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Abstract 

Functional imaging gives clinicians the ability to monitor breast cancer 

progression and response to therapy.  Modern techniques such as Positron Emission 

Tomography (PET) has allowed for clinicians to visualize the metabolic need of breast 

cancer and track it longitudinally.  However, these techniques are expensive, 

technologically complex and not easily implemented in rural areas.  To add to the 

difficulty, breast cancer is a highly heterogeneous disease.  The heterogeneity means that 

a single therapy is not always applicable to all patients and every patient requires an 

individual treatment plan.  Being able to first diagnose breast cancer, and then monitor 

its response to therapy in a cost-effective manner is imperative to improve the survival 

of patients with this disease.   

Optical techniques such as fluorescence are ideal for these applications since they 

can be fast and implemented with portable technology.  These techniques use 

differences in light interaction with tissue to allow for abnormality detection.  This 

dissertation tests the hypothesis that the fluorescent molecularly specific agents, 

protoporphyrin IX (PpIX) and 2-NBDG, which utilize metabolic alterations caused by 

cancer, can be used for ubiquitous breast cancer differentiation and therapy monitoring.  

Confocal microscopy is used to demonstrate the applicability of both agents in vitro to 

breast cancer cells regardless of phenotype.   
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First,  5-aminolevulinic acid (ALA) was incubated with cells causing an increased 

cellular production of the heme prequel, protoporphyrin IX (PpIX).  In cancer cells, the 

production of PpIX is higher and allows for detection from normal after a 2 hour 

incubation period.  The PpIX was then detected via confocal microscopy and the change 

in fluorescence intensity between ALA-induced PpIX and controls was measured.  A 

spectroscopy measurement is also completed on a second experimental set of cells to 

demonstrate that collection of single spectra, post-ALA administration, can discriminate 

breast cancer cells from normal mammary epithelium.   

2-NBDG is a fluorescent glucose analogue that is follows the metabolic pathway 

of glycolysis, similarly to D-glucose and fluorodeoxyglucose (FDG).    Greater 

accumulation of 2-NBDG can occur in as little as 20 minutes in cells with higher 

glycolytic demand, which is commonly associated with cancer and hypoxic cells.  The 

shorter incubation period required for 2-NBDG makes it ideal for clinical use, and 2-

NBDG was therefore tested further.   

2-NBDG uptake was used to detect changes in cellular glycolysis after anti-

cancer and endocrine therapy.  The anti-cancer therapies, lonidamine and α-cyano-

hydroxycinnamate (α-Cinn), which increased and decreased glycolysis, respectively 

were tested on a subset of breast cancer cells.  Lonidamine directly inhibits the 

metabolism of 2-NBDG and inhibited its uptake.  α-Cinn stimulates glycolysis by 

inhibiting the monocarboxylate transporter 1 preventing lactate from entering as a 
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source for oxidative phosphorylation.  2-NBDG was concurrently increased after α-Cinn 

treatment.  Observation of changes in downstream glycolysis has been determined after 

the estrogen receptor therapy, tamoxifen, in breast cancer cells.  Sixty percent of all 

breast cancers are estrogen receptor positive (ER+) and have the potential to respond.  

Known ER+ cells, MCF7, and ER- cells, MDA-MB-435, were treated with tam. 2-NBDG 

was used to determine therapeutic responders from non-responders by measureable 

differences in fluorescence uptake.   

Finally, the effect of hypoxia, low oxygenation, on 2-NBDG uptake is discussed.  

The cellular response to hypoxia, known as the Pasteur Effect, causes an increase in 

glycolysis.  Hypoxia is shown in vitro to increase 2-NBDG uptake.  Simulated, chronic 

and cycling hypoxia were completed in vitro with subsequent increases in 2-NBDG as 

well.  Cycling hypoxia has been previously shown to have a greater impact on tumor 

environment and was implemented in an in vivo murine dorsal window chamber 

mammary carcinoma model.  The uptake of 2-NBDG in tumor and normal tumor-free 

tissue was tested and 2-NBDG discriminated normal from tumor in a normal oxygen 

environment.  An increase in 2-NBDG was demonstrated after cycling hypoxia in tumor 

and normal tissue.  However, by including hemoglobin saturation data, cycling hypoxic 

tumor tissue can be discriminated from cycling hypoxic normal tissue and normoxic 

tumor tissue.  From these experiments, the applicability of 2-NBDG as a method to 

monitor changes in glycolysis and its increased potential by including hemoglobin 
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 saturation measurements is demonstrated.
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1. Introduction 

1.1 Cost-effective pre-clinical functional imaging 

Technology advancements in cancer detection and treatment over past decades 

have grown in leaps and bounds, especially with advances in functional imaging [1].  

Functional imaging has the ability to detect and elucidate changes in biomarker 

production and behavior or delineate an abnormal metabolic increase caused by 

irregular tissue function, such as cancer.   Functional imaging is further enhanced by the 

use of contrast agents [1, 2].  Contrast agents magnify signal produced from the 

abnormal tissue and permit conventional medical techniques to assess the tissue [2]. 

The work presented in this dissertation examines two clinically applicable 

candidates for use as optical contrast agents in pre-clinical research.  Two agents with 

the potential for dual purposes were chosen to explore breast cancer.  5-aminolevulinic 

acid (ALA) and 2-(N-(7-nitrobenz-2-oxa-1,3- diazol-4-yl)amino)-2-deoxyglucose (2-

NBDG).  A hexylester of ALA (Hexvix) is currently used in humans as an agent to 

induce the upconversion of ALA to the biomarker protoporphyrin IX [3].  ALA-induced 

PpIX can also be used as a method for photodynamic therapy where the abnormal tissue 

can be identified and treated simultaneously [3, 4].  2-NBDG is a fluorescent analog to 

the contrast agent Fluorodeoxyglucose (FDG) [5].  FDG is one of the most commonly 

used agents to discriminate abnormal increases in glycolysis [1].  Changes in glycolysis 

have also been used for prognosis and therapy monitoring with FDG [1].  Both agents 
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are molecularly specific and can be used to identify well-established differences 

commonly associated with cancerous phenotypes.   

Both agents were used to discriminate abnormal in vitro cellular function in 

breast cancer cells from normal mammary epithelial cells.  Evaluation of the two agents 

showed similar ubiquitous uptake that was not influenced by the heterogeneity of breast 

cancer cell receptors [6, 7].  2-NBDG, the agent with a shorter incubation period was 

chosen for further experimentation to determine if it could be used for pre-clinical 

therapy monitoring in vitro, detection of in vivo changes caused by cancer, and when 

used in combination with oxygenation measurements, post-hoc in vivo examination of 

direct metabolic perturbations.  These agents are low-cost alternatives and when applied 

to a pre-clinical model have the potential greatly progress clinical therapy development. 

1.2 Optical imaging of contrast agents  

Fluorescence optical imaging of contrast allows for low cost, non-invasive 

interrogation of both endogenous and exogenous contrast agents [2].  Figure 1 shows a 

schematic of different types of commonly used fluorescence optical imaging agents.  

These agents elucidate both endogenous and exogenous fluorophores [2].  Exogenenous 

fluorophores can be further classified into non-specific contrast agents, molecularly 

specific contrast agents, nanoparticles, “smart” agents and small molecules.   
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Figure 1:  Diagram of Fluorescence Contrast Agents 

Endogenous fluorescence contrast found in tissues is derived from intrinsic 

fluorophores such as NAD, FAD and collagen [8].  The ability to detect fluorescence 

contrast from endogenous sources is ideal for FDA approval since they do not require 

additional chemical agents.  However, intrinsic fluorophores are weakly fluorescent 

exhibiting low signal to noise (SNR) and require highly sensitive detection methods [9].  

SNR is limited by the ability to distinguish background tissue signals from the clinically 

relevant fluorescence [9]. 

Non-specific exogenous agents have substantially increased SNR, allowing for 

enhanced visualization of the differences between normal and cancerous tissue [2, 10].  

Fluorescein and indocyanine green are examples of FDA approved non-specific agents 
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that are commonly used to augment tissue contrast in regions such as lymphatic nodules 

[2].  These techniques are especially important for detecting sentinel lymph nodes in 

breast cancer, which can identify metastatic potential of the cancer.  Acriflavine allows 

for visualization of increased nuclei-to-cytoplasm ratios, a pathologically relevant value 

in abnormal tissue [11, 12].  However, these agents are highly non-specific and can easily 

be taken up by surrounding normal tissue.  This can significantly influence the 

background fluorescence and limits the technique sensitivity [2].     

Molecularly specific contrast agents consist of a group of agents that follow 

specific molecular pathways to their targets such as glycolysis or the heme cycle [2].  

These molecules are comprised of a high affinity ligand that targets a specific biomarker 

such as a protein, cell surface receptor or enzyme.  Molecularly specific contrast agents 

can be broken down into several categories:  organic fluorophores, “smart” agents, 

nanoparticles or small molecules [2].  Organic fluorophores are conjugated to anti-

bodies, anti-body fragments or peptides.  Examples can include epidermal growth factor 

conjugated to Alexa647 or any number of monoclonal antibodies that are conjugated to a 

fluorophore [2].  Nanoparticles have the capacity to greatly improve SNR and can be 

modified to fluoresce at a chosen wavelength over a wide range of excitation frequencies 

[13].  This allows for longer wavelengths to be used increasing penetration depth of the 

agents.  However, nanoparticles have implicit toxicity issues that have not been 

resolved.  Nanoparticle size may also prevent them from crossing the cell membrane.  
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The last type of agents, small molecules, may be transported by cells along a specific 

metabolic pathway, but are much smaller than nanoparticles, have correct polarization 

and are permitted through the cell membrane [2].  Aminolevulinic acid and 2-NBDG are 

both examples of optical contrast agents that emit light in the visible range, but the 

metabolic mechanisms are different.   

Contrast agents allow clinicians to visualize otherwise unseen in vivo and in vitro 

structures and functions [2, 9].  Furthermore, these agents can be produced cheaply, 

stored easily and measured with portable power sources.  The agents chosen for these 

studies can be used as tools to measure metabolic changes for means of breast cancer 

diagnosis, margin assessment, treatment monitoring and treatment [2].  The following 

table lists some pros and cons of some molecular agents and further demonstrates the 

logic behind choosing ALA and 2-NBDG. 
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Table 1:  Pros and cons of example molecular contrast agents [2] 

 

 

1.3 Protoporphyrin IX 

5-aminolevulinic acid (ALA) is an ideal potential candidate for breast cancer 

detection and potentially margin assessment.   ALA has been extensively tested in cells, 

animal models and humans [3, 4, 14-38] and is widely used today for detection and 

treatment of malignancy.  Addition of exogenous ALA causes a preferential 

accumulation of protoporphyrin IX (PpIX) in cancerous cells when compared to normal 

cells [4, 14-29, 31-34, 36, 37].  PpIX is naturally produced by all nucleated cells during the 

heme cycle and meticulously controlled to prevent its natural accumulation [33].  The 

production of heme is necessary for all human cells.  Two heme molecules are used to 
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form cytochrome c.  Cytochrome c is located on the mitochondrial membrane and is 

used as the final proton pumping assembly that catalyzes the transfer of electrons from 

ferrocytochrome c to molecular oxygen during oxidative phosphorylation.  For this 

reason, the negative feedback system to control heme production is tightly regulated, 

but is thought to be modified in cancerous tissues due to (1) enzymatic defects that lead 

to an increase in protoporphyrinogen IX oxidase and/or (2) reduced activity of 

ferrochelatase [33].  Figure 2 shows the steps of normal formation of heme molecules.  

The addition of exogenous ALA to the system circumvents the egress of ALA out of the 

mitochondria and introduces it directly into the cellular cytoplasm. 

 

Figure 2:  Diagram of normal heme formation within the cell 

ALA and its derivatives have shown great potential to photodynamically detect 

and treat cancer in a wide variety of organs and applications.  Clinical approval of ALA-
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derivatives has been granted in the European Union for photodynamic diagnosis of 

cancer of the bladder, brain, and skin, but has only been approved for use on skin by the 

Food and Drug Administration in the United States [20].  Preferential accumulation of 

PpIX in tumor cells, specifically residual glioma cells within the excision cavity [3, 39], 

followed by photodynamic therapy of those cells, demonstrates the potential of ALA for 

use in a “see and treat” paradigm in breast cancer [3, 20, 40]  ALA-induced PpIX has 

been shown to have a higher accumulation in cancerous breast cells as compared to 

prostate, ovarian and brain cancer cell lines, which implies higher contrast and effective 

visualization of cancerous cells [17, 28].   ALA-induced phototherapy in breast cancer 

cells (MDA-MB-435) has demonstrated high photo-efficiency further demonstrating the 

potential for the “see and treat” paradigm within breast tissue [40]. 

1.4 Glycolysis and Breast Cancer 

In normal cells, energy is produced in three steps:  glycolysis, Krebs cycle (Citric 

Acid Cycle) and finally, oxidative phosphorylation [41, 42].  The first step in the process 

in all cells is glycolysis, glucose is taken up and converted to 2 ATP molecules and 2 

molecules of pyruvate.  In the absence of oxygen, the pyruvate molecules ferment into 

lactate and exit the cell via monocarboxylate transporter 4 (MCT-4). The presence of 

oxygen allows pyruvate to cross the mitochondrial membrane and be oxidized via two 

more metabolic cycles: the Citric Acid cycle and oxidative phosphorylation.  The main 

source of ATP is from the third cycle, oxidative phosphorylation, where 36 ATP 
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molecules, water and carbon dioxide are produced.  ATP is then utilized for cellular 

energy.   

The first step, glycolysis, is the initial breakdown of glucose, also commonly 

referred to as sugar, and is isolated to the cellular cytosol [41].  It is a reversible step and 

its end product, pyruvate, can regenerate glucose, when necessary.  In normal tissue, 

oxygen inhibits the glycolytic fermentation (Pasteur Effect) allowing pyruvate to enter 

the mitochondria, but glycolysis is increased in the absence of oxygen [41, 43].  Using 

only glycolysis to produce ATP is much less efficient and requires a large increase in 

glucose uptake than if the cell further processes the pyruvate in oxidative 

phosphorylation.  In cancerous tissue, conversion of glucose in the presence of oxygen 

may occur.  This is called aerobic glycolysis (also known as the Warburg effect) [44, 45].  

The Warburg effect causes a corresponding increase in lactate production alters the 

tissue pH microenvironment and can increase the proliferative rates and aggressiveness 

of cells.  The cause of the Warburg effect could be a combination of many factors [45].  

Appendix A contains a flow diagram of the 10 steps involved in the glycolytic pathway 

for reference [41].   

Most primary and metastatic cancers exhibit aerobic glycolysis, breast cancer 

included [43].  As previously stated, breast cancer is highly heterogeneous and the rate 

of glucose consumption has been shown to be different between cancerous cell lines [43].  

The rate of aerobic glycolysis is most likely similarly varying in breast cancer.  Highly 
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aggressive cell lines, such as MDA-MB-231 have shown high glucose consumption, but 

non-invasive phenotypes such as MCF7 cells have lower glucose consumption [43, 46].  

Glucose consumption in humans has historically been measured using FDG [43].  The 

measurement of FDG uptake has been shown to be higher in more aggressive breast 

phenotypes [47, 48]. The interplay of proteins expressed by the patients such as glucose 

transporter had a direct effect on glucose uptake and caused large variations in FDG 

uptake [47, 48].    Changes in glucose consumption with FDG have also been used to 

assess in vivo and in vitro therapy [46, 49].  Being able to image the upregulated aerobic 

glycolysis has been shown to have significant cancer impact with the technological 

advances from FDG. 

1.5 2-NBDG 

2-NBDG is an optical contrast agent that follows a similar metabolic pathway to 

the cellular energy source, D-glucose and FDG [50].  The increase in cellular glycolysis 

allows the optical contrast agent 2-NBDG to delineate cancer from normal tissue.  2-

NBDG is facilitated through the cell membrane via the polar molecule glucose 

transporters (GLUT) 1 and 4, and is phosphorylated at the C-6 position by hexokinases I-

II (HK), which are located on the outer mitochondrial membrane [50].  The 

phosphorylated fluorescent metabolite 2-NBDG-6-phosphate remains in the cell until 

further decomposition occurs into a non-fluorescent form [51].  2-NBDG can be 

maximally excited at 488 nm and emits at 540 nm.  Cellular glycolysis and the proteins 
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GLUT 1 and HK I have all previously been shown to be upregulated in breast cancer 

[47] and thus, it would be expected that increased glycolysis would lead to increased 

accumulation of 2-NBDG in malignant relative to benign tissues [50, 52].  Figure 3 is a 

basic schematic of the metabolic uptake and retention of 2-NBDG. 

 

Figure 3:  General schematic of metabolic uptake and retention of NBDG 

Previous studies to examine applications of 2-NBDG have focused on cancer 

detection in vivo [53], on ex vivo tissue [52] or in vitro [50, 54].  Preferential accumulation 

of 2-NBDG in cancer tissue over surrounding normal tissue was demonstrated to be 3.7X 

higher in 20 neoplastic ex vivo oral biopsy specimens compared to matched normal 

tissue biopsies [52].  Sheth et al.  demonstrated the pre-clinical utility of 2-NBDG in 

several in vivo mouse models, demonstrating 2-NBDG uptake was greater in a fasting 

(glucose deprived) animal compared to a non-fasting animal, was co-localized with RFP 
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in a gliosarcoma tumor within a period of 60 minutes and demonstrated preferential 

uptake in a stimulated seizure model of the brain as compared to one that was free of 

seizures [53].   

1.6 Good diagnostic tests 

The ability to translate the use of metabolic contrast agents to clinical diagnostic 

tests is important.  Clinical diagnostic tests are the basis of clinician decisions of 

diagnosis and/or prognosis.  The most difficult aspect of developing any new diagnostic 

test is to prove equivalence to the current clinical standard.  Good clinical diagnostic 

tests must meet three criteria prior to being adopted into routine clinical use [55].  First 

the test must be repeatable and robust [55].  The test should be able to repeatedly give 

the correct result even if the sample is not perfect.  If the test does not obtain results that 

are true or that can be repeated with the same sample it will not be further examined for 

clinical purposes.  The test should be able to account for disease occurrences.  If the 

disease is rare, the test should have few positives.  Determining the specificity (the 

proportion of negatives correctly identified) and sensitivity (the proportion of positives 

correctly identified) is imperative.  Second, the results of the test should be of clinical 

value [55].   The test should incline clinicians towards a diagnosis and treatment plan 

that results in a benefit to the patient.  The results of the test and treatment decision 

should increase the patient’s quality of life.  Finally, the clinical community must be 

convinced of the need for the new diagnostic test and the benefits it provides over 
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current clinical standards [55].  Insurance companies are particularly important for this 

point.  The diagnostic test cost must be justified as an improvement over the standard of 

care financially or the adoption of the new diagnostic tests will be prevented.  Before 

molecular contrast agents can be translated to the clinic all of these steps must be 

completed and the research presented here tries to examine a small part of step one for 

ALA and 2-NBDG. 

1.7 Research Aims 

Optical contrast agents are particularly attractive for the visualization of cancer, 

changes in biomarker distribution, metabolism, and cellular reaction to therapy.  These 

agents are cost-effective, simple to produce and store and can be imaged on both highly 

technical optical systems with high resolution systems such as confocal, multiphoton or 

hyperspectral imaging and may also be detected through simple filtering on light 

microscopes.  Furthermore, the contrast agents tested in this dissertation can be applied 

pre-clinically in vivo, which means that it is possible to evaluate longitudinal effects. 

Within this thesis I demonstrate the following: 

1.  ALA-induced PpIX can be ubiquitously detected in breast cancer independent of 

receptor status, and cancerous cells can be discriminated from normal mammary 

epithelial cells with single spectroscopic measurements post ALA administration 

(Chapter 2).   
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2.  2-NBDG uptake in cells is ubiquitous in breast cancer cells and can be taken up in all 

cells that contain glucose transporters, specifically GLUT 1.  Furthermore, the amount of 

uptake of 2-NBDG is directed by cellular glycolytic need (Chapter 3). 

3.  2-NBDG can be used as a method to monitor therapeutic response to drugs that 

directly affect glycolysis.  (Chapter 3). 

4.  Simulated HIF 1α upregulation, chronic hypoxia and cycling hypoxia in vitro all 

result in an increased 2-NBDG uptake (Chapter 4). 

5.  Changes in 2-NBDG uptake demonstrate ability to detect increased glycolytic need 

caused by tumor tissue over normal tissue in vivo (Chapter 4). 

6.  Measuring changes in 2-NBDG uptake in combination with in vivo tissue oxygenation 

allows for demarcation of Warburgian and Pasteur dominated tissue in vivo (Chapter 4). 

This work will provide a clear foundation for further mechanistic and 

applications based cancer research with 2-NBDG.  The ability to detect 2-NBDG after 

changes in glycolysis was demonstrated here, but research still needs to determine the 

exact proteins that are upregulated.  The ability to increase uptake in 2-NBDG is most 

likely multi-faceted and is caused by combinations of chemical equilibrium and 

upregulation of genes, and both of these mechanisms should be further explored.  Also, 

the kinetics of 2-NBDG uptake after gene upregulation and changes in oxygen 

equilibrium need to be determined.  By further exploring the ability of 2-NBDG to show 

early responses to glycolytic stresses, 2-NBDG may in the future have the potential for ex 
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vivo clinical sample cancer detection.  The research presented here can potentially be 

continued on direct applications of 2-NBDG both pre-clinically and with ex vivo clinical 

samples, simultaneously.   
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2. Preferential accumulation of 5-aminolevulinic acid-
induced protoporphyrin IX in breast cancer: A 
comprehensive study on six breast cell lines with 
varying phenotypes 

2.1 Introduction 

Women with early stage breast cancer are eligible for breast conserving surgery 

(BCS). The goal of BCS is to remove the entire tumor while minimizing removal of 

surrounding normal tissue. The commonly accepted pathologic criterion for a negative 

margin is a 2-mm rim of malignancy free tissue [56]. There are no widely adopted intra-

operative tools to assess tumor margins and all decisions are made post-operatively by a 

pathologist.  If the margin is positive, a secondary surgical procedure is performed to 

excise additional tissue and prevent local recurrence of cancer.  On average, four out of 

ten women undergoing BCS return for a re-excision surgery [57-65]. Thus, a critical need 

exists for new tools that can be used intra-operatively to determine if a tumor margin is 

positive or negative at the time of the first surgery.  

Previous studies illustrate that ALA-induced PpIX has the capability to 

differentially detect breast cancer in multiple biological model systems [4, 17, 27, 28, 35, 

36]. Fluorescence quantification of PpIX in breast cancer cell lysates treated with ALA 

was higher as compared to patient-matched normal cell lysates treated with ALA in 

explanted cell cultures from five breast cancer patients [66].   Studies on an in vivo animal 

model have shown that ALA-induced fluorescence can be used to enhance early 
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detection of neoplastic and metastatic tissue from normal tissue [34].  Transgenic mice 

with induced ductal carcinoma in situ (DCIS), the earliest form of breast cancer, were 

shown to have an increase in 635 nm fluorescence (attributed to PpIX) in cancerous 

tissues over the surrounding normal tissues, after tail-vein injection of ALA 60-75 

minutes prior to imaging [34].  In a clinical study, ALA-induced PpIX fluorescence was 

significantly greater in thirteen ex vivo primary breast tumors relative to surrounding 

normal tissue [22].  Metastatic axillary and sentinel lymph node tissues imaged ex vivo 

also showed an increase in mean PpIX fluorescence as compared to non-metastatic 

lymph nodes in seven breast cancer patients [14].   

The clinical applicability of ALA-induced PpIX has been demonstrated by the 

early clinical work of Ladner et al. [22], but before diagnosis of breast cancer with ALA 

is widely accepted more fundamental cellular, animal and clinical studies will be 

required to characterize the effects of breast cancer subtype on uptake and contrast.  

Breast cancer is highly heterogeneous and has been shown to exhibit large variations in 

characteristics that may potentially affect metabolism of contrast agents, such as ALA-

induced PpIX. 

The goal of the study in this chapter was to evaluate ALA-induced PpIX 

fluorescence of a variety of breast cancer cell lines of varying phenotypes that are most 

commonly seen clinically [67] and compare their ALA-induced PpIX fluorescence to 

those of normal mammary epithelial cells [21].  Specifically, confocal microscopy at 405 
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nm excitation was utilized to image ALA-induced PpIX fluorescence in a panel of six 

different breast cell lines – two normal, two estrogen receptor negative (ER-), and two 

ER positive (ER+) - before and after treatment with ALA. This was the first study to 

establish the sources of contrast in different breast cancer and normal epithelial cells 

after application of PpIX.  Confocal microscopy is an ideal modality for cell studies due 

to its high resolution capabilities.  To clinically implement imaging of ALA-induced 

PpIX fluorescence for intra-operative margin assessment, full-field imaging techniques, 

with a larger field of view and higher speed than confocal fluorescence imaging will be 

required. 

2.2 Materials and Methods 

2.2.1 Cell Culture 

Six breast cell lines were used in this study; two were normal mammary 

epithelial cells (MCF10A and human mammary epithelial cells (HMEC)) and four were 

breast cancer (MDA-MB-231, MDA-MB-361, MDA-MB-435, and MCF7).  All cell lines, 

except for HMEC, were obtained from the American Type Culture collection (Manassas, 

VA, USA).  HMEC primary cells were obtained from Lonza (Basel, Switzerland) and 

infected with a retrovirus encoding human telomerase reverse transcriptase (hTERT) for 

immortalization.  All cells remained free of contaminants and were propagated by 

adherent culture according to established protocols [68].  All breast cancer cell lines were 

cultured in α-MEM (Gibco, Carlsbad, CA, USA) supplemented with 6% fetal bovine 
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serum, 1% hepes, 1% non-essential amino acids, 1% of 100 mM sodium pyruvate, 10 

µg/mL insulin, 10 µg/mL hydrocortisone and 5 µg/mL epidermal grown factor (EGF).  

All normal mammary epithelial cell lines were cultured in MEBM media (Lonza, Basel, 

Switzerland) with 0.4% bovine pituitary extract, 0.01% hydrocortisone, insulin, and 

human EGF.  Plated cells were incubated at 5% CO2 and cultured every 3-4 days.  Cells 

were double washed in 3 mL of phosphate buffer saline (PBS) and detached from flasks 

with 0.25% trypsin before centrifugation.   

After three minutes of centrifugation at 120 rcf, a standard hemocytometer was 

used to count the number of cells per milliliter.  Approximately 200,000 cells were plated 

on a 35 mm coverslip dish (Mat-Tek, Ashland, MA, USA) to be tested.    

2.2.2  Confocal Microscope and Imaging Parameters 

All confocal images were collected at Duke University Light Microscopy Core 

Facility on a Leica SP5 laser scanning confocal microscope (Wetzlar, Germany). All cells 

were imaged in a temperature controlled (37 ºC) live cell chamber. A 405 nm diode laser 

source with a mean power of 2.4 mW at the sample plane and scanning rate of 400 Hz 

was coupled to an inverted Leica DM16000CS microscope with a 40X oil-immersion 

objective (Leica Plan NeoFluor, NA = 1.25).  The imaging field of view was 242 µm x 242 

µm with 512 x 512 pixels per image. An acousto-optic beam splitter (AOBS) served as a 

dichroic mirror to allow the 405 nm excitation light to reach the sample and to allow 

selection of emission wavelengths.  Cooled photomultiplier tubes (PMT) were used to 
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measure fluorescence through a 121 µm pinhole in a confocal arrangement with a 

theoretical axial resolution of 2 µm.   

The emission bandpass for integrated fluorescence intensity measurements was 

set to 610-700 nm, which was chosen from preliminary spectroscopy data on cells that 

showed a fluorescence peak at 630 nm, corresponding to PpIX, as published in the 

literature [8].  Images were taken at two separate fields of view and line averaged (16X 

per line) for improved image quality.  Each fluorescence intensity image was acquired in 

approximately 20 seconds per image (1/400 sec*16 averages per line*512 lines per 

image).  Spectrally resolved fluorescence images at 405 nm excitation were collected at 

each of 34 emission wavelengths between 420-750 nm with a line average of 1.  The 

AOBS had a collection bandwidth of 20 nm.  A prism with a sliding mirror placed in the 

optical path prior to the PMT was scanned every 10 nm to ensure Nyquist sampling was 

fulfilled across all wavelengths. Total acquisition time was 43.5 seconds for all 

wavelengths in each spectral image (1/400 sec*1 average per line *512 lines *34 

wavelengths per spectral image). Leica LAS AF 1.8.2 software (Wetzlar, Germany) was 

used for data acquisition.  All images (intensity and spectral) were acquired with a gain 

of 1200V, offset 0.7% and zoom of 1.6.   

Prior to imaging, a calibration intensity image of standard fluorescent beads was 

obtained (FocalCheck Fluorescence Microscope Test Slide #2, Invitrogen, Carlsbad, CA, 

USA) to correct for daily variations in microscope throughput.  The mean fluorescence 
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intensity over all experiments was 208 ± 5 units.  Integrated fluorescence intensity 

images were normalized by dividing the measured intensity by the intensity of the 

calibration standard measured on the same day. 

2.2.3  Cell Imaging 

Twenty-four hours after plating, the original cell media was removed from the 

culture dish, and cell lines were treated either with 500 µg/mL of ALA in standard cell 

media or standard media alone and incubated for 2 hours prior to imaging.  Since ALA 

is not fluorescent, it was not removed before imaging.  The concentration of ALA was 

chosen experimentally (See Appendix B). At 500 µg/mL of ALA, no phototoxic effects 

were seen in any cell line tested in this manuscript.  Cell viability was verified by a 

trypan blue exclusion assay as determined by a previously tested protocol [69].  Viable 

cell concentration was then determined by counting the ratio of cells that were still 

viable (unstained) to all cells.  89% ± 6% of ALA-treated and 85% ± 8% of untreated cells 

were found to be viable.  Finally, 500 µg/mL of ALA was found to be within the range of 

concentrations used in previous PpIX cell culture studies [17, 70].   

To determine the optimal time to measure the fluorescence of PpIX (See 

Appendix B), a subset of cells (normal mammary epithelial MCF10A, MDA-MB-435  

(ER-) and MCF7 (ER+)) was tested.  The fluorescence intensity increased linearly from 0 

to 6 hours post-ALA treatment, as seen in previous studies [37], and therefore, the peak 

intensity window was assumed to be greater than 6 hours post-ALA treatment for all 
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cell lines.  The two hour time point was chosen as it showed distinct differences between 

normal mammary epithelial and breast cancer cell lines.  

Sample size for each cell line included twelve treated and seven untreated plates. 

Fluorescence intensity images were obtained from six of the treated and six of the 

untreated plates. Confocal spectral imaging was completed on six additional treated 

plates and a single untreated plate for each cell line. Sample size calculations for imaging 

of integrated fluorescence and confocal spectral imaging are summarized in Table 2. 

Table 2:  ALA Sample Size Definitions 

 

2.2.4  Analysis of integrated fluorescence intensity images 

Integrated fluorescence intensity images were analyzed using NIH ImageJ 

software.  Integrated fluorescence intensity for each breast cell line was determined by 

manually segmenting each cell in the image and then computing the average 

fluorescence intensity. Background intensity was subtracted and the resulting data 

normalized by the fluorescence of the calibration standard.  Background was defined as 
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an area without cells that was approximately equivalent to the size of an entire cell 

(2000-5000 pixels, depending on the cell line).  Fluorescence intensity values for all cells 

within each image were then averaged to represent one sample (each image had 

approximately 10-50 cells within a field of view, depending on the cell line).  A total of 

n=12 fields of view (two images per sample) were imaged, from which the average 

integrated fluorescence intensity per cell line was derived for both treated and untreated 

cells.   

2.2.5  Analysis of spectrally resolved fluorescence images 

For spectrally resolved fluorescence images, a spectrum was calculated by the 

Leica software from an area of 3-5 adjacent cells (6000-15000 pixels, depending on the 

cell line).  Three groups of adjacent cells were manually segmented and all spectra were 

averaged to obtain a single spectrum (3 per image).  A background spectrum was 

obtained from a cell-free region in each image (2000-90000 pixels, depending on the cell 

line growth pattern) and subtracted from each of the three spectra.  These three spectra 

were imported into MATLAB (Mathworks, Inc., Natick, MA,USA) to calculate Fractional 

PpIX Contribution (FPC) (See Chapter 3 Results for further discussion of this 

calculation).  The three FPC values from each image were averaged to obtain a single 

FPC per image.  A total of n=12 FPCs (two images per sample) was calculated for all six 

treated cell plates, from which the average FPC for the cell line was calculated. 
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2.2.6  Statistics 

 All statistics were computed with JMP (SAS, Cary, NC, USA) software.  

ANOVAs and t-tests were completed with a Tukey-Kramer correction for multiple 

comparisons to determine statistical significance.  Exact two-sided p-values were 

computed, and all p<0.05 were considered significant.  All calculated correlations are 

reported with a Pearson coefficient. 

2.3  Results 

2.3.1  Integrated fluorescence intensity images 

 

Figure 4: Representative confocal integrated fluorescence intensity images 

(uncalibrated) of normal mammary epithelial (Normal) and breast cancer (Cancer) 

cells treated with ALA for 2 hours.  Excitation was at 405 nm and emission was 

collected between 610-700 nm. 



 

 25 

Figure 4 shows representative integrated fluorescence intensity images of 

untreated and treated cell lines with different ER phenotypes.  The untreated normal 

mammary epithelial cell line image has much higher pre-treatment endogenous 

fluorescence than either breast cancer cell line, which is likely due to the endogenous 

fluorophore, FAD.  Bright specks outside of the cells in the normal column are cellular 

debris caused by plating on untreated glass and were not included in subsequent 

analyses.  Untreated ER- and ER+ breast cancer cell lines qualitatively show similar 

distributions of endogenous fluorescence, which is diffusely distributed throughout the 

breast cancer cells prior to treatment and a few areas of high intensity around the 

nucleus.  All cells showed an increase in PpIX fluorescence after two hours of ALA 

treatment, as seen in the bottom row.   The normal mammary epithelial cell line shows 

bright points of PpIX fluorescence within an even distribution of cellular fluorescence.  

Breast cancer cell lines show brighter fluorescence in the perinuclear cytoplasm, and 

although the edges of the cells are clearly visible in the post-treatment images, the edges 

are not as intense.  PpIX fluorescence is only in the cellular cytoplasm (as opposed to the 

nucleus) in all cell lines.   
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2.3.2 Cellular Fluorescence Spectra   

 
Figure 5: Representative normalized fluorescence spectra at 405 nm excitation 

of (a) untreated cells and (b) ALA-treated cells.  Spectra were normalized to the peak 

intensity. 
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Figure 5 shows normalized representative fluorescence spectra from (a) one 

untreated and (b) one ALA-treated plate of normal mammary epithelial, ER- and ER+ 

cell lines at 405 nm excitation. Excitation at 405 nm is expected to elicit fluorescence from 

FAD and PpIX [8].  Normalized representative spectra in Figure 6 show a single broad 

emission, which is due to FAD, and spectra from treated cells show an additional 

distinct ALA-induced PpIX emission peak at 630 nm with a shoulder at 700 nm (Figure 

5b), similar to that observed by others [71]. It should be noted that the tail of the FAD 

fluorescence spectrum overlaps with the PpIX fluorescence between 610-700 nm (Figure 

5b), and therefore is assumed to contribute to integrated fluorescence intensity images 

collected over a bandpass of 610-700 nm. 
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2.3.3  Quantitative integrated fluorescence intensity measurements 

 

Figure 6: Average and standard error of the (a) calibrated integrated fluorescence 

intensity (c.u.) per cell line (n=12) and (b) percentage change in integrated 

fluorescence intensity of treated compared to the untreated controls (n=12). Asterisks 

denote that each ALA-treated breast cancer cell line has a statistically higher 

percentage change in integrated fluorescence compared to ALA-treated normal 

mammary epithelial cell lines (Normal) (p<0.05). 

In Figure 6, the six cell lines were grouped in pairs by ER expression (normal 

mammary epithelial, malignant ER- and malignant ER+).  All cell lines exhibited 

significantly greater fluorescence intensity following treatment (p<0.05). The normal 

mammary epithelial cell lines (MCF10A and HMEC) untreated fluorescence intensity 

was significantly greater than all untreated breast cancer (MDA-MB-231, MDA-MB-435, 

MCF7 and MDA-MB-361) cell lines (Figure 6a, p<0.01).  Calibrated fluorescence intensity 
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of the ALA-treated HMEC cell line was significantly greater than the treated MDA-MB-

231 breast cancer cell line, but not significantly different compared to the other ALA-

treated breast cancer cell lines.  Figure 6b shows that the percentage change in PpIX 

fluorescence intensity following treatment was significantly greater in all breast cancer 

cell lines as compared to both normal mammary epithelial cell lines by at least 150% 

(Figure 6b, p<0.05).  No significant differences in the percent change of fluorescence 

intensity were observed between or within the ER- and ER+ breast cancer cell lines. 

2.3.4  Quantitative analysis of the fluorescence spectral data 

Although the breast cancer cells demonstrated a significant percentage increase 

in fluorescence following ALA treatment, it may be clinically impractical to obtain a pre-

treatment measurement.  Post-treatment intensity measurements alone were not useful 

in discriminating normal mammary epithelial cell lines from breast cancer due to cell-to-

cell variability in endogenous FAD fluorescence.  A method for differentiating between 

normal mammary epithelial and breast cancer cells using only post-treatment 

measurements would be desirable.  Fluorescence spectral images that capture both FAD 

and PpIX fluorescence have the potential to directly address this problem as presented 

below.   
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Figure 7: Representative spectral data (—), spectral data used in fit (o), polynomial fit 

(x), and the resulting PpIX spectrum (--).   

The contribution of FAD fluorescence to the PpIX fluorescence was quantified 

and removed as shown in Figure 7.  First, the spectrum between 520-600 nm and 700-750 

nm (o) was fit with a fourth order polynomial to approximate an untreated spectrum (x).  

All polynomials were shown to have a goodness-of-fit coefficient (r) greater than 0.93.  

The fitted curve (x) was then subtracted from the measured data (—), which resulted in 

an FAD subtracted PpIX spectrum (--). The area under the curve of the resulting PpIX 

spectrum was calculated over 610-700 nm and represents integrated PpIX fluorescence 

intensity. The area under the curve of the fitted FAD spectrum was calculated to 

represent the integrated baseline FAD fluorescence intensity.  Then, Fractional PpIX 

Contribution (FPC) was calculated as the ratio of integrated PpIX and FAD fluorescence 

intensities. 
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Figure 8: Average and standard error of the fractional PpIX contribution (FPC). 

Asterisks denote that the FPC of each breast cancer cell line is significantly higher 

than those of both normal mammary epithelial cell lines (p<0.05). 

Figure 8 shows the FPC for each cell line.  All breast cancer cell lines have a 

significantly higher FPC than normal mammary epithelial cell lines.  It is not surprising 

to note that the FPC and percentage change in fluorescence intensity, (Figure 6 and 8), 

are significantly and positively correlated (Pearson coefficient = 0.92, p<0.05). No 

differences in FPC were observed between ER+ and ER- cell lines.  Therefore, it can be 

said that PpIX fluorescence is preferentially accumulated in all breast cancer cells 

studied here, regardless of ER expression, but the method cannot distinguish ER+ from 

ER- cells. 

2.4 Discussion 

This study demonstrates the ability of ALA-induced PpIX to discriminate breast 

cancer cell lines from normal mammary epithelial cells.  Breast cancer cell lines used in 

this study comprised a variety of phenotypes, including ER- and ER+ (ER is expressed in 
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approximately 60% of all breast cancers) [68].  The research in this chapter showed that 

fluorescence of ALA treated cells (two normal mammary epithelial and four breast 

cancer cell lines) was significantly greater than the equivalent untreated cell lines.  Also, 

breast cancer cell lines could be easily discriminated from normal mammary epithelial 

cell lines by determining the percentage change in fluorescence intensity after PpIX 

treatment.  However, the high endogenous FAD fluorescence present in untreated 

normal mammary epithelial cells resulted in overall greater post-treatment fluorescence 

in normal mammary epithelial cells compared to breast cancer cells and demonstrated 

the need for a method to account for the cell-to-cell variability in FAD fluorescence in 

the absence of pre-treatment images.  Spectroscopy provided a means of separating 

endogenous fluorescence contribution from ALA-induced PpIX fluorescence and 

enabled discrimination of normal mammary epithelial and breast cancer cells based on a 

single post-treatment measurement.  

Ratiometric methods have been used previously for ALA studies in oral, bladder 

and head and neck tissues [29, 72, 73] to account for the contribution of endogenous 

fluorescence. Fluorometric ratios of red fluorescence to green or blue fluorescence were 

able to detect malignancies in these various organ sites [29, 72, 73].  However, 

implementing these methods to account for endogenous fluorescence in the present 

study did not produce statistically significant differences in the breast cancer cell lines 

compared to the normal mammary epithelial lines.  The probable reason for the lack of 
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significant differences in this study was that the high endogenous fluorescence in the 

green or blue wavelength range overwhelms the red PpIX contribution. Instead of 

calculating the ratio in the blue or green, decoupling PpIX fluorescence from the overall 

remitted fluorescence to compute fractional PpIX fluorescence contribution was required 

for discrimination of normal mammary epithelium from all breast cancer cell lines and 

could be completed with a single post-treatment spectroscopic measurement. 

Spectroscopic approaches similar to that presented here for separating PpIX 

fluorescence from endogenous tissue fluorescence has been previously reported by 

Klinteberg et al [19].  Klinteberg et al. [19] used a technique to separate PpIX 

fluorescence from tissue autofluorescence in photodynamic therapy of basal cell 

carcinoma.  The endogenous fluorescence was removed by exponentially fitting the FAD 

fluorescence and then subtracting the FAD signal out to determine the photoproducts 

after photodynamic therapy.   Also, spectroscopic deconvolution of the endogenous 

signal from PpIX spectra has been previously shown by Gibbs-Strauss et al [74].  

Comparison of the detected signals to a liquid tissue phantom containing PpIX allowed 

for delineation of the PpIX signal from non-specific fluorescence transmitted through 

normal and cancerous tissue in a mouse brain [74].  The results from the study by Gibbs-

Strauss [74] provided evidence of high endogenous fluorescence background when 

measuring PpIX fluorescence from ALA-treated cancer. 
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The breast cancer cell lines in this study exhibited a significant increase in 

fluorescence intensity compared to normal mammary epithelial cells after 

administration of ALA, as seen previously in vitro [15, 21, 27].  Only one other in vitro 

study has compared PpIX production in a breast cancer and corresponding normal cell 

line. Specifically, Rodriguez et al. [27] showed that HB4-A R-ras breast cancer cell lines 

had higher PpIX fluorescence compared to immortalized cells not transfected with the 

Ras oncogene.  

The cellular origin of the MDA-MB-435 cell line has recently been questioned.  It 

has previously been shown that the MDA-MB-435 has a gene expression profile 

consistent with M14 melanoma cells [75].  However, more recently it has been argued 

that the MDA-MB-435 cell line is indeed of breast cancer origin [76].  The MDA-MB-435 

originated from a female and the original M14 melanoma line was reported to be 

derived from a male patient [76]. The current M14 melanoma line stock does not contain 

a Y chromosome, which indicates that the M14 was most likely compromised [76].  In 

spite of the controversy surrounding the origin of the MDA-MB-435 cell line, the results 

from this study demonstrate concordance between MDA-MB-435 and the other breast 

cancer cell lines studied in terms of its uptake of ALA. 

This chapter presents an examination of the diagnostic potential of PpIX with a 

panel of normal mammary epithelial and breast cancer cell lines.  It was found that the 

relative change in PpIX fluorescence intensity could discriminate breast cancer from 
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normal mammary epithelial cell lines and was not affected by varying estrogen receptor 

expression in cell lines.  The ability to discriminate cells post-ALA treatment shows the 

potential for the use of spectroscopic methods in margin assessment of breast cancer 

with PpIX fluorescence, regardless of ER status.  The MDA-MB-361 cell line tested here 

also expressed the HER2+/NEU phenotype model, but did not have a significantly 

different PpIX fluorescence intensity as compared to all other cancer cells tested.  

Therefore, HER2+/NEU cell lines were not further explored by our group, and we 

believe PpIX would have similar results in other phenotypes as shown by the lack of 

difference in the HER2+/NEU phenotype MDA-MB-361 cells.   

Studying breast cancer cellular ALA-induced PpIX fluorescence is an important 

initial step in characterizing PpIX use within different biological subtypes of breast 

cancer cell lines and comparing them to normal mammary epithelial cell lines.  Because 

of the limitations of an in vitro study, it was not possible to evaluate the possible effects 

of vascular transport of ALA to the target tissues and the corresponding effect on uptake 

of ALA and conversion to PpIX.  Thus, further work is required to address this issue, 

and the work presented here is a first step towards realizing the utility of ALA for breast 

cancer delineation.  In future studies, ALA-induced PpIX fluorescence should be 

examined in xenograft breast cancer models, including ER and HER2+/NEU phenotypes.  
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3. Uptake of 2-NBDG as a method to monitor therapy 
response in breast cancer cell lines 

3.1 Introduction 

Functional imaging of glucose uptake has been shown to be invaluable in breast 

cancer diagnosis, prognosis and therapy monitoring [46].  Many cancers demonstrate 

aerobic glycolysis, glucose metabolism in the presence of oxygen [46, 50, 52].  Current 

methods to measure glycolysis include measurement of dielectric response [77], protein 

quantification [78], nuclear resonance and imaging [46, 79, 80], microarray quantification 

[81] and pH responsive dyes [82].  Monitoring glycolysis is most commonly measured 

with fluorodeoxyglucose (FDG), a radioactive glucose analog, and is detected with 

Positron Emission Tomography (PET) [46].  All of these techniques, however, can be 

prohibitively expensive, manually intensive and/or technologically complex rendering 

them impractical for high-throughput drug development even with demonstration of 

clinical success [46].   

Preferential uptake of 2-NBDG in breast cancer has been carried out previously 

on in vitro cell studies, but not in pre-clinical models of breast cancers or human breast 

cancers.  O’Neil et al.  demonstrated a 3.5X greater uptake of 2-NBDG in MCF7 cells as 

compared to non-malignant M-1 epithelial cells following 10 minutes of incubation in 

0.3 mM concentration of the contrast agent  [50].   Levi et al. used MCF7, MDA-MB-435 

and MDA-MB-231 cell lines to compare 2-NBDG uptake at 10 µM to 10 µM of NIR-

fructose uptake after 15 minutes of incubation and found them to be equivalent [54].  
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2-NBDG could play an important role in in vitro cell line studies. 2-NBDG allows 

for the evaluation of the efficacy of drugs on a large number of different cell lines, which 

is particularly important given the heterogeneity of breast disease.  The goal in this 

chapter was to demonstrate the utility of 2-NBDG as a molecular contrast agent to 

quantitatively measure changes in glycolysis and to demonstrate a method to measure 

the response of breast cancer cell lines to therapy.  Confocal microscopy was used to 

image the fluorescence signal from 2-NBDG in a panel of 10 different breast cell lines – 2 

normal mammary epithelial and 8 cancer that included estrogen receptor positive (ER+) 

and negative (ER-) cell lines.  The expression of GLUT 1 and HK I proteins were 

quantified following Western blot analysis and compared to fluorescence results 

obtained from these cells.  A subset of 2 breast cancer cell lines was then treated with 

anticancer therapies that directly affect glycolysis: lonidamine (LND), a HK inhibitor, 

and α-cyano-hydroxycinnamate (α-Cinn), a glycolytic stimulator, to demonstrate the 

ability to measure opposing perturbations on 2-NBDG uptake.   LND directly inactivates 

HK [83], preventing the 2-NBDG molecule from being phosphorylated and retained 

within the cell.  α-Cinn directly inhibits the monocarboxylate transporter 1 (MCT1) 

which transports lactate into the cell to be used as a secondary source of energy during 

oxidative phosphorylation [84].  Finally, a subset of 1 ER+ and 1 ER- breast cancer cell 

lines was treated with a therapeutic dose of tamoxifen (tam), a widely used endocrine 



 

 38 

therapy for treatment of patients with ER+ breast cancer, to determine if the changes in 

2-NBDG uptake are consistent with the expected effects of tam, a reduction in glycolysis. 

3.2  Materials and Methods 

3.2.1  Cell Culture 

Two cell lines were derived from the normal mammary epithelium (MCF12 and 

human mammary epithelial cells (HMEC)) and eight were derived from patients with 

breast cancer (BT-20, BT-474, MDA-MB-231, MDA-MB-361, MDA-MB-435, MDA-MB-

468, MCF7, and T47D).  Breast cancer cell lines and the MCF12 cell line were obtained 

from the American Type Culture collection, ATCC (Manassas, VA, USA).  Primary 

HMECs were obtained from Lonza (Basel, Switzerland) and infected with a retrovirus 

encoding human telomerase reverse transcriptase (hTERT) for immortalization as in 

Chapter 2.  All cells remained free of contaminants and were propagated by adherent 

culture, trypsinized and plated according to established protocols stated in Chapter 2 [7, 

68].  Cells were plated at 100,000 cells/mL in 10 mL for Western blot analysis and 2 mL 

for all confocal imaging studies. 

3.2.2  Confocal microscopy parameters 

All confocal images were collected on a Leica SP5 laser scanning confocal 

microscope (Wetzlar, Germany) using a protocol similar to that discussed in Chapter 2 

[7].  Briefly, a 488 nm argon laser source (power at sample was 3.5 mW) was coupled to 

an inverted Leica DM16000CS microscope with a 40X oil-immersion objective (Leica 
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Plan NeoFluor, NA = 1.25).  Emission was collected between 515-585 nm, chosen from 

preliminary spectroscopy data completed on MCF7 cells to incorporate the full-width 

half-maximum of 2-NBDG.  Images were acquired with a PMT gain of 950V, offset 0.7% 

and zoom of 1.6 to measure the unlabeled and labeled 2-NBDG cells.  This gain was 

chosen for quantification of weakly fluorescent unlabeled cells to allow comparison to 2-

NBDG labeled cells.  Images of anti-cancer and endocrine therapy treated and vehicle 

control cells (all 2-NBDG labeled) were acquired with a gain of 750V, offset 0.7% and 

zoom of 1.6.  The gain was lowered since some 2-NBDG labeled cell lines had saturated 

pixels in the first set of experiments, specifically MDA-MB-435.     

3.2.3  Cell imaging studies 

Overall uptake of 2-NBDG (2-NBDG labeled versus unlabeled) was quantified 

for all ten breast cell lines and then a new set of experiments was conducted for each 

anti-cancer or endocrine treatment (treated versus vehicle control).  Each sample was 

defined as the average intensity of all cells within a single confocal image.  The imaging 

field of view was 242 µm x 242 µm with 512 x 512 pixels per image.  Two samples were 

acquired per plate.  Sample sizes for each cell line included four, 2-NBDG labeled and 

four unlabeled plates.  All ten cell lines were tested in the unlabeled versus labeled 

experiments, and MDA-MB-435 and MDA-MB-468 cells were tested with anticancer 

agents (LND and α-Cinn) and MCF7 (ER+) and MDA-MB-435 (ER-) with endocrine 
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therapy (tamoxifen).   Table 3 shows the sample size definitions tested in Chapter 3 in 

vitro research. 

Table 3: Sample size definitions used in 2-NBDG cell treatment 

 

3.2.4  2-NBDG uptake 

Confocal microscopy imaging sessions were carried out 24 hours after plating in 

the first experimental set that tested 2-NBDG uptake in all breast cell lines or after the 

treatment periods of 48 or 72 hours, for the anti-cancer and endocrine therapies 

respectively. The original cell media was removed from each dish, and cells were 

washed twice with PBS.  Cells were labeled with either 100 µM 2-NBDG dissolved in 

glucose-free cell media, or glucose-free media alone for unlabeled cells, and incubated 

for 20 minutes.  The media was then removed and the cells were washed 3 times with 

PBS and imaged.  The concentration of 2-NBDG used was based on initial studies on 2 

plates each of HMEC and MCF7 cell lines (See Appendix C). Cells, at 2-NBDG 

concentrations of 25, 50, 100 and 200 µM, were incubated with 2-NBDG for 20 minutes 
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and were compared to equivalent unlabeled cells. Intracellular 2-NBDG fluorescence 

increased approximately linearly with concentration.  However, at a concentration of 

200 µM the fluorescence of most cells saturated the microscope detector.  Therefore, a 

concentration in the middle of the tested range and equivalent to that used in previous 

cell studies [50], 100 µM, was chosen for subsequent studies.  To determine the optimal 

time to measure 2-NBDG fluorescence (See Appendix C), 2 plates each of MCF7 and 

HMEC cells were tested at 10, 20 and 45 minutes.  Fluorescence intensity was found to 

be significantly different after 20 minutes (p<0.05) between 2-NBDG labeled and 

unlabeled cells and results matched previous studies at this time point [50]. 

3.2.5  Anti-cancer and endocrine treatments 

A subset of cells (MDA-MB-435 and MDA-MB-468) was treated with the anti-

cancer agents, lonidamine (LND) and α-cyano-hydroxycinnamate (α-Cinn). These cell 

lines were chosen since they both expressed HK I protein on a Western blot (Results) 

and each cell line possesses un-methylated MCT 1, which is the transporter that is 

blocked by α-Cinn [85].  Twenty-four hours after plating, cells were treated with 600 µM 

LND or 840 µM α-Cinn dissolved in dimethyl sulfoxide (DMSO) for 48 hours [86].  The 

corresponding vehicle control was treated with DMSO only. Tam treatment was carried 

out at a concentration of 2 µM for 72 hours and the corresponding vehicle control was 

ethanol.  G1 cell cycle arrest was determined via cell cycle analysis to occur in MCF7 
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cells after treatment with tam. After treatment, the cells were then labeled with 2-NBDG 

according to the protocol discussed and imaged at the settings described. 

3.2.6  Data processing 

Fluorescence intensity images were analyzed using NIH ImageJ software and 

analyzed with methods discussed in Chapter 2 [7].  Briefly, fluorescence intensity for 

each breast cell line was determined by manually segmenting each cell in the image and 

then computing the average fluorescence intensity for all cells in the image. Background 

intensity was subtracted and the resulting data normalized by a fluorescence calibration 

standard, which consisted of a fluorescent bead (FocalCheck Fluorescence Microscope 

Test Slide #2, Invitrogen, Carlsbad, CA, USA) measured daily to account for small 

changes in laser power.  A total of n=8 fields of view per cell line (two per sample per 

experimental arm) were imaged from which the average integrated fluorescence 

intensity per cell line was derived.   

3.2.7  Western blots 

Western blots were carried out according to standard procedures [87].  After 

lysing the cells, resultant protein samples were heated to 95°C for 5 min and subjected to 

sodium dodecyl sulfate–polyacrylamide gel electrophoresis on 4-12% gradient 1 mm 

acrylamide gels, followed by transfer to polyvinylidene difluoride membranes for 1.5 h 

at 150 V with a NOVEX semi transfer unit. Membranes were blocked for 1.5 h in Tris-

buffered saline with 0.01% Tween 20, and incubated overnight with primary antibody: 
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rabbit polyclonal GLUT 1 antibody or mouse monoclonal HK I antibody (Santa Barbara 

Biotech, California) in Tris-buffered saline with 0.01% Tween 20 with 10% bovine serum 

albumin. One hour incubation with horseradish peroxidase-conjugated anti-rabbit or 

mouse antibody, respectively, (Santa Barbara Biotech, California) followed. Blots were 

developed with an enhanced chemiluminescence kit (Amersham Pharmacia Biotech, 

Piscataway, NJ), and band intensity was quantified on the image by manually circling 

signal area from blot background (Eastman Kodak Co., Rochester, NY).  Signal was 

discriminated with a threshold determined from an 8-color rainbow look up table 

(signal was determined to be within the green-red coloration). 

3.2.8  Statistics 

 All statistics were computed with JMP (SAS, Cary, NC, USA) software.  

ANOVAs and t-tests were completed with a Tukey-Kramer correction for multiple 

comparisons to determine statistical significance.  Exact two-sided p-values were 

computed and all p<0.05 were considered significant.  All correlations were calculated 

with a Pearson coefficient. 

3.3  Results 

A variety of breast cancer cells were tested in order to ensure that varying 

molecular phenotypes did not influence uptake of 2-NBDG.  Estrogen receptor (ER), 

human growth receptor 2 (HER2) and progesterone receptor (PR) status are given for 

each cell line as reported by ATCC in Table 4.   
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Table 4:  Summary of cell lines tested and ER, HER2 and PR receptor status 

 

3.3.1 Western blot results 

 

Figure 9: Western blot analysis of GLUT 1 and HK I levels in 10 breast cancer cells. 

Expression of GLUT 1 and HK I proteins was determined for all 10 cell lines with 

actin serving as an internal reference (Figure 9).  It is evident from the results that all 
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malignant cell lines express measurable, but variable, GLUT 1 protein levels while the 

HMEC strain exhibits a negligible amount of GLUT 1 compared to its malignant 

counterparts. Interestingly, the other non-malignant epithelial line (MCF12) exhibited 

measurable levels of GLUT 1.  HK I levels are widely variable across malignant cell 

lines. HMEC cells exhibit nominal levels of HK I when compared to malignant lines.  

The MCF12 line exhibited fairly high levels of HK I expression when compared to 

malignant cell lines.  Furthermore, high GLUT 1 expression did not necessarily 

correspond to high HK I expression, as seen in the T47D cell line. 

3.3.2  2-NBDG uptake in cells 

 

Figure 10: Representative confocal fluorescence images of normal mammary epithelial 

and breast cancer cells 2-NBDG labeled and unlabeled.  Excitation was at 488 nm and 

emission was collected between 515-585 nm. 
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Figure 10 shows representative fluorescence intensity images of 2-NBDG labeled 

and unlabeled HMEC (normal) and MDA-MB-435 and MDA-MB-468 (cancer) cell lines.  

The two cancer cell lines shown were subsequently tested with both anti-cancer agents 

(LND and α-Cinn).  All cell lines show similar diffusely distributed baseline 

fluorescence in the cytoplasm (as opposed to the nucleus), which is likely due to 

flavoproteins.  HMEC does not show a significant increase in fluorescence after 2-NBDG 

labeling.  Conversely, labeled breast cancer cell lines are significantly more fluorescent 

than unlabeled.   
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Figure 11: (a) Mean calibrated fluorescence intensity values and standard deviation of 

all ten tested cell lines. (b) Mean ∆∆∆∆ change and standard deviation in fluorescence 

intensity.   Note that both cell lines to the left of the dashed line in (a) and (b) are 

normal mammary epithelial cell lines, and cell lines to the right of the dashed line are 

breast cancer cell lines. 

Figure 11 shows bar graphs of fluorescence intensity after 2-NBDG labeling for 

the ten cell lines, grouped as normal mammary epithelial cells and breast cancer cells.  

Figure 11(a) shows mean calibrated fluorescence intensity stratified by cell line.  Figure 

11(b) shows ∆ change in fluorescence intensity defined as:  2-NBDG labeled intensity - 

unlabeled fluorescence intensity.  All cell lines exhibited significantly greater 
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fluorescence intensity following 2-NBDG labeling (p<0.05).  As expected, all breast 

cancer cell lines had a significantly greater uptake of 2-NBDG than HMEC.  MCF12 had 

an approximate 10-fold increase in 2-NBDG fluorescence intensity over the HMECs 

(Figure 11a and b).  Significant differences were observed between MCF12 and 

individual breast cancer cell lines (BT-20 and MDA-468, specifically).  When comparing 

the 2-NBDG fluorescence to the relative GLUT 1 and HK I protein expressions shown in 

the Western blot, no linear relationship was observed (Pearson correlation coefficient = 

0.44; 0.50, respectively). 

3.3.3 2-NBDG uptake after anti-cancer and endocrine treatments 

All breast cancer cell lines demonstrated a significant increase in fluorescence 

intensity after 2-NBDG labeling.  Therefore, a subset of two cell lines (MDA-MB-435 and 

MDA-MB-468) were treated with LND or α-Cinn to determine if a decrease or increase 

in glycolysis, respectively, could be measured with 2-NBDG.  Figure 12 is a bar graph of 

the mean calibrated 2-NBDG fluorescence intensity of the two breast cancer cell lines 

treated with the agents (LND and α-Cinn) and vehicle controls.   
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Figure 12: (a) Calibrated mean fluorescence intensity values and standard deviation 

after treatment with LND in MDA-MB-468 and MDA-MB-435 cell lines. (b)  

Calibrated mean fluorescence intensity values and standard deviation after treatment 

with αααα-Cinn in MDA-MB-468 and MDA-MB-435 cell lines (* denotes p<0.05) 

Inhibition of HK I by LND demonstrated a significant inhibition of glucose 

uptake, as indicated by the decreased 2-NBDG fluorescence (p<0.05).  MDA-MB-468 

demonstrated an approximate 50% decrease in 2-NBDG fluorescence intensity, whereas 

MDA-MB-435 fluorescence intensity only decreased by 15%.  The opposite trend was 

demonstrated with α-Cinn since it directly inhibits MCT 1 preventing lactate-fueled 

respiration and subsequently increases glycolysis.  A significant increase in 2-NBDG 

uptake, as reflected by increased 2-NBDG fluorescence, was observed.  MDA-MB-468 

demonstrated a greater inhibition of 2-NBDG uptake after LND than MDA-MB-435, but 

increase in 2-NBDG fluorescence after α-Cinn treatment was similar (p>0.05) between 

both cell lines.  The increase in 2-NBDG fluorescence intensity was 20% and 25% for 

MDA-MB-468 and MDA-MB-435, respectively.  It should be noted that the fluorescence 
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intensity values shown in Figure 12 cannot be directly compared with the results shown 

in Figure 11 since the gain on the microscope was decreased to prevent 2-NBDG labeled 

cell intensity from saturating the detector in the case of data collected for Figure 12. 

To ensure that 2-NBDG uptake could be influenced by indirect changes in 

cellular glycolysis and not only by direct inhibition or stimulation of glycolysis, tam 

sensitive (MCF7 which are ER+) and insensitive cells (MDA-MB-435 which are ER-) were 

treated with 2 µM tam.  Rivenzon-Segal et al. had previously demonstrated GLUT 1 

inhibition after 48 and 72 hours of 2 µM of tam treatment in vitro [88].  GLUT 1 

expression was measured following Western blot analysis in tam treated and vehicle 

control treated MCF7 and MDA-MB-435 cell lines (Figure 13(a)).   
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Figure 13: (a) Western blot of GLUT 1 expression in treated and control MCF7 and 

MDA-MB-435 cell lines with corresponding actin controls below. (b)  Calibrated 

mean fluorescence intensity values and standard deviation after treatment with tam 

in MCF7 and MDA-MB-435 cell lines (* denotes p<0.05). 

Treated MCF7 cells showed a lower GLUT 1 expression as compared to control 

MCF7 cells, whereas the GLUT 1 expression of MDA-MB-435 cells was unchanged after 

treatment.  The corresponding actin control is shown below GLUT 1.  Accordingly, 2-

NBDG uptake was significantly decreased in the treated MCF7 (tam sensitive) cells over 
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control MCF7 cells Figure 13(b).  2-NBDG uptake in MDA-MB-435 (tam insensitive) cells 

did not change after treatment in Figure 13(b). 

3.4  DISCUSSION 

This study demonstrates the ability to measure changes in glycolysis with the 

uptake of 2-NBDG via confocal fluorescence microscopy after anti-cancer and endocrine 

therapies. Our results showed that 2-NBDG accumulation in breast cell lines occurs in 

cells that express GLUT 1 regardless of receptor status.  HMEC showed relatively little 

2-NBDG uptake, likely due to the very low levels of GLUT 1 expression.  Previous in 

vitro studies carried out with 2-NBDG have shown that GLUT 1 influences competitive 

uptake using media with D-glucose, a GLUT 1 transporter specific glucose [54].   Our 

study quantified protein expression of GLUT 1 and HK I and demonstrated that HMEC 

expressed negligible GLUT 1 and had a significantly lower fluorescence intensity after 2-

NBDG labeling.  The normal MCF12 cell line, which expressed GLUT 1, took up a 

significant amount of 2-NBDG, as did all breast cancer cells.  GLUT 1 is not typically 

over-expressed in normal mammary epithelium [47], and we hypothesize GLUT 1 

expression likely occurred during the spontaneous immortalization of MCF12 [89], 

which could potentially be considered atypia since MCF12 cells have an increased 

doubling time over primary normal mammary epithelium [89].   

A large panel of breast cancer cells was investigated to ensure that 2-NBDG 

could be used ubiquitously; all breast cancer cells demonstrated the ability to uptake 2-
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NBDG.  However, variations in overall uptake could be seen between cell lines.  It is 

believed to be due to differences in GLUT 1 and HK I expression and kinetics of 2-

NBDG uptake in each cell line, which was not tested in this study.  Only two cell lines 

were used to determine the optimal time point to examine 2-NBDG uptake.  The uptake 

time of 20 minutes was chosen in order to be able to image the significant contrast 

between 2-NBDG labeled and unlabeled cells reasonably immediately.   

Increasingly, drugs are being developed to target glycolysis [90]. To demonstrate 

2-NBDG applicability to monitor breast cancer response to therapy, agents that directly 

inhibit and stimulate glycolysis were used on a subset of breast cancer cell lines.  HK I 

protein, which is critical for glucose metabolism, was expressed in all cell lines.  HK I 

has previously been demonstrated to be influential in the uptake of FDG [47].   GLUT 1 

was expressed in all cells lines except in the HMECs. GLUT 1 has been previously 

shown to be over expressed in breast cancer [48]. GLUT 1 and HK I did not directly 

correlate with the uptake of 2-NBDG in the breast cancer cell lines tested here.  This 

could potentially be due to the fact that Western blots are a measure of protein 

expression and not the activity level.  Also, several glucose transporters exist within the 

cell membranes that transport glucose, such as GLUT 2.   

The importance of HK I was demonstrated by directly inhibiting it with the anti-

cancer agent, LND [91].  LND decreased 2-NBDG uptake by inhibiting HK 1. The greater 

inhibition in the uptake of 2-NBDG after LND treatment in MDA-MB-468 is believed to 
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be due to the higher expression of HK I.  However, from these studies it is difficult to 

explain specifically the basis for the differences in 2-NBDG uptake between the two cell 

lines. Possible sources for these differences could include overall kinetics of the 

pathways, protein activity within the cells or dosage. Further experiments are needed to 

fully elucidate these differences. Nonetheless, a change in 2-NBDG uptake due to 

inhibition of HK has not been previously demonstrated.  To ensure that inhibition of 2-

NBDG uptake was not caused by the presence of the LND molecule, α-Cinn was also 

tested.  α-Cinn has been previously shown in 2-NBDG studies to increase 2-NBDG 

uptake in neurons [85] and increase glucose use in SiHa cells [84], and therefore, α-Cinn 

should be able to demonstrate the stimulation of 2-NBDG uptake in breast cancer.  

Alternatively, examination of a single cell line with HK knockdown and MCT1 

knockdown could provide further incite into the effects of LND and α-Cinn. The 

opposing trends in 2-NBDG uptake seen with treatment using α-Cinn also confirm that 

inhibition of LND is not caused by just the presence of the molecule and that 2-NBDG 

can be used to monitor stimulation or inhibition of glycolysis.   

Vehicle controls shown in Figure 12 have 200 µM DMSO and 160 µM DMSO 

added to media for the LND and α-Cinn treatments, respectively.  2-NBDG labeled 

controls without DMSO were tested simultaneously and compared to DMSO treated 

controls (not shown) and DMSO was shown to increase overall 2-NBDG fluorescence 

which reflects an increase in cell membrane permeability.  Therefore the vehicle controls 
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treated with DMSO are shown in the Results (Figure 12) to control for the effect of 

DMSO on 2-NBDG uptake in the LND and α-Cinn experiments. 

Finally, MCF7, an ER+, and MDA-MB-435, an ER-, cell lines were treated with 

tam.  Tam is a commonly used endocrine therapy that specifically targets ER [68] and is 

therefore a good candidate to demonstrate the applicability of 2-NBDG to breast cancer.  

Tam has been shown to decrease glycolysis [88, 92, 93] and inhibit GLUT 1 in vitro in 

tam sensitive cells [88].  Previous studies have also shown a decrease in glycolysis after 

tam treatment by imaging FDG uptake [49, 94].  Uptake of 2-NBDG significantly 

decreased after treatment in MCF7 cells, but did not change in the MDA-MB-435 cell 

line.  No response in the MDA-MB-435 cells showed the ability of 2-NBDG to monitor 

therapy response. An independent Western blot analysis showed that GLUT 1 is 

important in the uptake of 2-NBDG in breast cancer.   

Our group has previously reported similar uptake of aminolevulinic acid in 

MDA-MB-435, implying the cell line is similar to breast [7].  In spite of the controversy 

surrounding the origin of the MDA-MB-435 cell line, the results from this study 

demonstrate concordance between MDA-MB-435 and the other breast cancer cell lines 

studied in terms of its uptake of 2-NBDG. 

2-NBDG uptake is a simple method to monitor changes in glycolysis and 

effectiveness of therapy.  2-NBDG can be further implemented in animal models to 

monitor the effects of drugs that affect glycolysis over time in vivo.  Sheth et al. has 
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successfully used a RFP murine dorsal window chamber model to show the overlap in 

2-NBDG uptake and RFP-labeled cancer cells [53].  Dorsal window chambers with 2-

NBDG imaging would allow for longitudinal studies to examine effectiveness of 

therapies that perturb glycolysis.  Other possibilities for pre-clinical monitoring of in vivo 

therapy could be to use spectroscopy or spectral imaging to monitor changes in 2-NBDG 

uptake in solid tumors. By utilizing the 2-NBDG molecule in conjunction with confocal, 

wide-field or spectroscopy systems glucose monitoring cost can be greatly reduced over 

other options such as microPET.     
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4. 2-NBDG uptake can be used to discriminate hypoxia 
in vivo in combination with hemoglobin saturation 

4.1 Introduction 

Glycolysis is the first step in metabolism for all living cells.  In normal tissue, 

glycolysis produces 2 pyruvic acids and 2 adenosine triphosphates (ATP) [95].  These 

molecules donate their electrons to produce the chemical energy that drives cellular 

function.  When oxygen is present pyruvic acid molecules are transferred across the 

mitochondrial membrane, where the Krebs cycle and oxidative phosphorylation form 36 

additional ATP molecules, which is a very efficient method of energy production [39].  

However, the absence of oxygen, also known as hypoxia, prevents oxidative 

phosphorylation and causes pyruvic acid to ferment into lactate resulting in a net of 2 

ATP.  The inefficiencies of the pathway switch caused by hypoxia increase the cellular 

need for glucose, or glycolytic demand.  The increase in glycolysis in the absence of 

oxygen is referred to as the “Pasteur effect” [39].   

Oxidative phosporylation is downregulated in cancer, but may occur with 

simultaneous measureable upregulation of glycolysis even in the presence of oxygen 

(aerobic glycolysis), which is commonly referred to as the “Warburg effect” [39].  The 

cause of the Warburg effect has not been pinpointed and it is believed that many things 

influence metabolic switch [44].  Tumors may demonstrate the Warburg effect after 

oncogenic disregulation or loss of tumor suppressors.  Deviation from oxidative 

phosphorylation is negative to the tissue with loss of efficient energy production as with 
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the Pasteur dominated tissue (anaerobic glycolysis), but could be increasingly 

detrimental if the tissue is dominated by the Warburg effect (aerobic glycolysis).  In 

Pasteur dominated tissue proteins to slow the rate of growth are upregulated, growth of 

new vasculature is stimulated and apoptosis is inhibited [96].  Tumors that exhibit 

Warburgian metabolism tend to be more likely to metastasize, cause a rapid 

proliferation and radio- and chemoresistant [45, 97].    Warburgian tissue will show 

increased glucose uptake while maintaining oxygenation and Pasteur tissue will have 

low oxygen levels and increased glucose uptake.  The differences in the tissue response 

require different therapeutic strategies.  For example, increased vascularization in 

Pasteur tissue provides vascular epithelial growth factor (VEGF) as a therapeutic target 

and anti-proliferative treatments are effective in Warburgian tissue.  In reality, both 

processes often occur simultaneously within a tumor and neither are positive, but 

knowing the dominant metabolic processes within a tumor could increase treatment 

success rates [98].    

Current methods to measure glycolysis include measurement of dielectric 

response [77], protein quantification [78], nuclear resonance and imaging [46, 79, 80], 

microarray quantification [81] and pH responsive dyes [82].  Monitoring glycolysis 

clinically uses fluoro-deoxyglucose (FDG), a radioactive glucose analog, and is detected 

with Positron Emission Tomography (PET) [46].  Although these techniques have been 

demonstrated to be successful in detecting increased glycolysis, the measurement of 
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glucose alone cannot distinguish between Warburgian or Pasteurian metabolic activity.  

Glycolysis and simultaneous oxygenation measurements have been implemented in 

multitracer whole body PET studies with FDG and fluoromisonidazole (FMISO) or 

fluoroazomycin arabinoside (FAZA) [97, 99]. FMISO and FAZA are markers of hypoxia 

within tissue [97, 99].  Warburgian tissue is exceedingly aggressive and would be 

defined by high FDG (high glycolysis) and low FMISO (little hypoxia) [100]. An 

alternative method used by Busk et al. [97] determined Warburgian versus Pasteurian 

cells first in vitro by measuring lactate amounts to determine a calibration glycolysis 

curve and then in tissue by combining in vivo FDG PET measurements with 

immunohistochemistry quantification of hypoxia stain in both examples [97].  The 

techniques using PET do not allow for high resolution imaging and 

immunohistochemistry is not completed in vivo. 

Utilizing optical techniques has two large advantages 1) the ability to 

simultaneously measure glycolysis and oxygenation in vivo and 2) microregion analysis 

of tissue to discriminate Warburgian dominated from Pasteur dominated tissue.  2-(N-

(7-nitrobenz-2-oxa-1,3- diazol-4-yl)amino)-2-deoxyglucose (2-NBDG) is an optical 

contrast agent that can be used as a measure of glycolysis [50].  2-NBDG enters the cell 

via glucose transporters (GLUT), and is phosphorylated at the C-6 position by 

hexokinases I-II (HK)  [50].  The phosphorylated fluorescent metabolite 2-NBDG-6-

phosphate remains in the cell until further decomposition occurs into a non-fluorescent 
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form [51].  2-NBDG can be maximally excited at 488 nm and emits at 540 nm.  

Hyperspectral imaging microscopy of hemoglobin oxygen saturation (sO2) has been 

previously identified to be equivalent to direct oxygenation probes [101, 102] and can be 

easily combined with fluorescence imaging to characterize hypoxic tumors on a 

microscopic level.   

 We demonstrate: (1) a novel methodology to image glycolytic demand and 

tumor oxygenation in pre-clinical tumor models in vivo, (2) the ability to measure 

increased glycolysis in hypoxic cells in vitro, and (3) selective uptake of 2-NBDG in vivo 

in 4T1-RFP tumor compared to normal control tissue. The method developed in this 

study provides the ability to characterize intra-tumoral metabolic differences and 

responses to treatments.  Hypoxia is used as a direct metabolic perturbation since it is a 

clinical prognostic marker, and 2-NBDG uptake is used to measure the glycolytic 

changes induced by simulated, chronic and cycling hypoxia.  Hypoxia induced factor 1α 

(HIF 1α) is simultaneously quantified with Western blot.  HIF 1α and HIF 1β yield HIF 

1.  HIF 1 is one of the first steps towards oncogenic disregulation and is one factor that 

causes increased glycolysis.  It may occur in Pasteur and Warburg metabolically 

mediated tissue. The cycling hypoxia model is then translated in vivo and 2-NBDG in 

combination with oxygenation measurements is used to determine Warburgian 

dominated tissue from Pasteurian dominated tissue demonstrating for the first time a 

method to determine individual tumor therapy response.   
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4.2 Methods 

4.2.1 In vitro chronic hypoxia experiment 

4T1-RFP and 4T1-RFP-GFP cell lines were derived from a murine mammary 

carcinoma as previously described [103].  These 4T1 cells are stably transfected to 

constitutively express RFP (red fluorescent protein) or RFP and GFP (green fluorescent 

protein in the presence of HIF 1α) [103], and were chosen to enable precise location of 

tumor tissue in later in vivo microscopy experiments.  All cells remained free of 

contaminants and were propagated by adherent culture, trypsinized and plated 

according to established protocols [6, 7].  4T1-RFP cells were plated at 100,000 cells/mL 

in 2 mL for all in vitro studies.  Control 4T1-RFP cells were developed in an incubator 

with a normoxic oxygen environment (21%) for 24 hours for all in vitro experiments.  

Low oxygen levels (0.5%) in the cells were achieved in a sealed hypoxia chamber. 

Simulated hypoxia was induced by treating cells with 100 µM deferoxamine (DFO) and 

cobalt chloride (CoCl2) for 48 hours.  Both agents prevent HIF 1α from being degraded 

by oxygen dependent degradation and are good models to validate the effect of hypoxia 

on cells. Chronic and cycling hypoxia were both tested to ensure equivalent cellular 

responses.  In vitro studies: Confocal microscopy was carried out after plating: 24 hours 

for cells to attach and 48 hours after simulated hypoxia, 24 hours for cells in the chronic 

hypoxia experiments and 6 hours after cycling hypoxia.  Imaging sessions were 

completed using previously established protocols [6, 7]. Briefly, the original cell media 
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was removed from each dish, and cells were washed twice with PBS.  Cells were 

incubated with 100 µM 2-NBDG dissolved in glucose-free cell media for 20 minutes.  

The media was then removed, and the cells were washed 3 times with PBS and imaged.  

Figure 14 is an illustration of the procedure and chronic and cycling hypoxia timelines.  

It is important to note that the chronic hypoxia cells remain in 0.5% oxygen until 2-

NBDG is added and then they are imaged whereas the cycling hypoxic cells have 1 hour 

in 21% oxygen (last step of the cycle) prior to 2-NBDG labeling. 

 

Figure 14: Illustration of the timeline used for all hypoxic and normoxic in vitro 

imaging. 

All confocal microscope images were collected on a Leica SP5 laser scanning 

confocal microscope (Wetzlar, Germany) using the protocol discussed in Chapter 3 [6, 
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7].  Briefly, a 488 nm argon laser source (power at sample was 3.5 mW) was coupled to 

an inverted Leica DM16000CS microscope with a 40X oil-immersion objective (Leica 

Plan NeoFluor, NA = 1.25).  Emission was collected between 515-565 nm (chosen from 

preliminary spectroscopy data on 4T1-RFP cells) to prevent RFP signal from being 

detected during the 2-NBDG imaging.  Images were acquired with a PMT gain of 700V, 

offset 0.7% and zoom of 1.6.  The imaging field of view was 242 µm x 242 µm with 512 x 

512 pixels per image.  Two images from two distinct areas each were acquired per plate.  

Sample sizes for each cell line included 2 images each for 4 hypoxic and 4 normoxic 2-

NBDG labeled plates (2 images x 4 plates = 8 samples for each type of hypoxia and 8 

samples for the corresponding controls).   

4.2.2 In vivo studies  

All in vivo experiments were conducted according to a protocol approved by 

Duke University Institutional Animal Care and Use Committee. Titanium window 

chambers were surgically implanted on the back of female athymic nude mice (nu/nu, 

NCI, Frederic, Maryland) under anesthesia (ketamine 100 mg/kg and xylazine 10 mg/kg 

IP). A cell suspension (2.5x105 cells) of 25 µL of 4T1-RFP in all experiments with 2-NBDG 

or 4T1-RFP-GFP in HIF 1α measurements was injected into the dorsal skin fold prior to 

placing a 12 mm diameter number 2 round glass coverslip (Erie Scientific, Portsmouth, 

New Hampshire) over the exposed tissue.  Conversely, normal control animals had 25 

µL of saline injected. Animals were housed in an on-site housing facility with ad libitum 
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access to food and water and standard 12 hour light/dark cycles.  In the baseline 

experiments for each sample group, tumor and normal control, n=3 at each 

concentration.  In the cycling hypoxia experiments for each sample group, tumor and 

normal control, n=3.  A total of 18 animals are used for comparison of 2-NBDG uptake.  

Experiments to determine HIF 1α expression after cycling hypoxia used n=6 animals 

with 4T1-RFP-GFP implanted, half of the animals experienced cycling hypoxia (n=3) and 

the others experienced normoxia (n=3). 

2-NBDG was injected via tail-vein at varying concentrations (100 or 200 µg/mL 

dissolved in sterile saline) at volumes of 100 µL and imaged for approximately one hour 

immediately after administration of the agent.  The two concentrations were evaluated 

to optimize differences in 2-NBDG uptake between tumor and normal controls 

(Appendix D).  A concentration of 200 µg/mL demonstrated a greater difference between 

tumor and normal controls and was used for all subsequent experiments to ensure 

detectable changes could be measured.  Cycling hypoxia experiments were then 

conducted on tumor and normal animals at 200 µg/mL. Figure 15 is a timeline of the 

normoxic and cycling hypoxic animal experiments. 
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Figure 15: Timeline of the normoxic and cycling hypoxia in vivo experiments 

Acute cycling hypoxia (C.H.) was induced by exposing the mice to 3 cycles of 

10% oxygen and 90% nitrogen for 1 hour, and atmospheric air (21% oxygen), for 1 hour 

(for a total of 6 hours).  This method is similar to that used by Kalliomaki et al., but the 

cycles were extended to an hour [104].  This was the same method as employed in the 

earlier in vitro studies.  C.H. was chosen over chronic hypoxia because it is less likely to 

cause harm to the animal.  Furthermore, C.H. has been shown to be more detrimental to 

the tumor, thus potentially resulting in a greater overall effect to ensure a measurable 

result [105].  The mouse cages were placed in a positive air flow chamber with access to 

water.  The air flow chamber had one inlet and one outlet to allow for continuous air 

replacement and prevent any possible issues due to excess CO2 production from the 

animals.  Initially, 80% of the ambient air (21% oxygen) was vacuumed out, replaced 

with 10% oxygen and the process was repeated a second time to ensure a complete flush 
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of the atmospheric air.  After 3 cycles, the animal was removed and imaged according to 

the methods previously discussed.   

Fluorescence images of RFP and of 2-NBDG and hyperspectral images of 

hemoglobin saturation were obtained for each animal in a single imaging session on an 

inverted microscope (Carl Zeiss Axiovert 200) using an imaging system that was 

previously characterized [106].  This allowed for localization of tumor tissue via RFP 

fluorescence, and non-invasive monitoring of initial vascular sO2 and subsequent 2-

NBDG uptake over time.  All images were collected with a 2.5X objective (NA = 0.075 

and field of view = 10 mm).   

Tumor oxygenation measurements: Two-dimensional hyperspectral images to 

obtain hemoglobin saturation (as an indicator of tumor oxygenation) were collected with 

a 100 W halogen lamp for transillumination, and detected with a 10 nm bandwidth 

liquid crystal tunable filter (LCTF) (CRI Inc.) before a DVC 1412 CCD camera (DVC 

Company) [102].  Custom software for tuning the filter and acquisition of images at 10 

nm increments between 500 and 620 nm was used.  Dark offset and transmission 

measurements at each wavelength were made prior to each imaging session for daily 

calibration.  sO2 was calculated by applying an extension of the Beer-Lambert law to the 

wavelength-dependent attenuation at each pixel (assuming oxygenated and 

deoxygenated hemoglobin as the primary absorbers, along with a tissue scattering 

parameter), and solving for sO2 with linear least-squares regression model [102].  The 
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system, software and analysis techniques have previously been validated on liquid 

phantoms with an accuracy of approximately 1% [102, 106]. 

Fluorescence imaging: Two-dimensional fluorescence imaging was conducted in 

the epi-illumination geometry with a 100 W Mercury lamp.  2-NBDG images were 

collected with a 470 nm bandpass excitation filter (40 nm bandwidth) and a 510 nm 

longpass dichroic beamsplitter.  RFP was excited at 560 nm (40 nm bandwidth) and a 

600 nm longpass dichroic beamsplitter used to prevent excitation light detection.  

Fluorescence emission was collected with the same LCTF and CCD described above.  

The LCTF was set to 540 nm emission for 2-NBDG imaging.  For calibration all 

fluorescence imaging was background corrected. 

4.2.3 Image analysis 

Confocal in vitro fluorescence intensity images were analyzed using NIH ImageJ 

software and analyzed with methods used in Chapters 2 and 3 [6, 7].  Briefly, 

fluorescence intensity for the murine mammary carcinoma cell line was determined by 

manually segmenting each cell in the image and then computing the average 

fluorescence intensity for all cells in the image. Background intensity was subtracted and 

the resulting data normalized by a fluorescence calibration standard, which consisted of 

a fluorescent bead (FocalCheck Fluorescence Microscope Test Slide #2, Invitrogen, 

Carlsbad, CA, USA) measured daily to account for small changes in laser power.  A total 
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of n=8 fields of view per cell line (two per sample per experimental arm) were imaged 

from which the average integrated fluorescence intensity per cell line was derived.   

In vivo image analysis was carried out using MATLAB (Mathworks, MA).  All 

images were analyzed using pre-existing MATLAB functions.  For time course analysis, 

the green fluorescence signal (endogenous NADH or 2-NBDG) was calculated as the 

mean signal intensity within the tumor area, as defined by the red fluorescence signal 

(RFP from 4T1-RFP tumor), for all concentrations of 2-NBDG.  Normal control images 

were analyzed using an area equivalent to approximate tumor area for all 

concentrations.  sO2 calculations were implemented as previously discussed by Sorg et 

al. [102].   Correlations of 2-NBDG and sO2 microregions were carried out on smaller 

areas of a radius of 25 pixels.  The areas were chosen to ensure that the range of the 

tumor or normal control hemoglobin saturation of vasculature with similar diameter 

(approximately 1 square mm) and only contained 1 vessel was fully covered.   

4.2.4 Western blot 

Western blots were carried out according to standard procedures [87].  Briefly, 

after lysing the cells, resultant protein samples were heated to 95°C for 5 min and 

subjected to sodium dodecyl sulfate–polyacrylamide gel electrophoresis on 4-12% 

gradient 1 mm acrylamide gels, followed by transfer to polyvinylidene difluoride 

membranes for 1.5 h at 150 V with a NOVEX semi transfer unit. Membranes were 

blocked for 1.5 h in Tris-buffered saline with 0.01% Tween 20, and incubated overnight 
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with primary antibody: rabbit polyclonal HIF 1α (Novus Biologicals, Colorado) in Tris-

buffered saline with 0.01% Tween 20 with 10% bovine serum albumin. One hour 

incubation with horseradish peroxidase-conjugated anti-rabbit antibody, respectively, 

(Santa Barbara Biotech, California) followed. Blots were developed with an enhanced 

chemiluminescence kit (Amersham Pharmacia Biotech, Piscataway, NJ), and band 

intensity was quantified on the image by manually circling signal area from blot 

background (Eastman Kodak Co., Rochester, NY).  Signal was discriminated with a 

threshold determined from an 8-color rainbow look up table (signal was determined to 

be within the green-red coloration). 

4.2.5 Statistics 

All statistics were computed with JMP (SAS, Cary, NC, USA) software.  Exact 

two-sided p-values were computed for differences in 2-NBDG fluorescence uptake in 

vitro and at varying concentrations in tumor and normal control.  All p<0.05 were 

considered significant.  All correlations were calculated using Pearson’s coefficient (r). 
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4.3 Results 

4.3.1 2-NBDG uptake in vitro after simulated hypoxia 

 

Figure 16: (a)  Representative images of control 4T1-RFP cells, DFO and CoCl2 treated 

cells.  Scale bar shows 50 µµµµM and calibration bar for fluorescence intensity units is 

located to the right.  b) Western blot analysis for the same cell line probing for HIF1αααα 

and GLUT 1 expression after 48 hours of DFO and CoCl2 treatment on 4T1-RFP cells.  

c) Calibrated mean fluorescence intensity and standard error of 4T1-RFP cells treated 

for 48 hours with control, DFO and CoCl2 treatment.  
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Initial simulated hypoxia experiments were completed to determine if 

stabilization of HIF 1α with DFO and CoCl2, one of the early steps in oncogenic 

disregulation, would have an effect on 2-NBDG uptake.  These experiments 

demonstrated an increase in 2-NBDG uptake after the an increased expression of HIF 1α.  

Figure 16(a) show representative images of control, DFO and CoCl2 treated cells after 2-

NBDG labeling.  The DFO and CoCl2 have visibly higher fluorescence intensity, but it 

should be noted that the DFO treated cells have irregular nuclei implying that at this 

treatment concentration after 48 hours the cells are not in a healthy state.  Figure 16(b) is 

the Western blot verification of HIF 1α expression increase after 48 hours of DFO and 

CoCl2 treatments.  DFO and CoCl2 both demonstrate a measureable increase in HIF 1α, 

however, the levels of increased protein expression vary.  GLUT 1, a protein that is 

upregulated downstream of HIF 1α was shown to significantly increase in CoCl2, most 

likely to the kinetics of the different treatments on HIF 1α stabilization and downstream 

effects.  Figure 16(c) shows that after DFO and CoCl2 treatment 2-NBDG uptake is 

significantly increased (p<0.001).  CoCl2 treatment causes an incremental increase over 

DFO treatment (p=0.05).  These results show that hypoxia is a good model to use to 

explore 2-NBDG uptake. 



 

 72 

 

Figure 17: Representative confocal microscope images of 4T1-RFP cells labeled with 2-

NBDG for 20 min. Each column shows the uptake after exposure to a) normoxia (21% 

O2) for 24 hours, b) chronic hypoxia (0.5% O2) for 24 hours, c) normoxia (21% O2) for 

6 hours, d) cycling hypoxia 3 cycles for a total of 6 hours. The fluorescence intensity 

calibration bar is on the right.  e) Western blot analysis of HIF 1αααα expression in cells 

after chronic and cycling hypoxia f) Mean calibrated fluorescence intensity values and 

standard error of 2-NBDG uptake for normoxia versus chronic hypoxia. g) Mean 

calibrated fluorescent intensity values and standard error of 2-NBDG uptake for 

normoxia versus cycling hypoxia 
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Figure 17 columns (a-d) show representative fluorescence intensity images of 2-

NBDG labeled 4T1-RFP cells in normoxia for 24 hours (a), chronic hypoxia for 24 hours 

(b) normoxia for 6 hours (c) and cycling hypoxia for 3 cycles for a total of 6 hours (d).  

The normoxic cells have diffusely distributed fluorescence in the cytoplasm with a much 

lower overall intensity than either hypoxic treatment.  Small regions of fluorescence are 

observed within the cellular cytoplasm (as opposed to the nucleus) in the chronic 

hypoxia cells.  Figure 17 (d) shows a heterogeneous uptake of 2-NBDG throughout the 

images.  The discrepancy between the distributions between chronic and cycling 

hypoxia is most likely due to cellular health.  The chronically hypoxic cells were imaged 

directly after the cells were removed from 24 hours of 0.5% oxygen, while the cycling 

hypoxic cells only experienced 3 hours total of 0.5% oxygen after which they would be 

placed in normoxia.  The cycling hypoxia cells were imaged after the third normoxic 

stage.  Figure 17(e) shows the HIF 1α expression after chronic and cycling hypoxia as 

compared to the normoxic for each experiment.  After 24 hours of chronic hypoxia a 

measureable increase of HIF 1α is shown as compared to a normoxic control.  Cycling 

hypoxia after 3 cycles of 1 hour in hypoxia and 1 hour in normoxia (6 hours total) did 

not show a measureable increase in the HIF 1α expression.  GLUT 1 expression was also 

probed following Western blot analysis, but no significant change was seen after chronic 

or cycling hypoxia (Data not shown).  Figure 17 (f) shows the mean calibrated 

fluorescence intensity and standard error after 2-NBDG labeling of the chronic hypoxia 
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or normoxic 4T1-RFP cells.  The chronic hypoxia cells exhibited approximately double 

the 2-NBDG uptake compared to normoxic cells (p<0.01).  Figure 17(g) shows the mean 

calibrated fluorescence intensity and standard error after 2-NBDG labeling of the cycling 

hypoxia or normoxic 4T1-RFP cells.  The cycling hypoxia cells exhibited a greater 

variation in 2-NBDG uptake compared to the chronic hypoxia cells.  The cycling hypoxia 

cells also took up a significantly increased amount of 2-NBDG over normoxic cells 

(p<0.01).    

4.3.2 Uptake of 2-NBDG in vivo  

Animals with surgically implanted window chambers containing no tumor 

(normal) and those seeded with 4T1-RFP tumor cells (tumor) were imaged for a 

duration of least 50 minutes after 2-NBDG injection (n=3 tumor, n=3 normal control). 

Cycling hypoxia (C.H.) was used as a direct perturbation of glycolytic need and uptake 

of 2-NBDG was measured in tumor and normal.  C.H. causes a direct increase in 

Pasteur-dominated glycolysis [107]; thus a decrease in hemoglobin saturation and an 

increase in 2-NBDG uptake should occur for all animals, tumor and normal.  The 

animals were subjected to 3 cycles in the hypoxia chamber (1 hour) and alternating it 

with room air (1 hour) for a total of six hours.    To determine the HIF 1α protein 

expression after cycling hypoxia a small experimental cohort (n=3 normoxia, n=3 C.H.) 

of 4T1-RFP-GFP cells were implanted used that label the HIF 1α with GFP.   The GFP 

signal was imaged prior to cycling hypoxia or normoxia control and again directly after 
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the 6 hours to determine if the HIF 1α protein expression changes during the cycling 

hypoxia.  Baseline subtraction was completed and the results showed that HIF 1α 

protein expression does not increase in vivo after cycling hypoxia (data not shown), 

which matched the in vitro results. 

Figure 18 shows representative hemoglobin saturation, fluorescence intensity 

images of the RFP signal and the initial distribution of FAD as shown in the GFP 

channel.  The tumor boundary was determined using the RFP fluorescence image, and is 

outlined in the RFP and FAD fluorescence images shown in the figure.  The RFP and 

GFP signal is not visible in the normoxic normal image, which is a combination of dorsal 

muscle and epithelial tissue and is similar to the base of the breast.  The cycling hypoxic 

normal image shows aggregated particles in the RFP and FAD.  The granules are 

believed to be a red shift of aggregated FAD molecules caused by the cycling hypoxia. 
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Figure 18:  Representative images of hemoglobin saturation (column at right), 4T1-

RFP tumor and normal controls (middle) red fluorescence and 2-NBDG fluorescence 

in vivo at baseline (left) obtained with an intravital microscope.  The RFP signal 

generated from the 4T1-RFP tumor cells is outlined in black.  The calibration bar on 

the right is for fluorescence intensity on the top, hemoglobin saturation is on the 

bottom and from 0-50% saturation.  Scale bars are shown in the far right corner and 

represent 1 mm.  Aggregation of FAD after cycling hypoxia stress on the normal tissue 

is believed to be demonstrated in the RFP and GFP channel of the cycling hypoxia 

normal tissue. 

Figure 19 shows pre and post 2-NBDG in the GFP channel over time (0, 20, 40, 

and 60 minutes) in a normoxic normal and tumor and C.H. normal and tumor after 
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injection of 200 µg/mL of 2-NBDG.  2-NBDG fluorescence intensity is visually brighter in 

animals that have 4T1-RFP tumors than in the normal animals.  The 2-NBDG 

fluorescence intensity is the greatest in the 20 minute column in Figure 19 compared to 

all other columns.  The 2-NBDG fluorescence signal is not limited to only the tumor area 

and appears to spread outward from the blood vessels located closest to the tumor.   2-

NBDG uptake is not uniform across the tumor area.  Normal animals show non-uniform 

2-NBDG uptake within normal tissue with at least 50% lower intensity than the 4T1-RFP 

tumors. 
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Figure 19.  Representative images of 4T1-RFP tumor and normal controls and 

2-NBDG fluorescence in vivo over time (0, 20, 40, and 60 min) obtained with an 

intravital microscope.  The RFP signal generated from the 4T1-RFP tumor cells is 

outlined in black at T= 0, 20, 40, 60 min after 200 mg/mL 2-NBDG tail-vein injection.  

The calibration bar on the right is for fluorescence intensity. Scale bars are shown in 

the far right corner and represent 1 mm 

Figure 20 shows the mean change in fluorescence intensity and standard error in 

fluorescence intensity in both (a) normoxic tumor and normal at 200 µg/mL (n=3 tumor; 

n=3 normal) and C.H. compared to (b) normal, (c) tumor (n=3 C.H. normal; n=3 C.H. 
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tumor) and area under the curve of normoxic normal and tumor and C.H. normal and 

tumor (d).  The background 2-NBDG fluorescence ΔF is defined as 

Equation 1.  0)()( ItItF −=∆ ,  

where I(t) is the fluorescence intensity at each time-point, t, after 2-NBDG 

administration (averaged over the outlined tumor area or an equivalent area in normal 

tissue), and I0 is the corresponding baseline fluorescence intensity prior to 2-NBDG 

administration. ΔF was significantly higher in all 4T1-RFP tumors compared to normal 

(p<0.05).  Figure 20 (b) is a direct comparison of C.H. and normoxic conditions in the 

normal animals.  The C.H. normal has a fluorescence intensity that is 800% higher than 

the normoxic normal. Figure 20 (c) is a comparison of the C.H. and normoxic tumors 

(n=3 for all groups).  It should be noted that the overall fluorescence intensity is 300% 

higher in tumors subjected to C.H. than normoxic tumors.  In all cases, the 2-NBDG 

fluorescence greatly decreases within 40 minutes most likely due to 2-NBDG 

decomposition.  Figure 20 (d) shows that compared to normoxic normal all other groups 

increase in 2-NBDG uptake. 
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Figure 20: Mean ∆∆∆∆ Fluorescence intensity (Baseline subtracted) and standard 

error measured longitudinally in vivo over 50 minutes for a) normoxic tumor vs. 

normoxic normal b) Cycling hypoxia normal vs. normoxic normal c) Cycling hypoxia 

tumor vs. normoxic tumor d) Mean area under the curves and standard error.  P-values 

are given on the graph.  Sample size, n=3, for all groups: normoxic normal, normoxic 

tumor, cycling hypoxia normal and cycling hypoxia tumor. 

4.3.3 Application of 2-NBDG uptake in combination with local 
vascular oxygenation  

2-NBDG is a surrogate to measure glucose uptake by cells, but by itself, one 

cannot distinguish the difference between normoxic tumor and cycling hypoxia tumor 

or normal. When this information is obtained simultaneously with the clinically relevant 

tumor oxygenation the microregional metabolic state can be discerned.  The tumors 

were analyzed individually to determine the correlation between 2-NBDG uptake versus 
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hemoglobin saturation within microscopic regions in normoxic and C.H. tumors and 

normoxic and C.H. normals.  This allowed determination of tissue metabolic state 

(Pasteur or Warburg).  Warburg dominated tissue has been shown to be highly 

aggressive and Pasteur dominated tissue is unresponsive to treatments that require 

oxygen [45]; by applying these methods to monitor tumor microenvironments we could 

use the information to determine pre-clinical treatment plans, as well as to monitor 

therapy response.  Circular microregions of approximately 400 pixels in size were 

evaluated (25 pixel radius).  The criteria for regions of interest were (1) a single vessel 

within a region (2) approximately 1 square mm in area of vessel and approximately 3 

square mm areas were chosen within the tumor or normal and compared across all 

samples. 

Figure 21 shows mean and standard error of sO2 (a) and 2-NBDG fluorescence 

intensity (b) individually and then a scatterplot of microregional values of sO2 versus 

and 2-NBDG fluorescence of normals (c) and tumors (d) between all animals tested.  The 

mean sO2 allows for discrimination of C.H. tumor from normal, but all other 

experimental groups have similar sO2. The 2-NBDG uptake is able to discriminate 

between normoxic normals and all other experimental groups.  It is important to note 

that the C.H. tumor and normal have similar 2-NBDG uptake which could be 

concentration limited and a higher concentration of 2-NBDG may allow for 

discrimination between the 2 groups.  The scatterplots of the single measurements allow 
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for a much better discrimination between the experimental groups.  The sO2 in the 

normal tissues (normoxic and C.H.) are highly heterogeneous, whereas the normoxic 

tumor tissue has a relatively low sO2 and the C.H. has abnormally high sO2.  The 

addition of the 2-NBDG data to the oxygenation data, a clinically measured value, 

allows for the delineation of the C.H. tumor from the normoxic tumor.  Without the 2-

NBDG, the C.H. data is not different in normals and tumors. 

 

Figure 21:  a) Mean and standard error of the hemoglobin saturation measurement 

alone b) Mean and standard error of the ∆∆∆∆ fluorescence intensity. Hemoglobin 

Saturation versus ∆∆∆∆ Fluorescence intensity c) differences in normal tissue d) 

differences in tumor tissue.  Each experimental group has its own symbol.  Significant 

differences from the normoxic normal are shown (p<0.05). 
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4.4 Discussion 

This study demonstrates the use of 2-NBDG to monitor glycolytic demand in vivo 

in a murine mammary window chamber model.  To our knowledge, our work is the first 

to establish the utility of 2-NBDG as a method to observe glycolytic demand 

dynamically.  This suggests a larger functional role for this contrast agent in preclinical 

tumor biology than in simple tumor localization.  In vitro experiments were completed 

using hypoxia as a means to directly affect 2-NBDG uptake using simulated, chronic and 

cycling hypoxia.  2-NBDG uptake changes in response to the same glycolytic 

perturbation was validated in vivo by subjecting animals to C.H. and observing 

increased uptake in both tumor and normal tissue. C.H. subjected all samples to 

transient periods of low oxygenation causing an overall increased glycolytic need.  

Finally, a methodology for monitoring glycolytic demand and oxygenation 

simultaneously was demonstrated by measuring 2-NBDG uptake in combination with 

vascular oxygenation to determine metabolic mechanisms. Most of the previous work 

employing 2-NBDG in cancer [5, 50, 54] has focused on the selective uptake of 2-NBDG 

in tumors as a method to detect tumor (similar to the use of FDG in clinical PET 

imaging).    Knowing the metabolic status of a tumor is of vital importance, for example 

hypoxia present in a tumor has been shown to be determinant in treatment failure [108].   

In the last chapter, changes in 2-NBDG uptake observed in breast cancer cells in 

vitro were due to changes in glycolytic demand rather than overall GLUT receptor 
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expression [6].  In this chapter, simulated, chronic and cycling hypoxia in vitro caused an 

increase in 2-NBDG uptake and HIF 1α was measured to determine if an equivalent 

increase in protein expression was seen.  Although hypoxia is known to upregulate HIF 

1α [109], on the timescales used in this experiment HIF 1α expression was not increased 

above baseline in the C.H. experiments in vitro or in vivo.  It is more likely that the 

increase in 2-NBDG uptake observed was due to multiple changes in metabolism and 

not HIF 1α alone.  The protein expression of HIF 1α was increased in the DFO, CoCl2 

and chronic hypoxia situations implying that potentially after prolonged C.H. HIF 1α 

expression may increase, but several existing metabolic proteins such as AKT, etc can 

increase glycolysis and measureable increases in 2-NBDG uptake were seen prior to HIF 

1α upregulation.    

Having established in vitro that 2-NBDG uptake is correlated directly with 

changes in glycolytic demand caused by hypoxia, we sought to prove this in vivo using 

window chamber tumor models and intravital imaging.  Previous cancer studies 

established tumor from normal [5, 52].  A high baseline glycolytic demand was shown to 

cause preferential uptake of 2-NBDG in tumor. We expanded on these studies by 

directly quantifying this in vivo over time and directly comparing the results to normal 

(tumor-free).  The increased 2-NBDG uptake in the tumor over normal is likely due to a 

combination of increased GLUT 1/HK I activity and expression in the tumors compared 

to normal tissue, as well as the increased energy demand of these tumors.  This is 
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consistent with the current body of knowledge regarding metabolic protein expression 

in tumors [47], and has been the basis FDG work in this area [47, 97, 98].  It should be 

noted that in the work presented here, the 2-NBDG uptake was in an area larger than 

the only the RFP denoted tumor.  Possible causes are environmental changes or 

increased metabolic demand within the normal tissue caused by adjacent tumor [43].  

Accumulation of metabolically active immune cells, such as macrophages or fibroblasts, 

which suggests a possible interaction between the implanted tumor and host tissue, 

could also be the cause.  The larger generalized distribution is similar to that seen in 

studies with FDG and increased uptake correlated to increasing energy usage [1].   

In order to demonstrate unequivocally that 2-NBDG is useful for measuring 

dynamic changes in glycolytic demand, it was necessary to perturb the system (i.e., elicit 

a change in glycolytic demand) and observe the resultant effects on 2-NBDG uptake.  

We chose to use a model of C.H. to create increased Pasteur-dominated glycolytic 

demand in vivo [107]. C.H. was chosen because it is less detrimental to the animal than 

chronic hypoxia in 10% oxygen environment.  Due to the Pasteur Effect, we expect that 

all tissues (tumor and normal) will exhibit increased glycolysis under low oxygen 

conditions, since metabolism is shifted from oxidative phosphorylation to glycolysis 

from lack of oxygen.  This was in fact observed in the data. Similar results have been 

demonstrated in tumor as well as normal tissue [44, 97, 110, 111].  The normal tissue that 

experienced C.H. had an 800% increase in 2-NBDG uptake as well as an aggregation of 
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fluorescence in the red and green channels.  This increase in 2-NBDG uptake further 

elucidates that 2-NBDG uptake is caused by functional necessity and not by changes 

caused by tumor anatomy such as leaky vasculature.  2-NBDG uptake by tumor tissue 

was increased by 300% after C.H.  The significantly greater increase in normal over 

tumor is due to the higher baseline glucose usage in tumors in normoxic conditions.  

This data further confirms our understanding that 2-NBDG uptake is not limited by 

basal protein expression alone [6]. 

Finally, we present a novel application for 2-NBDG here to examine 

microregions within a tumor in combination with oxygenation imaging.  Although, PET 

has been previously used to measure oxygenation and glycolysis [99], optical imaging 

allows for resolution of microscopic tumor regions that is beyond PET capabilities.  By 

knowing the differences in metabolic activity between the normoxic and C.H. tumors, 

the two tumors could be delineated.  The added 2-NBDG data and oxygenation 

elucidated the tumors that were under oxidative stress.  Utilizing this information is the 

next step for exploring pre-clinical models for individualized treatment plans. 

Similar results to those presented here have been shown when quantifying 

glycolytic demand and oxygenation using nuclear imaging techniques, namely 

employing FDG for imaging glycolytic demand and fluoromisonidazole (FMISO) for 

imaging tumor hypoxia [98, 99].  In a clinical study, Rajendran et al. [99] obtained FDG 

and FMISO data from 49 patients with varying tumor type and determined that the 
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correlation between FDG uptake and FMISO was small r=0.24, but depended on the 

tumor type [99].  Busk et al. quantified the amount of cells utilizing Warburg versus 

Pasteur glycolysis pathways in vitro by measuring lactate values to create a standardized 

calibration curve [98].  In vivo implementation was carried out using the FDG to quantify 

glycolytic demand and the immunohistochemistry stain, pimo, to determine hypoxic 

regions for Warburg or Pasteur classification [98].   Fundamentally, knowing exact 

oxygenation and not only hypoxic regions as presented here gives the physician more 

specific information.  Also, the lower resolution capabilities of PET in these studies 

prevent microregion analysis and can only determine overall tumor metabolism.   

Our novel method to evaluate metabolism is able to give a direct snapshot of the 

current state, but when the examining treatments and perturbations, longitudinal 

studies would better evaluate the kinetic effects on metabolic mechanism in case tissue 

returns to its previous metabolic state after a treatment. 

   This chapter successfully demonstrates the ability to cause an increase in 2-

NBDG uptake in vitro with simulated, chronic and cycling hypoxia, that 2-NBDG is a 

good measure of glycolytic demand in vivo and presents a novel method to determine 

Pasteur and Warburg metabolism. The applications of this method are limitless and 

could help monitor treatment effectiveness.  The implementation of 2-NBDG and sO2 for 

glycolysis and oxygenation monitoring would be especially important for pre-clinical 

studies of re-oxygenation after radiation, angiogenesis studies and chemotherapy.  To 
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enhance this technique, addition of Doppler OCT and blood flow dynamics would 

provide fluid distribution information throughout the tissue.  Other possibilities for pre-

clinical monitoring of in vivo therapy with 2-NBDG could be probe-based spectroscopy 

or spectral imaging in solid tumors.  In vivo multi-modal optical measurements of 

metabolic and oxygenation monitoring is a low cost alternative to nuclear methods. 
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5. Conclusions and Future Directions 

5.1 Conclusions 

This dissertation has explored the use of two fluorescence optical contrast agents 

for functional imaging of tissue for cancer discrimination (Chapter 2, 3, 4), and therapy 

monitoring (Chapters 3 and 4).  Molecular optical contrast agents will be an important 

tool for both cancer discrimination and therapy monitoring, especially in low resource 

communities.  Optical contrast agents can be easily produced, stored and applied as well 

as imaged in a low-cost and efficient manner.  The future of these techniques relies on 

research capabilities to demonstrate their effectiveness in comparison to current 

functional imaging that may not be widely available in developing regions.  Two 

separate optical molecular contrast agents were evaluated in this thesis to be universally 

applicable to breast cancer cell lines of varying receptor status as well as discriminating 

normal mammary epithelium in vitro.  2-NBDG was further explored and shown to be 

able to dynamically measure glycolytic need in vitro and in vivo (Chapter 3, 4).  The 

combination of techniques to measure glycolytic need with oxygenation in this 

dissertation demonstrated a novel method to analyze tumor metabolic activity.  The 

work shown here was all completed in breast cancer models, but the ability to monitor 

glycolytic need is applicable to many types of cancer and by combining glycolytic need 

with oxygenation information could be used to begin testing individualized treatment 

planning in pre-clinical models.  
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First, ALA-induced PpIX was determined to be a method to discriminate breast 

cancer cells from normal mammary epithelial cells that was insensitive to receptor 

status.  Breast cancer heterogeneity causes issues in breast cancer detection. Although 

mammograms are excellent for determining breast density and breast structure, 

differences in density and overall breast composition between women can create 

misdiagnoses.  By using techniques that depend on tissue function and added 

fluorescence contrast, sensitivity and specificity can be increased in cancer diagnosis.  ER 

positive cells account for 60% of diagnosed breast cancers and HER 2+ only 20%.  If ALA 

was sensitive to receptor status, the patient population that this procedure of detection 

could be applied would be vastly reduced.  By examining a large number of cell lines, 

the applicability of ALA-induced PpIX for breast cancer was determined.   

To remove the large influence of FAD on the measured tissue a method of post-

administration spectroscopic analysis was determined.  FAD is much brighter in normal 

tissues and when the tissue is excited at 405 nm, bleed through of the FAD signal may 

occur.  This was not an issue in the in vitro intensity measurements because the initial 

baseline fluorescence was removed.  In surgery, images before and after ALA 

administrations are not an option and only post-administration measurements could be 

made.  Therefore, the method of spectroscopic analysis demonstrated here greatly 

improved the clinical applicability of this molecular contrast agent.  Even so, the 

incubation period required for ALA to form PpIX in the mitochondria (several hours) 
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was clinically impractical.  2-NBDG was pursued as an alternative functional contrast 

agent in further studies because it had been shown to have a short incubation period 

[54], ability to be taken up in tissues ex vivo [52] and was determined to be similar to the 

widely used clinical agent, FDG [5]. 

2-NBDG is dependent on cellular glucose uptake and this dissertation explored 

the ability to dynamically monitor glucose need in vitro and then in vivo.  Multiple breast 

cancer cell lines were used in the first portion of the 2-NBDG study.  The results show 

that 2-NBDG intensity is not affected by the receptor status of the breast cancer, similar 

to the ALA study, and therefore could be applied as a ubiquitous technique to breast 

cancer.  Immortalized normal mammary epithelial cell lines were also examined in this 

study to determine cancer specificity.  The MCF12 had a 2-NBDG uptake similar to all 

breast cancer cell lines, while HMEC did not.  The presence of GLUT 1 in the MCF12 and 

its corresponding absence in HMEC demonstrated that the uptake of 2-NBDG is 

dependent on glucose transporters, which are not typically expressed in normal tissue 

[48].  The expression of GLUT 1 and the phosphorylating enzyme HK I did not show 

any linear correlation with 2-NBDG uptake.  For this reason, it was hypothesized that 

the 2-NBDG uptake required GLUT 1 expression.  However, the uptake of 2-NBDG was 

not necessarily dependent on GLUT 1 expression, but was dependent on GLUT 1 

activity.  Anti-cancer therapies that caused a direct increase and decrease in glycolytic 

need were explored.  One therapy, LND, directly inhibited mitochondrial bound HK 
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and 2-NBDG phosphorylation, decreasing the ability for cellular 2-NBDG uptake.  The 

second agent, α-Cinn binds to MCT1 preventing lactate from entering the cell and being 

used as a fuel source for oxidative phosphorylation causing a direct increase in 

glycolytic need.  2-NBDG uptake was found to increase accordingly.  Interestingly, the 

LND was a direct inhibition of the cell’s ability to take in and metabolize 2-NBDG and 

demonstrated that the HK enzyme was vital for 2-NBDG uptake.  α-Cinn implied that 2-

NBDG could be used to measure functional information such as cellular reactions to 

therapy.  The next step was to directly test the responsiveness of cellular 2-NBDG 

uptake with glycolytic need.  The endocrine therapy, tamoxifen, was used to treat ER+ 

(responders) and ER- (non-responders) cells, and it has also been shown to directly 

decrease GLUT 1 expression in responsive cells.  The results showed 2-NBDG uptake 

did not change when hormonal therapy was applied to non-responsive cells, while it did 

decrease in the responder cells. The ability to monitor glycolytic changes is crucial in 

therapy monitoring.  These findings further justified the significance of 2-NBDG and the 

impact it could make in non-invasive therapy monitoring.   

Finally, 2-NBDG was translated to an in vivo murine window chamber model.  In 

this chapter, a novel method of using 2-NBDG in concert with oxygenation 

measurements was demonstrated and showed that the combination of parameters 

allowed for post-hoc discrimination of normoxic tumors from cycling hypoxic tumors. 

The use of only hemoglobin saturation, a conventional measurement, would not have 
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allowed for tumor discrimination and addition of 2-NBDG uptake measurements was 

proven invaluable.  Hypoxia has been previously shown to increase glycolysis, but the 

effect of hypoxia on cellular 2-NBDG uptake was validated on a cellular model by using 

DFO and CoCl2 to stabilize and cause HIF 1α upregulation.  Secondly, this effect was 

demonstrated in a cellular chronic hypoxia model.  However, to apply a forced hypoxic 

technique in vivo, cycling hypoxia was used and it showed an increased cellular 

glycolytic need in vitro and in vivo with an increased uptake of 2-NBDG, but this effect 

preceded the upregulation of the metabolic protein, HIF 1α. The increases demonstrated 

here are most likely the result of Pasteur mediated metabolism causing a direct switch 

from oxidative phosphorylation to glycolysis due to lack of oxygen before protein 

upregulation.  These results show the importance and ease of applying 2-NBDG to pre-

clinical models.  2-NBDG gives the researcher the ability to determine the glycolytic 

need of the tissue in vivo and in combination with hyperspectral oxygenation imaging 

allows tumor microenvironment exploration which potentially could be used for 

preclinical therapy monitoring. 

5.2 Future Directions 

  The ability to measure increased or decreased glycolytic need speaks directly to 

clinical applicability and current clinical problems.  Ideally, 2-NBDG would be 

applicable for an ex vivo diagnostic test.  The functionality of 2-NBDG is not unique and 

2-NBDG uptake and behavior in tissue is very similar to FDG, which is a standard in 
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current medical practice.  FDG has shown itself to be invaluable in cancer patient 

prognosis, diagnosis and therapy monitoring [1].  2-NBDG has the potential to make the 

same impact, especially in areas such as developing countries and rural communities 

that do not have access to facilities with PET-FDG or ability to pay the cost for FDG. 

However, 2-NBDG toxicity and drug approval is needed prior to use in vivo in humans.  

2-NBDG is an optical molecular contrast agent that could be used for basic science to 

determine glycolytic kinetics without therapeutically effecting the cancer, a tool for 

probe based fluorescence measurements, pre-clinical treatment analysis and in ex vivo 

clinical specimens. 

5.2.1 2-NBDG cellular characterization 

Basic science research on 2-NBDG uptake and cellular location should further be 

explored.  The chronic and cycling hypoxia studies shown in Chapter 4 demonstrated 

large variations in 2-NBDG uptake and cellular retention.  In the chronic hypoxia, the 2-

NBDG distribution was very pointed whereas the cycling hypoxia had 2-NBDG 

diffusely spread throughout the cells.  The variations in the distribution were explained 

by the differences in experimental timeline.  However, further study in to the exact 

locations and higher resolution cellular studies should be conducted.  This could be 

easily implemented by utilizing stains to co-localize known cellular components such as 

Hoechst staining for cellular membranes and DAPI for cell nuclei.  I hypothesize that in 
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healthy cells the 2-NBDG will be more diffusely spread out throughout the cytosol, 

similar to that seen in the cells in Chapter 3. 

Alternatively, basic studies using chemoresistance will be important using 2-

NBDG techniques. Cell lines such as chemoresistant and non-resitstant MCF7 should be 

tested to determine if the change in 2-NBDG denotes responders from non-responders.  

Hypothetically resistant will not change their 2-NBDG uptake after therapy whereas 

non-resistant cells will show a change similar to that exhibited in Chapter 3 in the 

tamoxifen ER+/- studies.  This is a singular step forward toward further verification of 

the use of 2-NBDG in applications towards therapy monitoring, but more than this 

would be required of a whole study. 

5.2.2 2-NBDG for use in determining glycolytic kinetics 

A specific in vitro study of interest is to determine the changes in glycolysis over 

time and their effect on 2-NBDG uptake.  Hypoxia was stimulated using deferoxamine 

(DFO) and cobalt chloride (CoCl2) chemical upregulation of HIF 1α on 4T1-RFP cells in 

Chapter 4.  Both of these chemicals stabilizes HIF 1α by preventing oxygen 

dependendent degradation [112].  In these preliminary tests, cells were treated at 100 µM 

of DFO and CoCl2 for 48 hours and then imaged.  In the 4T1-RFP cellular model in vitro 

it was found that both DFO and CoCl2 caused a significant increase in 2-NBDG uptake 

after this incubation period, p<0.01 (Chapter 4).  The CoCl2 treated cells had a marginally 

greater increase of 2-NBDG uptake (p=0.05).  When the cellular environment was 
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analyzed with Western blot techniques, the upregulation of HIF 1α was present mainly 

in the DFO treated cell line, and the downstream upregulation of GLUT 1 had occurred 

only in the CoCl2 treated cells, as shown in Chapter 4.  Increased GLUT 1 expression has 

been shown be a downstream effect of HIF 1α.  The results of the simulated hypoxia 

experiment suggest that 2-NBDG uptake increases incrementally as proteins become 

upregulated.  This model could be used to see if 2-NBDG uptake increases after HIF 1α 

stabilization, and then again after downstream GLUT 1 and HK, which was not tested, 

increase. I hypothesize that within a single cell line 2-NBDG uptake can be increased 

incrementally by changing protein expression that directly effects glycolysis over time 

such as HIF 1α expression first and the downstream protein expression (GLUT 1 and 

HK, specifically).  If so, 2-NBDG could be used longitudinally to monitor tissue to 

determine increased metabolic behavior associated with cancer. 

5.2.3 Pre-clinical models of therapy 

Longitudinal studies with 2-NBDG and oxygenation are more useful in 

measuring tissue changes after therapy.  By using the combined capabilities, tissue 

reaction to radiation treatment could be studied.  By examining the different reactions of 

tumors and determining the glycolytic tissue demand, individualized treatment plans 

could be developed.  Example hypotheses that could be tested are the following, but not 

limited to: 1) radiation is only useful in the presence of oxygen and therefore, if the 

cancerous tissue is de-oxygenated radiation may not show any changes in 2-NBDG after 
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treatment 2) a tumor that is extremely glycolytic, takes up a lot of 2-NBDG and is 

oxygenated, the tumor will most likely be more aggressive, have higher proliferation 

rates and increase in size at a greater pace than a tumor with low 2-NBDG uptake.  

Correlating responder predictions could be developed non-invasively by using 2-NBDG. 

5.2.4 Fiber based probe 2-NBDG detection 

Our group has developed a Monte Carlo technique that allows for fluorescence 

intensities to be separated from tissue at depths up to 2 mm.  Previous work in this area 

has been used to determine the redox ratio of tissue [113].  However, probe based 

fluorescence measurement could be directly applied to measure 2-NBDG accumulation.  

2-NBDG accumulation would correlate directly with glucose uptake within the tissue, 

delineating tumors.  Clinically, the use of probes could improve patient quality of life by 

greatly reducing the invasiveness of the surgery.  Furthermore with development of 

different probes that explore different depths and areas around the tissue with the 

corresponding fluorescence mathematical models, a map of the tissue could be 

completed from a single biopsy needle insertion.  Simultaneously, by measuring diffuse 

scattering from the tissue, oxygenation could be measured to make a single probe 

placement.  I hypothesize that probe-based measurements will demonstrate 1) 2-NBDG 

fluorescence can be easily measured and quantified with probe-based technology and 2) 

similar results to those demonstrated in this thesis will be obtained where increases in 

glycolysis will correspond with increases in 2-NBDG uptake. 
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Early pre-clinical work validation would be required.  Possibly completed by 

injecting 2-NBDG via tail-vein injection into a mouse flank tumor model and 

demonstrating an increased uptake of 2-NBDG in the tumor flank area and 

perturbations, such as cycling hypoxia, to understand the limitations of the probe based 

method of measuring 2-NBDG.  

A second pre-clinical model that is well developed by our group [113] would be 

the squamous cell epithelial model in the hamster cheek pouch.  Our group has 

previously shown that with intrinsic fluorophores a switch from oxidative 

phosphorylation to glycolysis could be measured.  It would be similarly interesting to 

see if 2-NBDG can be used to validate this measurement and compare it to 2-NBDG 

uptake and then determine if 2-NBDG better determines pre-cancer from cancerous or 

the varying grades of cancer.  I hypothesize the pre-cancerous redox ratio changes seen 

in this model will correspond with increases in glycolysis and 2-NBDG uptake.  This 

could be completed with a probe based system or a microscopy system, but it is 

important for the tumor model to match the capabilities of the probe, as in other probe 

based studies. 

5.2.5 2-NBDG for use in pre-clinical margin assessment models 

By implementing different models, 2-NBDG could serve different functions.  For 

example, by using a spontaneous sarcoma murine model, the ability of 2-NBDG for 

margin detection could be assessed.  This would provide: 1) the ability to avoid tissue 
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host interaction caused by tumor implantation which is possibly seen in the flank and 

window chamber model and 2) a model with infiltrating cancer cells.  The tumor 

margins and edge of fluorescence should correlate with histology, but may not directly 

overlap because acidification or effects of the cancerous tissue to the surrounding tissue 

may influence surrounding normal uptake.  If the tumor margins did correlate directly 

with histology, this could imply that the tissue surrounding the sarcoma has pre-

cancerous changes that are potentially detectable and related to changes in glycolytic 

need; similar to the squamous epithelial model previously discussed that could also be 

implemented for use in 2-NBDG margin detection for skin cancer.  I hypothesize that the 

2-NBDG distribution will exceed that of cellular infiltration and early metabolic changes 

will be apparent in this model as seen by increased 2-NBDG uptake in normal tissue. 

5.2.6 Ex vivo clinical samples 

Ideally, in the long-term 2-NBDG could be directly applied to ex vivo clinical 

sample biopsies.  The uptake of 2-NBDG could be measured and correlate to patient 

treatment response, prognosis or prediction of disease, but further development such as 

that discussed in early sections would be necessary to develop the kinetics of 2-NBDG to 

see if it can be used for pre-clinical diagnosis, how accurate 2-NBDG is in ex vivo samples 

and if uptake is representative of disease state, etc.    Being able to complete simple 

measurement on 2-NBDG uptake with ex vivo tissue could have a large impact in low 
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income areas where hand held fluorescence measuring devices can potentially be 

implemented on a simple cell phone platform. 

2-NBDG has been shown to be able to distinguish changes in glycolytic 

responses in vitro (Chapter 3).  Initial studies could be developed by collecting clinical 

RPFNA samples and correlating its short-term breast cancer risk, which is clinically 

meaningful, to the cellular 2-NBDG uptake.  The next step for this technique is to 

eliminate the current scientific challenges.  One of the main scientific challenges is 

sample preparation.  Sample preparation is important and issues such as removal of red 

blood cells and separation of epithelial tissue from lipids will need to be directly 

addressed prior to 2-NBDG protocol development.  Another developmental challenge is 

the amounts of cells low risk women typically have removed such procedures.  I 

hypothesize that women at high risk will have increased glycolysis. 

Following complete protocol development, several administrative challenges 

also exist for this study prior to implementation in the clinic as discussed in the 

introduction section about diagnostic test requirements.  The cost analysis of this 

technique must prove that it provides as much diagnostic information as the current 

standard of care as well as cheap to conduct and reproduce.  If this technique cannot be 

conducted in a more cost-effective manner than current pathologists then it will never be 

adopted.   
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The future directions for the applications of 2-NBDG to impact clinically relevant 

problems are wide open.  2-NBDG can be currently applied to address many pre-clinical 

issues and ex vivo clinical tissue, but some more mechanistic data is required prior to in 

vivo human administration.  The greatest potential for 2-NBDG lies in its cost-effective, 

low technology requirements by which to detect, produce and store it, making the most 

impact in developing countries. 
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Appendix A: Diagram of Steps in Glycolysis 

 

Figure 22: Glycolytic Pathway [114] 
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Appendix B:  Preliminary results for ALA protocol 

development 

The following data was used to develop the protocol for all 2-NBDG experiments 

in Chapter 3. 

B.1 Cellular expression of PpIX at differing ALA Concentrations 

To determine the concentration of ALA to be administered to cells, T47D cells 

were treated at 3 different concentrations. A total of 2 dishes were plated at 200,000 cells 

per plate and allowed to attach for 24 hours.  These plates were imaged at 2 spots (n=4) 

on the SP5 confocal microscope with excitation at 405 nm and emission collection from 

610-700 nm.  The SP5 confocal configuration is discussed in Chapter 2 and was used for 

all subsequent in vitro protocol development.  Images were line averaged 16 times and 

fluorescence intensity of each cell was determined.  Images were calibrated to a standard 

calibration bead, previously discussed.  Fluorescence analysis was completed by circling 

the entire cell and averaging the mean fluorescence with the non-fluorescent cellular 

nucleus and a secondary method was evaluated with the non-fluorescent cellular 

nucleus subtracted.  Fluorescence analysis showed that no significant differences existed 

in both relative changes in fluorescence intensity of varying concentrations when the 

nucleus was included and the value of mean fluorescence intensity when the nucleus 

was included.  The nucleus was included in all subsequent analysis. 
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Mean fluorescence intensity of varying concentrations of ALA showed no 

significant differences between 750 µg/mL and 500 µg/mL, but both of these 

concentrations were significantly more fluorescent than 250 µg/mL.  It should be noted 

that 1000 µg/mL was measured as well, but the cells did not survive the 2 hour 

incubation period and no data was taken.  To prevent any possible cell death caused by 

too high of a concentration, 500 µg/mL was chosen as the concentration to treat all cells. 

 

Figure 23:  Mean fluorescence intensity and standard deviation of varying ALA 

concentrations (n=4) 

B.2 ALA kinetics in a subset of cells 

To determine the best time at which to image ALA-induced PpIX, a single dish 

was plated at 200,000 cells per plate and allowed to attach for 24 hours from MCF10A, 

MCF7 and MDA-MB-435.  This plate was treated with 500 µg/mL and imaged on the SP5 
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confocal microscope with excitation at 405 nm and emission collection from 610-700 nm 

every 15 minutes for 2 hours.  Figure 23 shows the fluorescence increase over time in 

three cell lines representing the different estrogen receptor expressions.  As expected, 

the percent change in fluorescence increased with longer incubation time.  The change in 

fluorescence for the ER- cell line increased at a higher rate than the ER+ malignant cell 

line.  However, both show a greater increase over 120 minutes than the normal cell line.  

Four and six hour incubation times were tested with separate dishes (data not shown), 

but they did not show a large enough increase over the two hour incubation time to 

warrant the longer incubation time.  Two hours was determined to be the optimal time 

to measure PpIX fluorescence since the change in ER- and ER+ malignant cells were 

300% and 50% greater than normal, respectively.   

 

Figure 24: Kinetics of ALA-induced PpIX fluorescence expression in MCF10A, MCF7 

and MDA-MB-435 cells 
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Appendix C:  Preliminary results for 2-NBDG in vitro 
protocol  

The following data was used to develop the protocol for all 2-NBDG experiments 

in Chapter 3. 

C.1 Fluorescence intensity of 2-NBDG at different wavelengths 

To determine the optimum excitation wavelength of 2-NBDG, 2 dishes of MCF7 

cells were plated at 200,000 cells per plate and allowed to attach for 24 hours.  The dishes 

were then treated with 100 µM of 2-NBDG for 20 minutes before the cells were washed 3 

times with PBS and imaged.  These dishes were imaged in 2 spots (n=4) on the SP5 

confocal microscope with varying excitation and emission collection from 515-585 nm.  

Fluorescence analysis was completed to determine the mean fluorescence intensity at 

each excitation wavelength.  Fluorescence analysis showed that no significant 

differences existed with excitation at 405, 476 nm and 488 nm.  However, excitation at 

458 nm had lower 2-NBDG fluorescence intensity than all other excitation wavelengths.  

The excitation wavelength of 488 nm was chosen for further investigation since it was 

the same as a previous study [52]. 
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Figure 25:  Mean fluorescence intensity and standard deviation of MCF7 cells 

treated with 2-NBDG and excited at varying wavelengths 

C.2 Comparison of different incubation times for 2-NBDG 

2-NBDG is fluorescent and when it is added to the cell dishes causes a great deal 

of background if not properly washed with PBS.  Therefore, unlike the non-fluorescent 

pro-drug ALA, which induces fluorescent PpIX over time, the kinetics 2-NBDG cannot 

be explored in a single plate.  Not only is the background an issue, but multiple 

washings will cause the cells to shrink up and die after a short period and multiple 

treatments of 2-NBDG will inhibit further cellular uptake of 2-NBDG.  Previous studies 

have shown that the presence of glucose or a glucose-tagged marker inhibit 2-NBDG 

uptake [52, 54].  Instead, multiple plates were 2-NBDG labeled and compared at 3 

different time points after labeling.  As before, 2 dishes of MCF7 cells for each time point 

were plated at 200,000 cells per plate and allowed to attach for 24 hours.  The dishes 

were then treated with 25 µM of 2-NBDG before the cells were washed three times with 
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PBS and imaged.  These dishes were imaged in 2 spots (n=4) on the SP5 confocal 

microscope with excitation at 488 nm and emission collection from 515-585 nm.  

Fluorescence analysis was completed to determine the mean fluorescence intensity at 

each incubation time point.  Fluorescence analysis showed that with increasing 

incubation time 2-NBDG uptake increases in cells significantly between control, 20 

minutes and 45 minutes.    Therefore, a treatment time of 20 minutes was chosen as it 

was the shortest significantly different time and is clinically applicable. 

 

Figure 26: Mean fluorescence intensity and standard deviation of 2-NBDG 

labeled MCF7 cells at 3 time points in comparison to the control 

C.3 Comparison of differing 2-NBDG concentrations in vitro 

To determine the concentration of 2-NBDG to be administered to cells, normal 

mammary epithelial cells (HMEC) and breast cancer (MCF7) were treated at 3 different 

concentrations. A total of 2 dishes were plated at 200,000 cells per plate and allowed to 

attach for 24 hours.  These plates were imaged at 2 spots (n=4) on the SP5 confocal 

microscope with excitation at 488 nm and emission collection from 515-585 nm.  Mean 
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fluorescence intensity of varying concentrations of 2-NBDG showed no significant 

differences normal and cancer at low 2-NBDG concentrations (50 µM) and demonstrated 

a high mean fluorescence intensity.  Concentrations of 100 µM and 200 µM showed 

significant differences between the uptake of 2-NBDG in cancer and normal.  The low 

concentration uptake is believed to be due to the baseline glycolysis present in both cell 

lines, therefore, the higher concentration of 100 µM was chosen.  200 µM, although it had 

a significantly higher uptake in the MCF7 cells than unlabeled and 50 µM of 2-NBDG, 

exceeded the dynamic range of the SP5 confocal detector at the settings required to take 

control images.  The 100 µM concentration in the MDA-MB-435 cell line exceeded the 

dynamic range of the detector at points within the cell as shown in Chapter 3, but was 

within range for the other cell lines and was therefore chosen for cell treatment.   

 

Figure 27: Mean calibrated fluorescence intensity and standard deviation of cells 

treated with 2-NBDG for 20 minutes at varying concentrations. 
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Appendix D:  Evaluation of 2-NBDG for murine 
mammary cell line in vitro and in vivo 

The following data was taken during protocol development for the murine 

mammary in vitro and in vivo data presented in Chapter 4. 

D.1 2-NBDG cellular decay in 4T1-RFP cells after 2-NBDG 
labeling 

The kinetics of 2-NBDG degradation was studied to ensure that a long enough in 

vivo incubation time could be imaged.  A single plate of 200,000 4T1-RFP cells was 

administered 100 µM of 2-NBDG for 20 minutes and then washed with PBS 3 times.  

These cells were then placed in the temperature controlled chamber in the SP5 and 

imaged every 10 minutes to determine the time required for cells to degrade the 2-

NBDG-6-phosphate trapped in the cell into a non-fluorescent form.  The cells were not 

imaged prior to treatment and therefore, the data is not background subtracted or 

normalized.   

After approximately 60 minutes, the cells degraded the 2-NBDG-6-phosphate 

into a non-fluorescent form.  However, the 60 minute incubation period was not well 

received by the cells, which over time began to ball up, die and release from the dish 

coverslip.  This explains the negative change in fluorescent intensity from baseline.  

These results were used to determine that after administration to the animal via tail-vein 

injection, the 2-NBDG should be monitored for at least 60 minutes.   
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The first two animals were imaged for 120 minutes, but after the first 60 minutes 

the fluorescence intensity did not degrade significantly so all subsequent animals were 

only imaged for 60 minutes. 
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Figure 28: Degradation of 2-NBDG in the 4T1-RFP cells 

D.2 In vivo uptake of 2-NBDG at a concentration of 100 µµµµg/mL in 
vivo 

Two differing concentrations of 2-NBDG were used during the normoxic in vivo 

experiments, 100 and 200 µg/mL for 3 mice each.  The same experimental protocol was 

used as in the Methods section of Chapter 4.  The concentration of 200 µg/mL was 

chosen for all cycling hypoxia experiments because it showed superior contrast between 

tumor and control as well as had significantly greater fluorescence intensity compared 

to 100 µg/mL.  The following figure shows representative images of tumor and normal 

animals treated at 100 µg/mL and a comparison of the mean fluorescence intensity 
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values and standard error obtained at the 100 µg/mL concentration for tumor and 

normal as well as between the 100 and 200 µg/mL concentrations. 

 

Figure 29: Representative images of tumor and normal tissue after administration of 

100 µµµµg/mL the corresponding mean fluorescence intensities and standard error (a) as 

well as a comparison of the mean fluorescence intensities and standard error of 100 

µµµµg/mL treated tumor and 200 µµµµg/mL treated tumor. 
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