

autofluorescence, 2-NBDG and proflavine were obtained for each of these specimens. 

Images from these three modalities were aligned with a built in image registration 

algorithm and analyzed using MATLAB software (The MathWorks Inc., Natick, MA). A 

25 x 25 pixel grid was used to divide images into regions of interest (ROIs). Between 83 

and 125 ROIs were created per specimen. The mean of the fluorescence intensity and the 

kurtosis, entropy, skewness, and standard deviation of the pixel histogram of fluorescence 

intensity were calculated for each ROI in each of the three imaging modalities. Each ROI 

was assigned a pathology read based on the corresponding pathology maps. ROIs without 

a corresponding pathology read due to missing epithelium in the histologic section were 

excluded from further analysis.  

Table 4.2 – Number of ROIs and performance of the classification algorithm for the 

training and test groups by histologic diagnosis  

 

Training Group Test Group No Assignment 

Histologic 

Diagnosis 

Number 

of ROIs 

Classified Non-

neoplastic (%) 

Number 

of ROIs 

Classified Non-

neoplasic (%) 

Number 

of ROIs 

Classified 

Non-neoplastic 

(%) 

 Normal 237 82 250 91 
  

 Mild 

Dysplasia     
199 42 

 Moderate 

Dysplasia 
130 29 130 11 

  

 Severe 

Dysplasia 
24 8 30 0 

  

 SCC  5 20 5 0 
  

 

A two-class linear discriminant analysis-based classifier was developed to 

discriminate non-neoplastic from neoplastic regions of interest based on quantitative 

feature values. The data set was split into a training and test set. The training and test 
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groups were created by dividing the twelve total specimens into two groups based on 

duration of carcinogen application to ensure both early and late time points were included 

into each set. All of the ROIs from an individual specimen were designated to either the 

training or test set to ensure all of the ROIs for an individual specimen were only in one 

of the two sets. The data sets contain a similar number of ROIs per diagnostic category 

(Table 4.2). For training and testing, moderate dysplasia, severe dysplasia and squamous 

cell carcinoma were grouped together as neoplastic samples. ROIs with mild dysplasia 

were excluded from algorithm development. The algorithm generates a posterior 

probability that a ROI is neoplastic based on image features calculated from each 

imaging modality; samples with a posterior-probability exceeding the 0.39 threshold 

were classified as neoplastic. Performance measures, such as the area under the receiver 

operating curve (AUC), sensitivity and specificity at the Q-point, were calculated for 

each of the of individual image features using the pathology read as the gold standard. 

The two features with the best combined performance in distinguishing neoplastic tissue 

from non-neoplastic tissue were selected based on the AUC. The algorithm was then used 

to classify the held-out samples with a histologic diagnosis of mild dysplasia.  

4.3. Results 

4.3.1. Mouse Tongue Carcinogenesis Model 

A total of 25 mice were examined in this study. Nine animals served as controls 

and were not exposed to the carcinogen; the remaining 16 animals were exposed to the 

carcinogen and sacrificed at different time points (Table 4.1). The number of specimens 

imaged differed between imaging modalities because some specimens were saved for 
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confocal imaging. Specimens destined for autofluorescence confocal imaging were not 

topically stained with 2-NBDG or proflavine to allow the autofluorescence signal to be 

imaged. Similarly, specimens destined for 2-NBDG confocal imaging were not topically 

stained with proflavine. In this model, dysplasia begins at 4 weeks after exposure and half 

of the specimens develop dysplasia by 12 weeks (123). Squamous cell carcinoma (SCC) 

is seen at 18 weeks post-exposure and half of the specimens develop SCC by 24 weeks 

but the carcinogenesis process is multifocal with multiple lesions forming at different 

sites on the tongues.  

4.3.2. Wide Field Imaging 

Wide field white light, autofluorescence, and fluorescence images post-staining 

with 2-NBDG and proflavine from the course of the study are shown in Figure 4.1. An 

increase in the blue channel of the autofluorescence images is seen at weeks 11 and 14. 

With increased carcinogen exposure, blue autofluorescence intensity decreases, but is 

never completely lost, as seen in images acquired at weeks 21 and 29. Punctate areas of 

increased autofluorescence in the red channel are visible after the 14 week time point. 

Areas of increased red autofluorescence are often found near ulcerated regions of tissue 

and have been associated with oral bacteria (126). For comparison, a control specimen 

that was not exposed to the carcinogen is shown in the column on the left and shows 

minimal autofluorescence signal; this remained essentially constant at all time points 

(data not shown).  

Focal areas of increased fluorescence intensity with 2-NBDG labeling are seen 

beginning at week 11 and increase over time throughout the study. The total area of 
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increased fluorescence intensity per specimen also rises over time. High fluorescence 

intensity near the base of the tongue is due to nonspecific uptake of the cut edge. 

Removal of excess dye from the cut edge with exposed muscular tissue is difficult 

leading to higher background; similar spreading of India ink occurs in muscular tissue for 

pathology. However, cut edges and ulcerations are detectable under white light 

examination allowing these areas to be excluded from analysis of fluorescence images.  

Proflavine staining reveals changes in surface texture as a function of time. The 

fluorescence image of a normal specimen labeled with proflavine shows a regular 

periodic pattern. This pattern is disrupted beginning at week 11; there is a progressive 

increase in bright, punctate spots of proflavine staining with time across the course of the 

study. The number of focal areas of increased proflavine fluorescence per specimen rise 

over time with carcinogen exposure. 
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Figure 4.1 – Ex vivo wide field imaging of mouse tongues. White light and 
autofluorescence images of unstained mouse tongues are shown in the top two 
rows, respectively. Fluorescence images acquired after staining the specimens 
with 2-NBDG and proflavine are shown below. A control specimen that was not 
exposed to the carcinogen is shown in the left column. Specimens at 11, 14, 21, 
and 29 weeks post initial carcinogen exposure are shown from left to right. 
Dypslasia begins at 4 weeks post exposure with over half of the specimens 
develop dysplasia by 12 weeks. Squamous cell carcinoma (SCC) is seen at 18 
weeks post exposure with over half of the specimens develop SCC by 24 weeks. 
Scale bar is 25mm.  
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4.3.3. Confocal Microscopy 

Fluorescence confocal images of fresh transverse tissue slices were collected to 

improve the understanding of how changes at the cellular level affect wide field 

fluorescence images of intact tissue. Figure 4.2 shows autofluorescence confocal images 

of epithelial cross sections. The blue channel utilized 405 nm excitation, the same as that 

used in wide field imaging. The green channel illustrates epithelial cell size and 

morphology. Images were collected as two separate channels and superimposed in Figure 

4.2. Corresponding H&E images from the same tissue slices are shown below (Figure 4.2 

f-j). The images are grouped by pathology grade ranging from normal (Figure 4.2 a, f), 

through multiple stages of dysplasia (Figure 4.2 b-d, g-i) and squamous cell carcinoma 

(Figure 4.2 e, j). The superficial layer of normal epithelium shows a bright layer of blue 

autofluorescence corresponding to superficial keratin. The pattern of autofluorescence 

follows the periodic filiform papillae structure of the underlying epithelium. The 

superficial keratin autofluorescence increases for the sample with mild dysplasia (white 

arrow, Figure 4.2 b); this signal corresponds to the hyperkeratosis (black arrow, Figure 

4.2 g) present in the H&E stained section. In general, the autofluorescence from the 

keratin layer decreases as the thickness of keratin decreases with progression of disease. 

However, these specimens contain keratin of highly variable thickness at all stages of 

disease. These findings are also seen in the corresponding H&E stained sections.  
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Beneath the superficial keratin, normal epithelial cells show weak green 

autofluorescence, which is strongest in the basal portion of the epithelium (Figure 4.2 a). 

With progression to mild dysplasia, the cellular fluorescence encompasses the lower third 

of the epithelium (Figure 4.2 b). Cellular fluorescence signal is observed in the lower two 

thirds of the epithelium in the specimen with moderate dysplasia (Figure 4.2 c). The 

epithelial cells in severe dysplasia and cancer exhibit moderately intense fluorescence 

 

Figure 4.2 – High-resolution, cross-sectional images of mouse tongue 
epithelium corresponding to areas imaged with wide field 
autofluorescence imaging. Confocal autofluorescence images (a-e) are 
matched with H&E stained histology sections (f-j) from the same specimen. 
Images are grouped by pathology grade: normal (a, f), mild dysplasia (b, g), 
moderate dysplasia (c, h), severe dysplasia (d, i), and squamous cell carcinoma 
(e, j). Arrows indicate hyperkeratosis. Qualitative features of the confocal 
autofluorescence images for the keratin, epithelial cell, and stromal collagen 
layers are listed in the table below. Scale bars are 100μm. 
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throughout the epithelium and in cellular regions of the tumor, respectively (Figure 4.2 d, 

e). 

Proflavine staining highlights cell nuclei (Figure 4.3 a-e). In keratinized tissue, the 

keratin is also stained by proflavine. A regular, periodic keratin pattern is seen in the 

fluorescence images of normal tissue (Figure 4.3 a). This periodic pattern is disrupted and 

ultimately lost with progression from dysplasia to squamous cell carcinoma. In normal 

tissue, strong epithelial cell nuclear staining is seen in the basal portion of the epithelium 

(Figure 4.3). As expected, cell nuclei become enlarged and crowded with progression to 

dysplasia and cancer. The proflavine fluorescence signal from cell nuclei encompasses 

the lower half of the epithelium in mild dysplasia (Figure 4.3 b), the lower two thirds of 

the epithelium in moderate dysplasia (Figure 4.3 c), and the entire epithelium in severe 

dysplasia (Figure 4.3 d). In cancer, enlarged cell nuclei are seen throughout the specimen 

(Figure 4.3 e). Proflavine-associated fluorescence in areas of increased keratin is 

especially prevalent in the mild dysplasia example (Figure 4.3 b). Corresponding H&E 

images from the same tissue slices are shown for comparison in Figure 4.3 f-j.  
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4.3.4. Ex Vivo Wide Field Image Processing 

Figure 4.4 shows a representative pathology map for one of the specimens in this 

study. Images from each modality were registered and a pathology map was created 

based on a detailed pathology review. The colored regions overlaid on the white light 

image indicate the pathology read. Qualitative comparison of the fluorescence images 

and the gold standard pathology map demonstrates there is greater fluorescence intensity 

in areas of higher degrees of dysplasia and cancer. For example, the area of tissue marked 

 

 

Figure 4.3 – High-resolution, cross-sectional images of mouse tongue 
epithelium corresponding to areas imaged with wide field system 
following proflavine application. Confocal proflavine images (a-e) and 
H&E stained histology sections (f-j) from the same specimen. Images are 
grouped by pathology grade: normal (a, f), mild dysplasia (b, g), moderate 
dysplasia (c, h), severe dysplasia (d, i), and squamous cell carcinoma (e, j). 
Qualitative features of the confocal proflavine images for the keratin and 
epithelial cell layers are listed in the table below. Scale bars are 100μm. 
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as cancer (purple) on this specimen shows increased fluorescence intensity in the same 

region in the autofluorescence as well as the 2-NBDG and proflavine-stained images. 

Additionally, Figure 4.4 emphasizes the multifocal lesions formed in this model and the 

spatial heterogeneity in the histology across a single tissue specimen.  

 

While 2-NBDG images highlight areas of increased fluorescence intensity, the 

proflavine images accent the heterogeneity of the surface texture across the tissue. The 

changes in keratin surface structure with dysplastic progression are highlighted by the 

wide field proflavine images shown in Figure 4.5 a. Regions of interest corresponding to 

different pathology diagnoses are shown at higher magnification in Figure 4.5 c. The 

regular, repeated structure of the papilla and surface keratin is visualized in the normal 

 

Figure 4.4 – A representative specimen with the corresponding 
pathology map. All images were registered in Matlab and a pathology map 
created based on a pathology review. The color scale on the bottom shows 
the key for the pathology map. Scale bar is 250mm.Table 4.3 – Chemically 
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region (Figure 4.5 b). Progression through dysplasia leads to a disruption of this pattern 

which is completely lost with progression to cancer.  

4.3.5. Linear Discriminant Analysis 

The ROIs were divided into a training and test set; Table 4.2 details the number of 

ROIs by diagnostic category in each set. 199 ROIs with a diagnosis of mild dysplasia 

were withheld from the initial analysis. The image features in the training set were used 

to select the two top performing image features and train a classification algorithm to 

differentiate neoplastic from non-neoplastic ROIs. Proflavine standard deviation and 2-

NBDG mean fluorescence intensity were the two top performing features to discriminate 

neoplastic and non-neoplastic tissue with an area under the ROC curve of 0.96. 

A scatter plot of the proflavine standard deviation and 2-NBDG mean 

fluorescence intensity is shown for the 415 ROIs in the test set in Figure 4.6 a. In the test 

group, 89% (116/130), 100% (30/30), and 100% (5/5) of the moderate dysplasias, severe 

dysplasias, and squamous cell carcinomas were correctly classified as neoplastic, 

respectively. 91% (228/250) of the normal ROIs were correctly classified by the 

algorithm as non-neoplastic. The algorithm yields a sensitivity and specificity of 91% at 

the Q-point, the location on the curve with the shortest Euclidean distance to the upper 

left-hand corner of the plot. Mild dysplasias were excluded from the training algorithm 

due to the difficulty in accurately making this histological diagnosis and its uncertain 

clinical potential (44). When the classifier is applied to ROIs diagnosed histologically as 

mild dysplasia, 42% (84/199) are classified as non-neoplastic and 58% (115/199) 

classified as neoplastic. Interestingly, this is similar to recent results reported for the 
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diagnostic accuracy of optical imaging in patient samples (44). While intriguing, this 

does not indicate these are two distinguishable populations. Figure 4.6 b shows a scatter 

plot of the proflavine standard deviation versus the mean 2-NBDG fluorescence intensity 

for the samples diagnosed histologically as mild dysplasia.  

 

 

Figure 4.5 – Changes in keratinized tongue texture versus pathology grade. 
Structural changes in the keratinized surface are apparent with progression of 
disease in a carcinogen-exposed proflavine stained specimen (a). A control 
proflavine stained specimen (b) is shown for comparison. Scale bar is 250mm for 
wide field images. Enlarged areas of interest corresponding to each of the five 
diagnostic categories are below (c). Scale bar is 50mm for insets. 
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4.4. Discussion 

In summary, we report the use of a mouse model of chemically induced tongue 

carcinogenesis to image the progression of precancer to cancer with optical imaging 

combined with topically applied molecular imaging agents. The combination of vital dyes 

used in this study, proflavine and 2-NBDG, assesses two potentially relevant biomarkers 

in oral cancer, nuclear morphology and metabolic activity, respectively. The use of these 

vital dyes in combination with autofluorescence imaging allows an area of heterogeneous 

mucosa to be assessed. Confocal images of fresh transverse tissue slices were used to 

improve our understanding of the changes depicted in wide field images of the mucosal 

surface. A classification algorithm separates neoplastic regions of interest from normal 

regions of interests of specimens with an area under the curve of 0.96 when mild 

dysplasias are excluded from analysis. These results suggest that a combination of optical 

imaging modalities may be used to discriminate non-neoplastic from neoplastic tissue in 

this model with the potential to progress to in vivo animal studies and ultimately 

potentially translate these imaging modalities to the clinic. 

This 4NQO model is advantageous because all treated animals develop dysplasia 

and cancer on the keratinized dorsal tongue with histological and molecular similarities to 

oral cancer progression in patients. 4NQO, a DNA adduct forming agent causing DNA 

damage, leads to the progression of dysplasia mimicking the damage induced by tobacco 

smoke in humans which is an important risk factor for development of oral cancer (85). 

This type of model allows the study of precancerous lesions which is not possible with 

orthotopic and xenotopic tumors which require experienced personnel to initiate the 

tumor along with inducing trauma to the area of implantation. Increased uptake of 2-
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NBDG is present in regions with advanced lesions as seen in resected human neoplastic 

tissue which is indicative of increased metabolic activity (58, 104, 117). Additionally, the 

classification algorithm categorizes normal and dysplastic regions of interest with a 

sensitivity and specificity of 91% each with the exception of mild dysplasia.  

 

However, the model varies from humans in a number of important ways. This 

model only accounts for molecular changes and progression due to a carcinogen 

associated with smoking tobacco. This pathway is only one of several leading to oral 

carcinogenesis; this difference in the molecular basis of individual tumors is responsible 

for the differences in growth characteristics and response to therapy (127). Additionally, 

the heterogeneity of clinical lesions makes finding a single animal model to simulate all 

types of oral cancer difficult. The thick keratin layer of the dorsal tongue of a mouse is 

 

Figure 4.6 – Classification of ROIs using proflavine standard deviation and 
2-NBDG mean fluorescence intensity. Dashed lines represent the linear 
threshold values to discriminate normal sites from moderate/severe dysplasia or 
cancer. Plot of wide-filot values of proflavine standard deviation and 2-NBDG 
mean fluorescence intensity for test ROIs with a pathology diagnosis of normal, 
moderate dysplasia, severe dysplasia and squamous cell carcinoma (a). Plot of 
values for test set ROIs with a pathology diagnosis of mild dysplasia (b). The color 
scale on the bottom shows the histology key. 
 

 



 79 

not representative of normal human oral mucosa. This thick keratinized tissue may serve 

as a model that allows us to study a high-risk form of oral precancer known as 

proliferative verrucous leukoplakia that is characterized by the development of multiple 

thick keratotic plaques with roughened surface keratin projections as seen in this model 

(128). However, in future studies the ventral tongue may be imaged in parallel to serve as 

a nonkeratinized site in the same specimen. The ability to image keratinized and 

nonkeratinized sites is important due to the differences in the optical properties and vital 

dye penetration depths of the two types of tissues (129). The thin stroma under the 

epithelium is not similar to the thicker, strongly fluorescent underlying stroma of humans 

making wide field autofluorescence imaging not clinically representative. Benign and 

neoplastic lesions typically observed in the clinic are mixed with varying degrees of 

inflammation, but this model largely lacks an inflammation component. 

One challenge of this study is the highly variable keratin thickness and therefore 

extremely heterogeneous keratin fluorescence across the surface of these specimens at all 

stages of disease. The keratin, epithelial and stromal layers all contribute to the wide field 

fluorescence images. Increased keratin thickness across a lesion can contribute 

significantly to the wide field autofluorescence signal; whereas the autofluorescence 

signal in areas with thin keratin is determined primarily by the epithelial fluorescence. 

Dramatic changes in keratin thickness can occur over a very short spatial distance 

(<1mm). Additionally, spatial registration of wide field images with histopathology was 

another challenge of this study. While every effort was made to match pathology maps 

with the wide field tissue there is some inherent registration error due to the small size of 

these specimens. 
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The confocal images of fresh transverse tissue slices give us qualitative insight as 

to how changes in the microarchitecture of the tissue influence the corresponding wide 

field images. The cross-sectional view allows us to localize where in the keratin layer, 

epithelium, or stroma the fluorescent signal arises. In patients, autofluorescence 

properties of healthy and diseased oral mucosa are largely dependent on the fluorescent 

crosslinks of the underlying structural fibers in the stoma such as collagen (2). However, 

the thin stroma of the mouse tongue reduces the contribution of stromal autofluorescence 

to the overall autofluorescence observed in wide field images making this model different 

from the clinical presentation of lesions in patients. While interesting to examine the 

endogenous signal arising from the epithelium and keratin layers, these differences could 

be difficult to detect in the presence of the background of strong collagen fluorescence 

seen clinically. For this reason, image analysis focused on the fluorescent contrast agents 

targeting the epithelium which has similar structure to that seen in normal and neoplastic 

patient samples. 

However, a qualitative assessment of the confocal autofluorescence images yields 

insight into epithelial changes that occur. The bright blue autofluorescence in the 

superficial, keratinized epithelial layer of the tissue is the dominant source of 

autofluorescence in normal and early stage dysplasias which is lost at later stages of 

disease leading to a decrease of fluorescence intensity in tissue at later time points. 

Changes in keratin structure are observed in both autofluorescence and proflavine 

confocal imaging. However, these specimens contain keratin of highly variable thickness 

at all stages of disease. The confocal images highlight change in structure and 

degradation of keratin with the progression of disease which corresponds to the change in 
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the standard deviation of proflavine staining seen in wide field imaging used in the 

classification algorithm. When proflavine staining is spatially uniform, the local standard 

deviation is low. In this study, a periodic spatial pattern of proflavine staining is 

associated with an intermediate local standard deviation. As neoplasia progresses, we 

observed heterogeneous proflavine staining without periodicity, associated with a large 

local standard deviation.  

Mild dysplasia is challenging clinically because it can represent the initial stage in 

the progression toward precancer or it can appear as a transient reaction to inflammation, 

trauma or allergy (130). While a large range of values have been reported, the rate of 

malignant transformation of mild dysplasia is estimated at under 5% (9). Due to this low 

rate of malignant transformation there is no established clinical standard of care for 

patients with mild dysplasia and management consists of long term clinical follow-up. To 

further complicate mild dysplasia diagnosis, intra-observer and interobserver variability 

of grading of mild dysplasia is high (131). A biomarker to identify those mild dysplastic 

lesions most likely to progress would be valuable to clinicians. Further study is needed to 

assess whether these optical measurements can be used to identify these mild dysplastic 

lesions that are most likely to progress.  

The ability to evaluate the progression of disease in this model in vivo over time is 

desirable to track and improve understanding of the changes in optical properties 

associated with progression. A modified protocol for this model would allow us to track 

and attempt to predict if mild dysplasia will progress to a higher degree of dysplasia or 

revert to a benign lesion. These studies would explore the link between data from optical 

measurements and biomarker expression of oral carcinogenesis if combined with 
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immunohistochemistry for proposed biomarkers of progression. Pierce, et al. investigated 

if specific biomarkers correlated with optical imaging to predict progression of cancer 

(44). Whether the same biomarkers (Ki-67, p63, PHH3) may be used for mice remains to 

be tested. Additionally, keratinized surfaces have proved to be an obstacle for optical 

imaging of the mucosal surface due to the bright autofluorescence signal from these 

lesions and the masking of enlarged and pleomorphic nuclei. Future work to look into the 

changes in the structure of keratin that correspond to neoplastic progression would 

improve our understanding of the relationship between keratin and the underlying 

neoplastic cells.  

The clinical implications of this study include the ability to improve early 

detection through noninvasive imaging techniques. This model allows us to look at set 

time points and identify correlations between multimodal imaging and pathology. This 

study was performed ex vivo as a pilot study to evaluate the usefulness of this model with 

these contrast agents. The next step is to use these contrast agents in vivo over multiple 

time points to monitor disease progression. Additionally, the model allows for 

researchers to investigate markers that increase the risk of progression. If a relationship 

between in vivo optical measurements and biomarker expression for mild dysplasia is 

found it could determine the risk of progression in lesions with mild dysplasia. 

 



 
 

 
 

Chapter 5 

CHAPTER 5: Optical Imaging of Inflammation in a 

Mouse Model of Colitis with a Topically Applied 

Contrast Agent Cocktail 

The goal of this study was to topically deliver a contrast agent cocktail in vivo in 

an ulcerative colitis mouse model to identify both tissue morphology and biomolecular 

expression. A contrast agent cocktail was applied to the colon lumen in vivo and the 

tissue was imaged with confocal microscopy ex vivo to assess the ability of the cocktail to 

highlight tissue morphology and the presence of inflammatory cells. The contrast agent 

cocktail contained proflavine to stain cell nuclei, a fluorescently labelled CD45 targeted 

antibody (CD45-AF647) to label inflammatory cells, and two permeation enhancers 

(chitosan-IAA and dimethyl sulfoxide). Proflavine stained images showed a loss of 

normal glandular architecture in the mice with ulcerative colitis. Positive staining with 

CD45-AF647 identified the presence of infiltrating inflammatory cells in mice with 

ulcerative colitis. In vivo delivery of a contrast agent cocktail highlighting multiple 

biomarkers in a preclinical model is a critical step towards the clinical translation of 

molecular specific optical contrast agents for early cancer detection. 

5.1. Introduction 

Optical molecular imaging has the potential to improve early cancer detection 

which is critical for reducing cancer mortality and morbidity. A number of optical 

imaging strategies are available for early cancer detection but inflammation remains a 

frequent cause of false positives in optical imaging modalities (34, 132). Improved 
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contrast agents or combinations of contrast agents are needed to improve the clinician’s 

ability to differentiate inflammation from early dysplasia to improve imaging specificity 

particularly for organ sites like the colon where a large area of tissue must be evaluated.  

Ulcerative colitis (UC) is a chronic inflammatory disease of the colon with an 

increased risk for developing colorectal cancer (15). Colitis-associated cancer presents as 

flat dysplastic lesions with poorly defined borders that progress through low to high-

grade dysplasia and ultimately carcinoma. UC presents with mucosal granularity 

(unevenness and irregularity), erythema, edema, and ulceration, all of which make 

endoscopic cancer detection more difficult. Colon cancer surveillance in those with UC 

consists of white light endoscopy with random four quadrant biopsies at designated 

intervals with additional biopsies taken at suspicious sites (16). The standard protocol 

frequently misses flat dysplastic lesions, creating a need to improve screening techniques 

for ulcerative colitis patients (12, 13). High resolution optical imaging modalities such as 

confocal endomicroscopy have emerged to afford gastroenterologists the ability to obtain 

an “optical biopsy” capturing subcellular resolution images of the gastrointestinal 

epithelium to improve the clinician’s ability to detect areas of increased risk of disease to 

target biopsies and monitor therapy (133).  

Contrast agents that highlight the morphological and molecular changes 

associated with chronic inflammation and dysplasia could be used to identify dysplastic 

lesions in patients at risk for colorectal cancer. Fluorescent contrast agents have been 

used in vivo by intravenous (IV) delivery to target epidermal growth factor receptor 

(EGFR) (134), vascular endothelial growth factor (VEGF) (135), cMet (136), 

cyclooxygenase-2 (COX-2) (132), and human epidermal growth factor receptor 2 
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(HER2) (137, 138) in animal models. Additionally, clinical studies of IV delivered 

antibody, antibody fragments, and peptide based contrast agents are increasing in usage 

(68, 139). For example, one recent in vivo clinical study developed topically applied 

fluorescent antibodies targeting tumor necrosis factor α in ulcerative colitis patients to 

predict patient response to therapy (140). However, the clinical utility of topically applied 

contrast agents is limited by the inability to sufficiently deliver large macromolecules to 

the target of interest.  

Optical molecular specific contrast agents are delivered via two main routes, IV 

and topical, to image epithelial surfaces like the colon. IV and topical delivery each 

possess unique advantages and limitations to delivery (141). The first route, IV delivery, 

allows for homogeneous delivery over an entire organ site and allows for deeper contrast 

agent delivery; however, this delivery method is invasive, requires a high systemic 

contrast agent concentration, and requires optimization of the timing between agent 

delivery and imaging. The second route, topical delivery, is less invasive, uses lower 

systemic concentration of imaging agents, and application occurs during or immediately 

prior to imaging; however, penetrating the epithelium where many biomarkers are located 

is an obstacle for topical delivery. The mucosa primarily functions to restrict movement 

of pathogens across the epithelium; permeation enhancers are needed for topical delivery 

to ensure consistent staining across the tissue surface, particularly for large 

macromolecules (142).  

Permeation enhancers are topically applied substances that disrupt epithelial 

tissue to increase paracellular or transcellular transport. In paracellular transport, agents 

pass through intercellular spaces between the tight junctions of epithelial cells, whereas 
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in transcellular transport, agents directly cross the epithelial cells. A number of chemical 

permeation enhancers have been proven effective at delivering agents as large as 1 μm in 

size through the dermis (143); however, permeation enhancers have proven less effective 

for mucosal delivery (75, 144). Chitosan is a biocompatible, biodegradable, cationic 

polysaccharide that reversibly disrupts epithelial tight junctions to allow the paracellular 

transport of small molecules (145). Chitosan and its analogs have been studied for in vivo 

delivery of siRNA and DNA via mucosal delivery routes (146). The clinical utility of 

chitosan was previously limited due to its poor solubility at physiological pH; however, a 

chitosan analog with improved solubility was developed by partially modifying the 

primary amines with 4-imidazole acetic acid monohydrochloride, thereby introducing 

secondary and tertiary amines to the polymer structure (147). Ghosn et al. demonstrated 

the ability of imidazole-modified chitosan (chitosan-IAA) to enhance topical delivery of 

antibodies and nanoparticles in ex vivo tissue (73). In vivo chitosan-IAA studies in a 

preclinical model are needed to assess its use as a permeation enhancer. 

In this work, morphological features and molecular expression are highlighted 

with a contrast agent cocktail composed of proflavine and a CD45 targeted antibody 

combined with the permeation enhancers chitosan-IAA and dimethyl sulfoxide (DMSO) 

in a mouse model of UC. Proflavine is a small molecule dye that highlights tissue 

architecture by staining cell nuclei. CD45 is a transmembrane protein that is highly 

expressed on the cell membrane of white blood cells. The CD45-targeted antibody 

identifies inflammatory cells present in the epithelial surface allowing assessment of the 

permeation enhancers’ ability to improve topical delivery. In the future, additional 
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biomarkers of clinical relevance from a therapeutic or early cancer detection standpoint 

may be substituted in the place of the CD45 antibody. 

5.2. Materials & Methods 

5.2.1. Study Overview 

Colitis was generated in animals with 5 day long cycles of 2% DSS in the 

drinking water. Mice were imaged at a short and long time point to capture acute and 

chronic colitis, respectively. The short term (acute colitis) group received a single cycle 

of DSS drinking water and was imaged between days 4 and 7. The long term (chronic 

colitis) group received three cycles of DSS drinking water and was imaged at week 8. 

The study design is shown in Figure 5.1 a. At each time point, mice underwent 

endoscopy with a 15 minute intraluminal contrast agent application time. After, mice 

were euthanized and the colons harvested. Confocal microscopy was used to image 

contrast agent staining and permeation into tissue. Each colon segment was assigned an 

inflammation score based on histopathology.  

5.2.2. Contrast Agent Cocktail  

The contrast agent cocktail consists of two fluorescent contrast agents, proflavine 

and a CD45 antibody labeled with AlexaFluor 647 (CD45-AF647), paired with two 

permeation enhancers, dimethyl sulfoxide (DMSO) and chitosan-IAA. Lyophilized 

chitosan-IAA was resuspended at a stock concentration of 1% w/v in 0.2 M sodium 

acetate (pH 4.5, Sigma Aldrich) immediately prior to dilution for tissue application. The 

CD45 targeted antibody was purchased preconjugated to the AlexaFluor 647 dye 
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(BioLegend, Cat #109818). The working solution of the contrast agent cocktail contained 

20 μg/mL CD45-AF647, 0.01% w/v proflavine hemisulfate (Sigma-Aldrich), 10% v/v 

DMSO (Invitrogen), and 0.02% w/v chitosan-IAA in PBS. Chitosan-IAA was added to 

the contrast agent cocktail immediately prior to use. Approximately 500μL of contrast 

agent cocktail was used per mouse. A negative control contrast agent cocktail contained 

an isotype control antibody, IgG-AF647 (BioLegend, Cat #400234), instead of CD45-

AF647 to ensure binding of the Fc region of the antibody was not responsible for the 

signal since inflammatory cells were the intended target. The negative control contrast 

agent cocktail was applied to 2 additional control animals and 2 acute colitis animals.  

5.2.3. Synthesis of Chitosan-Imidazole Acetic Acid  

To enhance the solubility of chitosan in aqueous solution and increase its 

physiological buffering capacity, primary amines of chitosan were functionalized with 

secondary and tertiary amines by reacting with imidazole-4-acetic acid (IAA) as reported 

previously (147). Conjugation of IAA to the primary amines of chitosan was achieved via 

carbodiimide chemistry. For 50% target modification of primary amine group of chitosan 

with IAA, chitosan (Protasan UP CL-113, 1% w/v, 49.3 mM NH2) and imidazole acetic 

acid (2.0% w/v, 123 mM) solutions were prepared in 0.2M MES buffer (pH 6.5) and 

stored on ice. Chitosan (100 mg, 493 μmoles NH2, 10 mL) was mixed with IAA (40 mg, 

246.5 μmoles, ~2.0 mL) and kept on ice. The solution was used to dissolve 20M excess 

of EDC (945 mg, 4.93 mmole) to IAA and immediately vortexed for 60 seconds to 

catalyze conjugation of IAA along the chitosan backbone. The final solution was left to 

react overnight on an end-over-end rotator at room temperature. Reaction volumes were 

dialyzed for 24 hours using Snakeskin pleated dialysis tubing against 3 mM HCl first (2 
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times) and then against deionized water for 24 hours. Samples were lyophilized and 

stored at  

-20°C until immediately prior to use. IAA modified chitosan were then characterized for 

degree of modification using NMR as reported previously (73). 

5.2.4. Mouse Colitis Model 

We used a DSS induced ulcerative colitis model that is well documented in the 

literature (148-150). Six-week-old male Balb/c mice were purchased from Jackson 

Laboratory. Sixteen mice were divided evenly into three groups, an acute colitis 

experimental group (n=6), a chronic colitis experimental group (n=6) and a control 

group (n=6). Animals were treated with 2% w/v DSS (36-50kDa, MP Biomedicals) 

drinking water to induce colitis. The acute colitis experimental group received a single 

cycle of 2% DSS drinking water for three to five days. The chronic colitis experimental 

group received three cycles of 2% DSS drinking water, which consisted of 5 days of 

2% DSS followed by 16 days of normal drinking water. Mice were imaged at a short 

(<1 week) and long (8 week) time point to capture acute and chronic colitis, respectively. 

The study design is shown in Figure 5.1 A. The control group received normal drinking 

water for the duration of the study. Mice were weighed 2-3 times per week thoughout the 

course of the study to assess severity of colitis. Percent weight loss relative to baseline 

was used as a surrogate measure of colitis severity. 

5.2.5. Endoscopy 

Prior to endoscopy, mice were anesthetized with ketamine/xylazine sedation. A 

1.8mm rigid endoscope (Henke Sass Wolf) with a 2.8mm sheath was advanced into the 
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mouse rectum gently using saline to inflate. White light endoscopy images and video 

were captured with a 5 megapixel Dino-Eye digital camera (Dinolite). Saline was used to 

improve the intraluminal view and remove fecal contents. A solution of 10% w/v n-

acetylcysteine (Spectrum Chemical) removed excess mucous on the colon surface. In 

previous work, mucous hindered contrast agent delivery. Once the distal 2 cm of colon 

was free of feces and mucous, the contrast agent cocktail was topically applied to the 

lumen of the colon via disposable gavage needle and syringe (approximately 500μL 

total). The contrast agent was incubated in vivo for 15 minutes. After incubation, the 

colon was flushed once with saline. Animals were euthanized by carbon dioxide overdose 

and the colon harvested for ex vivo high resolution fluorescence imaging on a benchtop 

confocal microscope.  

5.2.6. Confocal Microscopy 

Resected colon tissue was cut down the middle to expose the colon lumen. A 

distal segment of the colon, just proximal to the rectum and approximately 1 cm
2
 in size 

was isolated from the colon for imaging. This segment of the colon was selected to 

ensure confocal microcopy and image analysis were conducted on tissue in complete 

contact with the contrast agent cocktail in vivo. Resected tissue segments were stored in 

iced phenol-free Dulbecco’s Modified Eagle Medium (Sigma-Aldrich) until imaging. 

Prior to imaging, tissue was not fixed or processed in any way. Confocal fluorescence 

images were collected from fresh tissue to assess the changes in tissue architecture and 

CD45 expression. Confocal images were acquired using a Nikon A1-Rsi confocal 

microscope (Nikon Instruments Inc.) within 4 hours of specimen collection. Images were 

obtained using a 40X water immersion objective (NA 1.15). Proflavine images were 
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obtained with 488 nm excitation and collected with 50 nm bandpass filter centered at 450 

nm. CD45-AF647 images were obtained wirh 640 nm excitation and collected with a 650 

nm long-pass filter. All images were taken with the same detector settings for each 

contrast agent. Large tiled images were acquired with the NIS Elements software at the 

mucosal surface to capture a larger field of view. At least 10 z-stacks were captured 

across the tissue surface. Z-stacks acquired images at 5 μm intervals in the top 30 μm of 

epithelium.  

5.2.7. Pathology  

Following confocal imaging, tissue specimens were fixed in 10% formalin for 24 

hours and stored in 70% ethanol until tissue submission. Tissue specimens were 

submitted for pathology at Baylor College of Medicine for paraffin embedding and 

hematoxylin and eosin (H&E) staining. Histological sections were obtained for each 

specimen imaged. The H&E slides were reviewed by an experienced clinical pathologist. 

Histological assessment was carried out by means of an inflammation score of 0-3 for 

each segment of tissue imaged. 

5.2.8. Image Analysis 

Confocal fluorescence images were qualitatively analyzed to identify key 

morphologic features associated with proflavine staining and changes in CD45-AF647 

staining intensity and pattern. After background subtraction, the sum fluorescence 

intensity was calculated for each of the CD45-AF647 images using MATLAB software 

(The MathWorks). For each specimen, 5-10 images captured 15-20 μm beneath the 

surface were analyzed. A total of 177 individual images were analyzed. Images were 
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grouped according to the inflammation score of the tissue segment and the average 

fluorescence intensity calculated for each inflammation category.  

5.3. Results 

5.3.1. Mouse Colitis Model 

Representative white light images from in vivo endoscopy and resected colon 

tissue are shown in Figure 5.1 B. Flat, smooth mucosa is typical of normal tissue in 

negative control animals. For the acute colitis group imaged at the 4-7 day time point, the 

mucosa shows increase granularity (irregularity and unevenness). For the chronic colitis 

group imaged at the 8 week time point, the mucosal surface shows heightened granularity 

with elevated areas; however, no large raised polyps are readily apparent with white light 

exam. Areas of ulceration occur in the experimental colitis animals although the imaging 

time points were selected to avoid ulceration as much as possible. 

 

 
 

Figure 5.1 – DSS induced colitis mouse model. (A) Schematic overview of the 
colitis model. The black boxes indicate the treatment cycles of 2% DSS drinking 
water. (B) Representative white light endoscope appearance and macroscopic 
view of resected colons of mice in the normal, acute colitis, and chronic colitis 
groups.  
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5.3.2. Confocal Microscopy 

Representative tiled confocal images capturing a large field of view are presented 

for each experimental group in Figure 5.2 . Proflavine highlights individual cell nuclei 

and CD45-AF647 labels inflammatory cells. The large field of view of the proflavine 

channel allows the differences in glandular architecture between the experimental groups 

to be appreciated. The representative confocal image from a control animal shows 

regularly spaced glands across the entire field of view. In contrast, colon tissue from mice 

in the experimental colitis groups exhibits a disruption of regularly spaced glandular 

architecture. In the example from the acute inflammation group, an increased number of 

cells surround the glands. The example from the chronic inflammation group shows a 

dramatic disruption in the glandular architecture from the infiltrating leukocytes. While a 

high degree of inflammation is seen in the experimental groups of this model, none of the 

tissue is dysplastic. Minimal CD45-AF647 staining is present in the control image on the 

left. CD45-AF647 staining is elevated in the acute and colitis images with staining 

present only between glands.  
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Representative examples of individual confocal images from specimens of each 

inflammation category (0-3) based on pathology are shown in Figure 5.3. Proflavine 

highlights individual cell nuclei and CD45-AF647 labels the inflammatory cell 

membrane. Images from specimens with no inflammation exhibit regularly spaced glands 

with no CD45-AF647 labeled inflammatory cells. Images from specimens categorized 

with mild and moderate inflammation, depict glandular architecture similar to that of 

normal specimens; however, the space around the glands is packed more tightly with 

nuclei stained positive with the CD45-AF647 contrast agent. Images from specimens 

categorized as high inflammation, display a noticeable change in the glandular 

architecture with infiltrating nuclei outside of the enlarged glands staining positive for 

CD45-AF647.  

 

Figure 5.2 – Large field of view dual channel confocal images. Representative 
proflavine (top), CD45-AF647 (middle) and merged images of the two channels 
(bottom) for each inflammation score. In the merged channel, proflavine is green 
and CD45-AF647 is purple. Scale bar is 500 μm. 
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Figure 5.4A shows the fluorescence intensity for each of the 177 images sorted by 

inflammation score based on pathology review. The shape of the marker indicates the 

experimental group (normal, acute colitis or chronic colitis). Black markers represent 

images from the experimental cocktail containing CD45-AF647 and white makers 

represent images from the negative control cocktail containing the IgG antibody in the 

place of CD45. Figure 5.4B shows the average fluorescence intensity for each 

inflammation category. Tissue stained with the isotype control antibody showed 

background signal comparable to tissue categorized as no inflammation. Based on this 

analysis CD45-AF647 indicates the presence of inflammation but is unable to 

 
 

Figure 5.3 – Confocal images of tissue samples with an increasing degree of 
inflammation. Representative proflavine (top), CD45-AF647 (middle) and 
merged images of the two channels (bottom) for each inflammation score. In the 
merged channel, proflavine is green and CD45-AF647 is purple. Scale bar is 100 
μm. 
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differentiate between degrees of inflammation which could be due to the limited imaging 

depth with this method. 

 

Figure 5.5 shows two examples of z-stacks acquired from areas of tissue dense 

with inflammatory cells highlighting antibody delivery depth. The enlarged ROIs 

showcase the localization of the CD45-AF647 around the proflavine stained nuclei, 

consistent with the cell membrane labeling expected of a CD45 targeted contrast agent. In 

Figure 5.5A CD45-AF647 permeates and labels 30 μm into tissue to stain the 

inflammatory cells. However, Figure 5.5B shows an example of another area of 

inflammatory cells where the contrast agent permeation is limited to the first 10 μm of 

tissue. While delivery across the surface of the colon tissue appeared consistent (as 

shown in Figure 5.2 ), permeation depths of the CD45-AF647 agent varied. Proflavine 

 
 
Figure 5.4 – Increased CD45-AF647 staining with increased degree of 
inflammation. The mean fluorescence intensity (MFI) for each confocal CD45-

AF647 confocal image is plotted by inflammation score based on pathology review 

(A). Symbol color represents the cocktail used: black is the CD45-AF647 cocktail and 

white is the IgG-AF647 cocktail. The shape indicates the experimental group: circles 

are normal, squares are acute colitis (<1 week exposure) and diamonds are chronic 

colitis (8 week exposure). The average fluorescence intensity for each inflammation 

category (B). The number of images is indicated at the base of the column. The error 
bars represent one standard deviation.  
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staining was consistent in the first 30 μm of the epithelium imaged in this study. While an 

excess volume of the cocktail was applied to the lumen, inconsistent contrast agent 

cocktail time could be an issue in this model. Application via spray catheters would allow 

for complete contact of the contrast agent with the entire mucosal surface in clinical 

trials. 

 

5.4. Discussion 

The contrast agent cocktail presented in this work serves as a proof of principle 

for a cocktail capable of detecting changes in architecture and biomarker expression in 

 
 

Figure 5.5 – Antibody delivery into epithelial tissue. Z-stacks taken in 10 μm 
increments from the epithelial surface highlight differences in antibody 
permeation into tissue. CD45-AF647 reaches 30 μm in (A) but only 10 μm in (B). 
Scale bars are 100 μm. Insets show an optically zoomed image from the z-stacks 
to the left to allow visualization of CD45 localization to cell membranes. Scale 
bars are 50 μm. 
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inflamed tissue; however, the platform is flexible and additional contrast agents could be 

added to the current formulation or substituted into the cocktail to target a different 

disease or organ site. While this work utilizes an antibody targeted to CD45, antibodies 

targeting additional biomarkers could be used in combination with or in place of CD45-

AF647. Current advances in biomarker discovery make the ability to modify this 

platform particularly relevant.  

Contrast agent cocktails offer a number of advantages over individual contrast 

agents. A major advantage is the ability to target multiple markers to identify a variety of 

disease states. With high patient-to-patient tumor heterogeneity, simultaneously imaging 

multiple biomarkers using contrast agent cocktails composed of multiple contrast agents 

allows for improved sensitivity and specificity for early cancer detection (72). The ability 

to non-invasively image the spatial and temporal distribution of multiple biomarkers 

across a tumor surface has the potential to improve treatment through better selection of 

targeted therapeutic agents, real-time imaging for in situ guidance of tumor margin 

assessment, and monitoring patient response to treatment without need for biopsy. But to 

take full advantage of these benefits, advanced clinical imaging systems are needed to 

capture images. 

The images presented in this work were acquired on a benchtop commercial 

confocal microscope which offers more flexibility in imaging parameters. Current 

confocal endoscopy is limited in the number of imaging channels available with few 

systems able to image more than one fluorescent agent at a time. However, dual channel 

confocal endoscopes and microendoscopes are commercially available and novel 

technologies are in the pipeline (151). Pairings between novel endoscopic platforms and 
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contrast agent cocktails enabling optical imaging of morphological and molecular 

changes associated with chronic inflammation could be used to monitor therapy and 

identify dysplastic lesions in patients at risk for colorectal cancer. 

This work establishes the feasibility of translating topically applied contrast agent 

cocktails that combine multiple contrast agents with permeation enhancers to highlight 

tissue morphology and changes in biomarker expression. Permeation enhancers ensured 

delivery of CD45-AF647, a large antibody based contrast agent, into superficial epithelial 

layers to identify the presence of inflammatory cells. The other fluorescent dye 

component of the cocktail, proflavine, highlighted changes in tissue architecture in the 

diseased tissue. In vivo delivery of a contrast agent cocktail highlighting multiple 

biomarkers in a preclinical model is a critical step towards the clinical translation of 

molecular specific optical contrast agents for disease screening and diagnosis.. 



 
 

 
 

Chapter 6 

CHAPTER 6: Optical Clearing to Visualize 3D 

Architecture in a Carcinogen Induced Mouse Model of 

Colorectal Caner 

This chapter highlights the use of a colitis-associated colorectal carcinogenesis 

mouse model to develop optical imaging technologies for clinical translation and evaluate 

a new tissue clearing method to enable three dimensional imaging in tissue specimens. 

The objective of the first half of this study was to evaluate the feasibility of using a 

topically applied contrast agent in vivo to observe the architectural changes associated 

with inflammation and cancer. The objective of the second half of this study was to 

explore the use of the optical clearing technique CLARITY to enable imaging of the three 

dimensional architectural differences during carcinogenesis. The CLARITY technique 

renders tissue optically transparent and permeable to macromolecules by binding native 

proteins into a hydrogel network, enabling lipids to be washed out thereby reducing 

scattering and enabling deeper issue imaging. A nuclear vital dye, proflavine, is the only 

contrast agent used in the studies of this chapter; however, in future studies additional 

contrast agents will be added to target multiple markers of cancer in vivo and to further 

interrogate the intact tumor microenvironment. 

6.1. Introduction 

A minimally-invasive, optical-based strategy for monitoring the architectural 

changes associated with chronic inflammation and carcinogenesis of the gastrointestinal 

tract has the potential to improve early cancer detection and monitor therapy with 
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minimal invasiveness. Ulcerative colitis (UC) is a chronic inflammatory disease affecting 

the colon with an increased risk for developing colorectal cancer (15). Colon cancer 

surveillance in those with UC consists of random four quadrant biopsies at designated 

intervals with additional biopsies taken at suspicious sites (16). This standard protocol is 

limited by the inability to sample the entire mucosal surface or target biopsies. High 

resolution optical imaging modalities such as confocal microendoscopy allow 

gastroenterologists the ability to obtain an optical biopsy with subcellular resolution 

images of the gastrointestinal epithelium to improve the ability to target biopsies and 

detect areas of increased risk of disease. Detecting colorectal cancer at an early stage has 

the ability to improve the 5-year survival rate from 65% to 90% (10). However, a 

preclinical model to test both novel contrast agents and imaging systems in vivo is 

needed.  

A number of well-documented carcinogen induced mouse models of colorectal 

cancer are found in the literature (152). In particular, a colitis-associated colorectal 

carcinogenesis mouse model induced with azoxymethane (AOM) and dextran sodium 

sulfate (DSS) has been frequently used (89, 153, 154). This model provides a relatively 

fast and very reliable model of inflammation induced carcinogenesis. All animals treated 

with AOM/DSS develop two to twenty dysplastic lesions by 10 weeks (155). 

Additionally, approximately half of these lesions occur in the distal 3 cm of colon which 

is accessible to in vivo endoscopy enabling in vivo contrast agent delivery and imaging. 

In vivo white light endoscopy and fluorescence microendoscopy have been performed by 

multiple research groups in colorectal cancer mouse models (46, 156, 157). This work 

utilizes the vital dye proflavine, a fluorescent compound that binds to nucleic acids 
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allowing visualization of cell nuclei. From these images the nuclear architecture may be 

observed and the nuclear-to-cytoplasmic ratio calculated (101). In the first half of this 

study, topically applied fluorescent dye was applied intraluminally and imaged in vivo 

with a high resolution microendoscope (HRME) and ex vivo with a benchtop commercial 

confocal system. 

After identifying a preclinical model to test new contrast agents and imaging 

systems in vivo, tissue from the AOM/DSS model was used to evaluate a new method of 

optical clearing. Optical imaging is typically limited to a few hundred microns of tissue 

due to the high scattering of turbid biological tissues limiting penetration of light, 

hampering image resolution and reducing contrast as light propagates deeper into the 

tissue. Tissue optical clearing strategies reduce scattering to enable deeper observation of 

intact tissue with reduced optical distortion. A number of physical and optical tissue 

clearing techniques are capable of rendering opaque tissue transparent. Historically these 

techniques suffered from tissue architecture distortion, loss of proteins, and long clearing 

times. However, the new optical clearing technique CLARITY renders tissue optically 

transparent and permeable to macromolecules by binding native proteins into a hydrogel 

network, enabling lipids to be washed out thereby reducing scattering and enabling 

deeper issue imaging (158).  

CLARITY results in a transparent, permeable intact tissue hydrogel that is ideal 

for three dimensional imaging and multiple rounds of immunohistologic analysis without 

the need for physical sectioning. In the CLARITY technique, intact tissue is infused with 

hydrogel monomers, formaldehyde, and thermal initiators; formaldehyde crosslinks both 

tissue proteins and infused hydrogel monomers to native biomolecules including proteins 
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and nucleic acids. Polymerization of the hydrogel monomers is thermally initiated at 

37
o
C, resulting in a hybrid tissue-hydrogel construct, which physically retains the 

structure of the tissue while incorporating conjugated biomolecules into a hydrogel mesh. 

However, lipids and biomolecules lacking functional groups for conjugation remain 

unbound and an ionic detergent is used to remove these unbound biomolecules, rendering 

the finished product optically transparent and macromolecule-permeable (159). While the 

utility of CLARITY for neuro imaging is well documented, limited initial studies using 

CLARITY in other organs are published (160, 161). The objective of the second half of 

this work was to evaluate the CLARITY technique with colorectal tissue and observe 

three dimensional architectural tissue changes with carcinogenesis.  

6.2. Materials & Methods 

6.2.1. Mouse Colorectal Cancer Model 

Inflammatory polyps, dysplastic lesions and adenocarcinomas were generated in 

the distal colon of mice through the administration of AOM and DSS, emulating the 

progression of colitis induced carcinoma in humans. All animal experiments were 

performed in accordance with an Institutional Animal Care and Use Committee approved 

protocol at Rice University. Male Balb/cJ mice were obtained at 6 weeks old from 

Jackson Laboratory. Carcinogenesis was initiated in the experimental group by IP 

injection of AOM (10mg/kg, Sigma-Aldrich) at week 0. Control mice were injected with 

saline. Mice in the experimental group were given 2% DSS (36,000-50,000 Da, MP 

Biomedical Inc.) in drinking water for a one week period followed by two weeks of 

normal drinking water while control mice were maintained on normal drinking water 
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throughout the study. The DSS treatment cycle was repeated for three rounds. The study 

design is shown in Figure 6.1A. Mice were weighed twice a week thoughout the course 

of the study to use percent weight loss relative to baseline as a surrogate measure of 

colitis severity.  

 

 

Figure 6.1 – AOM/DSS induced colon cancer mouse model. (A) Schematic 
overview of the inflammation-induced colon cancer model. An initial IP injection 
of AOM (saline for age matched negative controls) initiated carcinogenesis. The 
black boxes indicate the weeklong treatment cycles of 2% DSS drinking water. 
Asterisks indicate imaging time points at 4, 7 and 10 weeks from date of AOM 
induction. (B) Representative white light endoscope appearance of mice at the 
three imaging time points. A representative image from a normal, negative 
control mouse is shown for comparison. (C) Macroscopic view of resected colons 
at the imaging time points. Scale bar is 1 cm. (D) Representative H&E 
histopathology sections from areas of normal mucosa, inflammatory polyp, low 
grade dysplasia, high grade dysplasia and adenocarcinoma. Scale bars are 100 
μm. 
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6.2.2. Endoscopy & HRME Procedure  

Mice were imaged at 4, 7, and 10 weeks to evaluate the progression of 

carcinogenesis over the course of the study to image inflammatory polyps, dysplastic 

lesions and adenocarcinomas. Prior to endoscopy, mice were anesthetized with 

ketamine/xylazine sedation. A 1.8mm rigid endoscope (Henke Sass Wolf) with a 2.8mm 

sheath was advanced into the mouse rectum gently using saline to inflate. White light 

endoscopy images and video were captured with a 5 megapixel Dino-Eye digital camera 

(Dinolite). Saline was used to improve the intraluminal view and remove fecal contents. 

A rinse with 10% n-acetylcysteine (Spectrum Chemical) removed excess mucous on the 

colon surface which hindered contrast agent application, particularly in later imaging 

time points. Proflavine was intraluminally applied and incubated for one minute. After 

incubation, the colon was flushed once with saline to remove excess dye.  

For a subset of the animals imaged, in vivo imaging with a high resolution 

microendoscope (HRME) was performed to evaluate the potential for in vivo imaging in 

this model. The HRME was described previously in detail (101). Briefly, the HRME is a 

fluorescence microscope coupled to a 1 mm-thick fiber optic probe to create a low-cost 

microendoscope capable of imaging green fluorescence with cellular resolution. Images 

were acquired by gently advancing the fiber bundle into the colon and placing the tip in 

direct contact with the epithelial surface of the tissue. After endoscopy, animals were 

euthanized by carbon dioxide overdose and the colon harvested for ex vivo high-

resolution fluorescence imaging on a benchtop confocal microscope.  
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6.2.3. Confocal Microscopy 

Resected colon tissue was longitudinally slit open to expose the luminal surface. 

Fresh resected tissue was stored in phenol-free DMEM (Sigma-Aldrich) on ice until 

imaging. Prior to imaging, tissue was rinsed in phosphate-buffered saline (PBS) but not 

fixed or processed in any way. Confocal fluorescence images were collected from fresh 

tissue to qualitatively assess the changes in tissue architecture. Confocal images were 

acquired using a Nikon A1-Rsi confocal microscope (Nikon Instruments Inc.) equipped 

with a 40X water immersion objective (NA 1.15) within 4 hours of specimen collection. 

Images were obtained at 488 nm excitation and collected with 50 nm bandpass filter 

centered at 450 nm.  

Following confocal imaging, tissue specimens were fixed in 10% formalin for 24 

hours and moved to 70% ethanol. Tissue specimens were submitted for standard 

histopathology at Baylor College of Medicine for paraffin embedding and hematoxylin 

and eosin (H&E) staining. Histological sections were obtained for each specimen imaged. 

The H&E slides were reviewed by an experienced clinical pathologist.  

6.2.4. CLARITY  

For CLARITY processing, mice did not undergo endoscopy but were instead 

euthanized at the same 4, 7, and 10 week imaging time points and the entire colon 

harvested. The colons from two mice from each of the three time points and control 

group (8 total) were processed. Resected colons were immediately immersed into ice cold 

CLARITY monomer solution composed of 4.0% paraformaldehyde (Electron 

Microscopy Sciences), 4.0% acrylamide (Bio-Rad Laboratories), 0.25% VA044 
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photoinitiator (Wako Pure Chemical Industries), and 0.05% bisacrylamide (Bio-Rad 

Laboratories) in 1X PBS (pH 7.4). Monomer solution was pipetted through the colon 

lumen to remove all feces and excess air from the sample. Samples remained immersed 

in the monomer solution for one week at 4
o
C to allow complete permeation through the 

tissue. Tissue samples were placed under nitrogen and polymerized in a 37
o
C water bath 

for 2 hours. Excess hydrogel around the tissue hydrogel construct was gently manually 

removed. Hydrogel tissue constructs were passively cleared in clearing solution 

composed of 4% sodium dodecyl sulphate (SDS, Sigma-Aldrich) in 0.2 M boric acid 

(Sigma-Aldrich, pH 8.5) for 3 days until actively cleared by electrophoresis (20V) for 48 

hours. Tissue hydrogel constructs were rinsed in 1X PBS for 3 days at room temperature 

with shaking to remove all SDS. The tissue hydrogel constructs were stained with 0.01% 

w/v proflavine hemisulfate solution (Sigma-Aldrich) for 8 hours at room temperature and 

rinsed 3 times in 0.1% triton X-100 in 1M sodium borate buffer (Sigma-Aldrich, pH 8.5) 

for 1 hour each time with shaking at room temperature.  

The hydrogel tissue constructs were placed in refractive index matching solution 

for 4-6 hours prior to imaging. The refractive index matching solution (RIMS, RI=1.46) 

was composed of 88% w/v Histodenz in 0.02M phosphate buffer with 0.1% tween-20 

and 0.01% sodium azide (pH 7.5, all from Sigma-Aldrich) (162). The RIMS immersed 

sample was mounted on a cover glass dish and an imaging chamber created with silicon 

spacers and a piece of cover glass. Confocal images were acquired using a Nikon A1-Rsi 

confocal microscope (Nikon Instruments Inc.) equipped with a 40X water immersion 

objective (NA 1.15). Images were obtained at 488 nm excitation and collected with 50 

nm bandpass filter centered at 450 nm. Multiphoton images were acquired with a Nikon 
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FN1 multiphoton microscope equipped with a 25X water immersion objective (NA 1.10) 

to assess changes in tissue architecture throughout the entire epithelium. Images were 

obtained at 850 nm excitation and collected with 50 nm bandpass filter centered at 525 

nm. 

6.3. Results 

6.3.1. Mouse Colorectal Cancer Model 

Representative white light images from in vivo endoscopy and resected colon 

tissue are shown in Figure 6.1B&C. Flat, smooth mucosa is typical of normal tissue in 

negative control animals. Small raised polyps are visible at the 4 week time point. Both 

the number and size of polyps increases at the 7 and 10 week time points. The 

representative images of the resected colons in Figure 6.1C highlight the multifocal 

nature of polyp formation across the surface of the distal colon. The rigid endoscope used 

in this study enables imaging of the distal 3cm of colon in vivo, the segment where the 

polyps are most apparent. Figure 6.1Figure 5.1 D displays representative histopathology 

in this AOM/DSS model. Histopathology confirmed inflammatory polyps, tubular 

adenomas with high and low grade dysplasia, and adenocarcinomas are present in this 

model at the time points investigated. Tissue from negative control animals exhibits 

evenly spaced round glands. In contrast, colon tissue from mice exposed to the 

carcinogen exhibits a loss of glandular architecture and enlarged nuclear morphology. At 

4 weeks, adenomatous changes are present including tubular adenomas with low grade 

dysplasia. Tubular adenomas with both low and high grade dysplasia are present at 7 

weeks. Intramucosal adenocarcinomas are present by 10 weeks. Inflammatory polyps are 
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present at all time points investigated. The multifocal nature of this model leads to a mix 

of pathology diagnoses in a single specimen. 

6.3.2. In Vivo HRME Imaging 

Figure 6.2 shows representative images acquired with the HRME in vivo after 

topical staining with proflavine. Normal tissue shows regularly spaced glands across the 

surface (Figure 6.2A). At 4 weeks, glands appear enlarged and varied is size and shape 

compared to those in control animals (Figure 6.2B). A complete loss of round glands and 

the formation of tubular structures are depicted in tissue at later time points (Figure 

6.2C). In addition to the loss of glandular architecture, nuclei appear larger and 

polymorphic at the 10 week time point (Figure 6.2C&D). Due to the small size and 

multifocal pathology of this model combined with the inability to precisely mark the in 

vivo imaging location where each image was acquired, a direct histopathology correlation 

is unavailable for this data set. 

 

 

Figure 6.2 – In vivo imaging with a high resolution microendoscope (HRME). 
(A-D) Representative HRME images from control and AOM/DSS treated mice 
acquired in vivo. (A) High resolution image depicting regular glandular 
architecture from normal tissue in a control animal. (B) Enlarged and irregular 
glands observed in this animal at the 4 week imaging time point. (C) Loss of 
glandular architecture and formation of tubular structures at the 7 week time 
point. (D) A compete loss of glandular architecture and presence of enlarged, 
crowded nuclei in the 10 week time point. Scale bar is 100 μm. 
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6.3.3. Ex Vivo Confocal Microscopy 

A commercial confocal microscope was used to collect tiled images with a larger 

field of view and optical sections at multiple imaging depths to assess the potential for 

advanced endoscopic imaging technologies. Figure 6.3 shows an area of normal tissue in 

a negative control animal. The z-stacks of the ROIs illustrate that small changes in 

imaging depth of 5 micrometers can impact the image captured (Figure 6.3B). Optical 

sectioning depth influences the appearance of images from normal tissue, indicating the 

importance of controlling imaging depth during confocal endoscopy in the clinic.  

 

 

Figure 6.3 – Confocal images of normal tissue. (A) Tiled image of a section of 
control mouse colon tissue. Yellow and cyan boxes indicate ROIs. (B) Z-stacks 
of ROIs from A. Images from 5 and 10 micrometers above and below the original 
FOV. Optical sectioning depth influences the appearance of images from normal 
tissue. Scale bars are100 μm. 
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Figure 6.4 shows an area of mouse colon tissue from a 10 week AOM/DSS time 

point mouse. The z-stacks of the ROIs illustrate the changes in images acquired with 

different imaging depths in inflamed and dysplastic tissue areas (Figure 6.4B). The 

imaging depth limitation with optical imaging modalities is apparent in these z-stacks; 20 

micrometers into tissue, a loss of fluorescence signal is observed. On a benchtop 

microscope with ex vivo tissue the laser power settings may be increased to improve 

imaging depth; however, the limitation of depth for optical imaging is an important 

consideration for clinical translation of these technologies. However, in an effort to better 

understand the tumor architecture of this model and interrogate the ideal imaging depth, 

optical tissue clearing was explored. 

 

 

Figure 6.4 – Confocal images of dysplastic tissue. (A) Tiled image of a section 
of dysplastic mouse colon tissue from the 10 week AOM/DSS time point. Yellow 
and cyan boxes indicate ROIs. (B) Z-stacks of ROIs from A. Images from 5 and 10 
micrometers above and below the original FOV. Scale bars are 100 μm. 
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6.3.4. CLARITY  

CLARITY treatment renders tissue optically transparent, removing scattering 

components from the hydrogel, allowing the entire thickness of tissue to be imaged with 

minimal loss of fluorescence signal. An optical slice from a CLARITY treated tissue-

hydrogel construct from a 4 week AOM/DSS time point is shown in Figure 6.5. This 

optical slice through the sample exemplifies the ability of confocal microscopy to take an 

optical cross section through the tissue-hydrogel construct with limited loss of signal in 

the tissue. The image plane crosses through both the epithelium and submucosa because 

the specimen is not mounted completely flat (Figure 6.5A). Evenly spaced glands cover 

the majority of the surface but an inflammatory polyp ROI is highlighted by the yellow 

box. The ROI z-stack (Figure 6.5B-F) shows 200 micrometers of imaging depth through 

the ROI. The superficial regular glandular architecture is present at the surface (Figure 

6.5B). 50 micrometers into the tissue, the top edge of the lymphoid aggregate is identified 

(Figure 6.5C). Images from the center of the lymphoid aggregate are shown in the next 

two 50 micrometer steps (Figure 6.5D-E). The final 50 micrometer step shows the 

underlying submucosa (Figure 6.5F).  
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CLARITY enables observation of the architectural changes throughout the 

epithelial thickness of the tissue from the AOM/DSS model at the various time points as 

seen in Figure 6.6. A normal glandular pattern is exemplified in the control specimen 

throughout the 200 micrometer range (Figure 6.6A). The 4 and 7 week time points show 

a loss of this regular glandular pattern with varied architecture across the range of depths 

(Figure 6.6B&C). Uneven, elongated glands are present and individual nuclei appear 

slightly enlarged compared to the control but similar in size. At 10 weeks, enlarged 

polymorphic nuclei are present in all of the slices with distorted glands appearing and 

 

Figure 6.5 – CLARITY increases tissue imaging depth. (A) Optical cross-
section of mouse colon tissue from a 4 week time point mouse treated with 
CLARITY and stained with proflavine. Yellow box indicates a lymphoid aggregate 
ROI. (B-F) Z-stack of the ROI from A at 50 micrometer intervals above and below 
the original FOV. The surface of the glandular tissue is highlighted in B. A 
microscopic lymphoid aggregate is shown in C-E. The underlying muscle is shown 
in F. Scale bars are100 μm. 
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disappearing with increased imaging depth (Figure 6.6D). With the confocal microscope 

setup used in this study, the imaging depth is limited by the working distance of the 

objective lens. Different microscopy techniques, like multiphoton microscopy, are better 

suited to deeper imaging depths. 

 

 

Figure 6.6 – CLARITY enables observation of changes in tissue architecture 
in the AOM/DSS model. Optical cross-sections at 20 micrometer intervals of 
mouse colon tissue treated with CLARITY and stained with proflavine. Changes in 
tissue architecture at each time point are observed. Imaging depth is limited by 
the working distance of the objective. Scale bar is 100 μm. 



 115 

Multiphoton microscopy enables deeper imaging depths compared to confocal 

microscopy. An example from a 7 week time point is shown in Figure 6.7. Optical 

imaging of the entire thickness of the proflavine stained 850 thick micrometer hydrogel-

tissue construct is possible. A reconstruction of the XZ plane compiled from a scan down 

the Z axis is shown in Figure 6.7A. This Z-stack was acquired with constant laser power 

throughout the acquisition time. The optical scans from 550, 350 and 150 micrometers 

from the glass coverslip surface are shown in Figure 6.7B, C and D, respectively. Image 

contrast decreases at 500 micrometers into the tissue. However corrections to laser power 

can make up for this slight loss of image brightness. 

 

 

Figure 6.7 – Multiphoton microscopy enables increased imaging depth. (A) 
Orthogonal slice of mouse colon tissue from a 7 week time point mouse treated 
with CLARITY and stained with proflavine. (B-D) Individual cross section images 
from A at different imaging depths. B and C highlight irregular glandular 
architecture in the middle of the tissue. D shows the nuclei of the underlying 
submucosa. Scale bars are 100 μm. 
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6.4. Discussion 

This AOM/DSS model follows the progression of normal, colitis, dysplasia, to 

adenocarcinoma similar to clinical progression making it a useful preclinical model to 

evaluate novel imaging technologies. Many carcinogen induced rodent models of cancer 

only create lesions in a small percentage of the study group. However, this model 

produces multi focal lesions across a relatively large area of tissue (greater than 1 cm
2
) in 

100% of treated in animals. Reliable in vivo topical contrast application and imaging 

were possible in the distal 2 cm of the colon enabling future contrast agent delivery 

studies. However, an important consideration is the capabilities of current 

microendoscope technologies which limit the quality of in vivo images that can be 

acquired as well as the number of contrast agents used in tandem due to the limited 

number imaging channels available. 

The currently available commercial fluorescence endoscopes and 

microendoscopes are limited by image quality, small field of view, high cost and dual 

channel imaging. However, imaging platforms are improving with the advances in 

miniaturized optics, compact light sources, and miniature scanners, allowing for 

improved lateral and axial resolution, greater tissue penetration, and multispectral 

imaging (151). One example, utilizes a foveated objective lens to address the need to 

balance field of view with imaging resolution. Shadfan et al. created a foveated objective 

to obtain a high-resolution region in the central field of view and low resolution in the 

outer fields, allowing a clinician to scan larger areas of tissue but capable of examining 

areas of interest at higher resolution (163). Figure 6.8 shows this miniaturized foveated 
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lens ability to scan a large segment of colon tissue from the AOM/DSS preclinical model 

ex vivo and identify areas of interest.  

 

CLARITY enabled complete three dimensional imaging of the entire thickness of 

tissue samples by creating an optically transparent colorectal tissue hydrogel construct. In 

addition to the nuclear staining conducted in this work, these tissue hydrogels are 

amenable to immunofluorescent labeling with multiple targets. Imaging large volumes of 

tissue at different points in carcinogenesis is desirable to improve our understanding of 

tumor development and the tumor microenvironment. While it is possible to image the 

entire tissue thickness with multiphoton microscopy as shown in this paper, other 

techniques such as light sheet microscopy allow much faster acquisition times of larger 

areas of tissue improving the throughput and usefulness of this imaging approach (161). 

 
Figure 6.8 – Series of confocal images through a foveated objective. Images 
of mouse colon tissue from a 7 week time point mouse stained with proflavine. 
The hair in the top left image is the fur near the anus. Normal glands are observed 
in the next four images until the bottom right image, where the abhorrent crypts 
can be viewed (white arrow). Scale bars are 700 μm. (158) 
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These initial experiments with the AOM/DSS colitis induced model of colorectal 

cancer are of particular importance for designing future studies. This preclinical model 

allows for visualization of clinically relevant colitis and colorectal cancer development. 

In vivo contrast agent application and imaging are possible in this model, allowing for 

experiments to evaluate topical in vivo antibody delivery and the utility of combing 

multiple dyes to create contrast agent cocktails. Finally, CLARITY treated tissue-

hydrogel constructs allow three dimensional visualization of intact tissue with imaging 

multiple markers. The combination of this information could be used to design contrast 

agent cocktails, develop delivery strategies, and test imaging technologies to ultimately 

enable clinicians to perform optical biopsies. 
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Chapter 7 

CHAPTER 7: Conclusion 

7.1. Summary of Results 

Optical molecular imaging has the potential to improve early cancer detection 

which is critical for reducing cancer mortality and morbidity. Optical imaging strategies 

are available for early cancer detection for epithelial tissues but inflammation remains a 

frequent cause of false positives. This dissertation describes the development and testing 

of contrast agent cocktails to improve our ability to identify the morphological, 

metabolic, and biomolecular markers of inflammation and neoplasia in order to improve 

early cancer detection. First, high resolution imaging was utilized to understand the 

limitations of autofluorescence imaging for cancer detection in the oral cavity. Next, 

exogenous fluorescent contrast agents were tested on ex vivo tissue from clinical biopsies 

and rodent models to identify inflammation and neoplasia. Additionally, a tissue clearing 

method to enable imaging of the three dimensional architectural differences during 

carcinogenesis was explored with ex vivo tissue from a rodent model. Finally, a contrast 

agent cocktail was topically delivered in vivo to a mouse model to image inflammation. 

These results provide evidence that topically applied contrast agent cocktails could 

improve discrimination between inflammation and neoplasia when endogenous contrast 

is insufficient. 

The second chapter provides background on the importance of early cancer 

detection and current limitations to optical imaging modalities. Current methods are 

sensitive to early cancer detection but confounded by inflammation and suffer from 
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relatively low specificity. Wide field AFI is one example of a diagnostic tool used to 

identify oral cancer that suffers from low specificity. The third chapter describes a series 

of studies to understand the effect of benign inflammation and neoplasia on endogenous 

fluorescence and to explore whether exogenous fluorescent contrast agents can improve 

the ability to discriminate between these conditions. Tissue slices from biopsies were 

imaged with confocal microscopy to study the autofluorescence signal in normal, 

inflamed and dysplastic tissue. Inflamed and dysplastic samples showed comparable 

decrease in autofluorescence signal in the stromal component highlighting the underlying 

cause of the low specificity for AFI. Staining with two fluorescent contrast agents, 

proflavine and a fluorescent antibody targeted to CD45, showed staining patterns similar 

to that of IHC, indicating that exogenous contrast agents may improve identification of 

the presence of inflammation.  

Chapter four extends this initial work to a mouse model of 4NQO chemically 

induced tongue carcinogenesis to assess the ability of optical imaging with endogenous 

and exogenous contrast to detect neoplastic lesions in a heterogeneous mucosal surface. 

Wide field autofluorescence and fluorescence images of intact 2-NBDG-stained and 

proflavine-stained tissue were acquired at multiple time points in the carcinogenesis 

process. Wide field images of resected tissue stained with 2-NBDG and proflavine were 

analyzed to develop and evaluate an algorithm to delineate areas of neoplasia and cancer. 

The classification algorithm identified the presence of neoplasia based on 2-NBDG and 

proflavine staining from non-neoplastic regions of interest with 91% sensitivity and 

specificity. When taken with the results of chapter three, these results support the use of a 
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combination of non-invasive optical imaging with exogenous contrast agents to be used 

to discriminate non-neoplastic from neoplastic tissue.  

Chapter five extends work using exogenous contrast agents to an in vivo study to 

evaluate the feasibility of using a topically applied contrast agent cocktails to improve 

visualization of the morphological and biomolecular changes associated with 

inflammation in a mouse model of ulcerative colitis. In this study, proflavine highlighted 

changes in glandular architecture while CD45-AF647 identified infiltrating inflammatory 

cells into the colon tissue of mice with colitis. This in vivo animal research is necessary to 

assess the use of permeation enhancers to deliver contrast agents in living tissues and to 

determine the ability of individual contrast agents to enhance the information gathered 

from optical imaging in a preclinical model. 

Chapter six highlights the use of a colitis-associated colorectal carcinogenesis 

mouse model to further develop optical imaging technologies for clinical translation and 

in the laboratory. The AOM/DSS mouse model of colorectal cancer proved amenable to 

in vivo contrast agent delivery and imaging. Additionally, a new method of tissue 

clearing, CLARITY, to enable three dimensional tissue imaging to study the tumor 

environment during carcinogenesis is investigated. While the work conducted in this 

chapter illustrates the use of proflavine, in future studies, contrast agents used in the other 

chapters of this work may be added to target multiple markers of cancer in vivo and to 

improve our understanding of the intact tumor microenvironment. 

The studies described in this thesis demonstrate the potential benefit of optical 

molecular imaging to identify inflammation and neoplasia in the gastrointestinal tract. 



 122 

While future in vivo toxicity tests are required to move these imaging agents from the 

laboratory to patients, these studies validate the targeting ability of the imaging agents 

and suggest roles for optical molecular imaging as both a research tool and for early 

cancer detection in the clinic.  

7.2. Future Research Directions 

The studies presented in this work lay the foundation to translate a contrast agent 

cocktail for cancer detection into the clinic; however, multiple steps remain to 

accomplish the ultimate goal of improving early cancer detection. Demonstrated clinical 

safety is the first priority in transitioning these agents to clinical use. Additionally, the 

sensitivity and specificity of these agents both alone and in combination in a clinical 

setting must be determined to fully assess the utility of this approach for translation. 

Finally, compatible instrumentation is needed to fully realize the potential of the 

presented imaging approach for early cancer detection. 

The clinical safety of each of these agents must be tested to facilitate translation 

into clinical use. Only one of the contrast agents presented in this work has been used in 

patients. Proflavine has been approved for in vivo use in multiple organ sites (cervix, 

esophagus, oral cavity, colon) with Institutional Review Board (IRB) approval from Rice 

and collaborating hospitals (44, 164-166). In vivo short term animal toxicity studies are 

needed to use other contrast agents for IRB approved in vivo research protocols. While 

the topical delivery approach is beneficial in that it limits the systemic concentration of 

any of these agents; in vivo toxicology tests are needed to determine organ specific and 

systemic toxicity.  
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In addition to validating the safety of these agents, the utility to improve early 

detection clinically must be confirmed. Large studies to establish the sensitivity and 

specificity of these agents both individually and as a contrast agent cocktail are needed to 

determine the utility of these agents to impact clinical care. Additionally, medium of 

delivery must be explored. The necessary incubation times for most contrast agents will 

require a mucoadhesive formulation to enable appropriate incubation times in humans.   

Contrast agent cocktails are not limited to early cancer detection. Molecular 

therapeutics could benefit greatly from optical molecular imaging by helping to select the 

most appropriate choice of therapeutic agent and providing a rapid molecular and cellular 

assessment of response. Atreya et al. used topically applied TNFα in ulcerative colitis 

patients to predict which Crohn’s disease patients would respond to therapy (140). 

Monitoring disease treatment with no or minimal invasiveness is especially attractive for 

patients with field cancerization at high risk for developing multiple lesions across a large 

area and requiring routine visits to a clinician for treatment. Finally, image-guided 

resection could enable more complete resection of disease to decrease recurrence rates.  

Contrast agent development is of no use without the proper instrumentation to 

visualize contrast agent staining. Both microscopic and macroscopic imaging tools as 

well as combination devices are capable of imaging the structural and functional changes 

associated with neoplasia (167). Tools are available to image both the endogenous optical 

properties of tissue or alternatively the exogenous signal from small molecule, peptide, or 

antibody based contrast agents. New imaging devices enabling larger fields of view while 

maintaining lateral resolution, simultaneous viewing of multiple wavelengths and 

imaging deeper into the surface are also in development.  
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The work with CLARITY presented in Chapter 6 is a small look at what is 

achievable with this process combined with the animal models used in this work. The 

tissue hydrogel constructs can undergo multiple rounds of immunostaining, enabling an 

endless number of biomarkers to be evaluated in the native three dimensional 

environment. When combined with the chemically induced models in this work, 

researchers have the ability to image multiple markers at multiple time points to learn 

more about carcinogenesis. Improved understanding of carcinogenesis has the potential 

to influence early detection strategies, better inform new drug design to improve 

treatment, and enhance our knowledge of the tumor environment. 

The studies presented in this dissertation identify methods to improve early cancer 

detection. While a great deal of work remains to translate contrast agent cocktails, this in 

vivo work validates the ability to topically deliver contrast agents to a mucosal surface 

and the ability of contrast agent cocktails to provide information about morphological, 

metabolic, and biomolecular markers of inflammation and neoplasia in order to improve 

early cancer detection.  
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Appendix A 
Appendix A contains detailed anatomical information and pathology reads for each 

biopsy from Chapter 3. 
Dysplasia 

Diagnosis 

Locatio

n 

Inflam

mation Grade 

Number 

of Images 

Patient 

Number normal buccal None 2 1 
mild 

dysplasia 

gingiva None 2 1 

normal gingiva Low 2 2 

cancer tongue intermed

iate 

3 3 

normal gingiva Low 2 4 

hyperplasia gingiva intermed

iate 

3 4 

cancer gingiva Low 3 4 

normal gingiva High 3 5 

normal buccal Low 2 6 

normal buccal Low 2 6 

cancer buccal Low 2 6 

normal buccal Low 2 7 
hyperplasia gingiva intermed

iate 

2 7 

normal gingiva intermed

iate 

1 8 

cancer tongue High 2 8 

normal gingiva None 3 9 

normal buccal Low 3 9 

normal buccal Low 3 10 

normal gingiva Low 3 10 

severe 

dysplasia 

FOM Low 3 10 

normal gingiva Low 3 11 

normal lip intermed

iate 

3 11 

cancer buccal Low 3 11 

normal gingiva None 2 12 
normal gingiva None 3 12 

normal buccal Low 3 12 

hyperplasia gingiva Low 3 13 

mild 

dysplasia 

tongue Low 2 13 

mild 

dysplasia 

gingiva High 2 13 

mild 

dysplasia 

buccal High 3 13 

normal gingiva Low 2 14 

hyperplasia tongue None 3 14 

moderate 

dysplasia 

gingiva High 3 14 

hyperplasia tongue Low 3 15 

mild 

dysplasia 

tongue Low 3 15 

hyperplasia buccal Low 2 16 
cancer gingiva intermed

iate 

3 16 

hyperplasia tongue Low 2 17 

hyperplasia gingiva intermed

iate 

3 17 

cancer buccal High 3 17 

hyperplasia buccal intermed

iate 

3 18 

hyperplasia gingiva Low 3 19 

hyperplasia gingiva intermed

iate 

3 19 

cancer gingiva High 3 19 

normal gingiva High 2 20 

mild 

dysplasia 

buccal intermed

iate 

3 20 

moderate 

dysplasia 

gingiva High 3 20 




