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ABSTRACT OF THE DISSERTATION 

 
Fluorescence and Phosphorescence Lifetime Imaging Microscopy for Spatial Mapping of 

Tumor Behavior 
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Doctor of Philosophy in Biomedical Engineering 
 

 University of California, Irvine 2018 
 

Professor Michelle A. Digman, Chair 
 
 
 

Fluorescence intensity measurements in cellular microscopy have become a 

valuable tool for resolving cellular structures and quantifying protein dynamics. 

Furthermore, the fluorescence lifetime can reveal additional information about the local 

molecular environment because the lifetime of a fluorophore is sensitive to changes in 

excited state reactions such as dynamic quenching. The spatial resolution afforded by these 

photoluminescence-based methods also enables the interrogation of non-homogeneous 

phenomenon in complex biological systems. Here, we applied lifetime imaging methods to 

spatially map variations in tumor behavior.  

 Therapeutic resistance is associated with tumor heterogeneity necessitating the 

development of techniques that can non-invasively identify distinct functional 

subpopulations. Thus, we studied glioblastoma heterogeneity using the lifetime of 

endogenously fluorescent NADH. With this label-free method, we identified a significant 

difference in the lifetime signature between tumor mass cells and stem-like tumor 

initiating cells.  Furthermore, we were able to distinguish between the two subpopulations 
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in a mouse xenograft model as well as monitor the transition in populations driven by 

culture conditions.  

 In addition to cellular heterogeneity, in vivo nutrient and oxygen gradients can also 

drive phenotypic variations illustrating the need for accurate recapitulation of varying local 

environments. Thus, we developed a method to non-invasively monitor cellular respiration 

in real time. Using tumor spheroids as the 3D model, we characterized the oxygen gradient 

using phosphorescence lifetime imaging microscopy and found lower oxygen concentration 

at the center of the spheroid relative to the periphery. 

 Finally, we analyzed changes in the fluorescence lifetime of a FRET biosensor to 

better understand the spatial regulation of Rac1 within a spheroid model. While the 

important regulatory roles of Rac1 in migration and in response to hypoxia have been 

studied separately in 2D, spheroid models contain both migrating cells along the surface 

and a hypoxic core. We found higher levels of Rac1 activation at the core relative to the 

surface of the spheroid, revealing how Rac1 may be spatially regulated within tumors in 

vivo. 

Overall, we have used changes in the molecular environment detected by lifetime 

imaging techniques to spatially map functional subpopulations of cells, oxygen 

concentration, and protein activation to gain insight on tumor behavior. 
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CHAPTER 1 

 

INTRODUCTION 

 

1.1 Complexity of tumor microenvironments 

Recent research in cancer biology has revealed the complexity of the tumor 

microenvironment, which is created by the interactions between both malignant and non-

transformed cells (Balkwill et al., 2012; Wang et al., 2017; Whiteside, 2008).  Within the 

tumor microenvironment, there exist variations in cell types, oxygen and nutrient 

gradients, and cell behavior; however, many biological tools for studying cancer still treat 

the tumor as a uniform sample. Studies often rely on single populations of cells grown in 

flat culture conditions, and analyses often measure the average of the entire population. 

While these studies have provided a general idea of tumor behavior, by only measuring at 

the population level, information regarding biological variation and rare cell types are 

overlooked.  

 

1.2 Cancer stem cells 

Cancer stem cells are a rare subpopulation of cells within the tumor that are believed to 

promote cancer treatment resistance and recurrence (Das et al., 2008). Similar to normal 

stem cells’ ability for self-renewal and their role in tissue development, the cancer stem cell 

subpopulation possesses the ability for self-renewal and enables the development of the 

tumor. In addition, they exhibit higher levels of therapeutic resistance than the overall 
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tumor (Bao et al., 2006; Colak and Medema, 2014; Eyler and Rich, 2008; Prieto-Vila et al., 

2017).   

Cancer stem cells were first identified in acute myeloid leukemia using cell surface 

markers for normal hematopoietic stem cells (Bonnet and Dick, 1997; Heddleston et al., 

2011; Lathia et al., 2015). While most acute myeloid leukemia cells had limited 

proliferation capacity, a subset of cells with the CD34+/CD38- immunophenotype were 

able to initiate human acute myeloid leukemia in immunocompromised mice, suggesting 

the ability to differentiate, proliferate, and self-renew (Bonnet and Dick, 1997). Similar 

studies were then performed to identify these cancer stem cells in solid tumors, including 

brain tumors (Singh et al., 2004). 

Glioblastoma is the most common and aggressive form of malignant brain tumor, and is 

associated with high morbidity and mortality.  Even with treatment, the median survival 

time for patients with glioblastoma is only 12-15 months (Wen and Kesari, 2008). The high 

levels of tumor heterogeneity within glioblastoma tumors have been associated with its 

treatment resistance. In particular, the glioma stem cell population has been found to be 

resistant to conventional radiation and chemotherapy treatment. However, it is believed 

that by targeting this subpopulation, the ability for the tumor to self-renew will be 

eliminated, resulting in tumor regression (Das et al., 2008).  

CD133 is widely used as a marker for identifying glioma stem cells, and silencing CD133 

in glioma stem cells was found to impair its self-renewal and tumorigenic capacity (Brescia 

et al., 2013; Singh et al., 2004). In addition to cell surface markers, epigenetic regulators 

have also been used to target glioma stem cells. The epigenetic regulators, BMI1 and EZH2, 

have been shown to be effective at targeting glioma stem cell populations.  Pharmacologic 
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inhibition of BMI1 and EZH2 in combination was more effective at improving survival rates 

in a glioma xenograft model than either inhibitor alone (Jin et al., 2017). In addition, 

targeting glioma stem cell-derived pericytes have enabled the selective disruption of the 

blood-tumor barrier, while leaving the blood-brain barrier intact in a xenograft model.  

This enabled the increased effusion of drug into tumors to improve the efficacy of 

chemotherapeutics (Zhou et al., 2017a).   

While these studies demonstrated the therapeutic potential of targeting glioma stem 

cells, the real-time identification of cancer stem cell remains a challenge (Heddleston et al., 

2011).  Glioma stem cells studies have primarily relied on studying cell cultures enriched 

for cancer stem cells and functional survival assays using xenograft models.  Cultures 

enriched for cancers stem cells enable researchers to specifically study the response of 

cancer stem cells, however, because of the crosstalk that occurs between tumor 

subpopulations, this model may not properly recapitulate physiological tumor behavior.  In 

contrast, while glioblastoma xenograft models enables crosstalk between tumor 

subpopulations, these survival assays monitor the behavior of the overall tumor and do not 

allow for selectively monitoring glioma stem cell subpopulations.  It would be 

advantageous to have a marker for glioma stem cell subpopulations to observe their 

behavior in response to treatment within a heterogeneous population.  Current markers for 

glioma stem cells include the cell surface marker CD133.  However, limitations in current 

methods to label CD133 in vitro prevent its application to dynamically monitor populations 

in live cells.  Therefore, in Chapter 3 we will identify an intrinsic maker to non-invasively 

identify glioma stem cells enabling selective dynamic monitoring of glioma stem cells 

within a heterogeneous population. 
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1.3 Hypoxia within the tumor microenvironment 

In addition to variations in cell types, there are also gradients of oxygen concentration 

within the tumor environment.  These oxygen gradients are a result of the disparity 

between the oxygen consumption rates of the cells and the rate of oxygen delivered by the 

vascular system.  Due to the increased proliferation rate of cells within tumors resulting in 

an increase in the consumption of oxygen, tumors often contain regions of hypoxia.  

Hypoxia within the tumor is now known to play a key role in the progression of tumors and 

their resistance to treatment (Eales et al., 2016; Gray et al., 1953; Muz et al., 2015).   

In relation to glioma stem cells, a hypoxic niche is believed to maintain the glioma stem 

cell population through the stabilization of hypoxia-inducible factor 2α (HIF2α) (Seidel et 

al., 2010).  Hypoxia inducible factors (HIFs) are transcription factors that are primarily 

responsible for changes in gene expression mediated by hypoxic environments. HIFs are 

composed of two subunits, an α (HIF-α) and a β (HIF-β) subunit.  Regulation by HIFs 

primarily occurs through the stabilization of HIF-α.  Under high oxygen conditions, HIF-α is 

rapidly degraded.  The mechanism for degradation involves the hydroxylation of two key 

proline residues by prolyl hydroxylase (PHD) enzymes that catalyze the binding of HIF-α to 

the Von Hippel-Lindau tumor suppressor protein (VHL).  The binding to VHL leads to the 

ubiquitination of HIF-α and proteasomal degradation.  In contrast, at lower oxygen 

concentrations, HIF-α is increasingly stabilized and binds to HIF-β subunits in the nucleus 

and to DNA to activate transcription (Keith and Simon, 2007; Semenza, 2012b).  While HIF-

1, which is composed of HIF-1α and HIF-1β, is expressed in nucleated cells of all metazoan 

species, HIF-2, which is composed of HIF-2α and HIF-1β, is only expressed in particular 
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cells in vertebrate species (Semenza, 2012b).   HIF-1 was reported to be activated in all 

cancer cells, but because it is also activated in normal neural progenitor cells, its 

therapeutic application is limited.  In contrast, HIF-2α was found to be activated in the 

glioma stem cell subpopulation, and it was not expressed in normal neural progenitor cells 

(Heddleston et al., 2009).  In glioma cells, hypoxic culture conditions were able to promote 

a more stem-like phenotype and upregulate the expression of stem cell factors, including 

OCT4, NANOG, and c-MYC.  When the non-stem population of glioma cells was forced to 

express non-degradable HIF-2α, a more stem-like phenotype and an upregulation of stem 

cell factors was also observed.  This suggests the important role of hypoxia in the 

microenvironment and the activation of HIF-2 in maintaining and promoting the 

reprogramming of glioma stem cells (Heddleston et al., 2009). 

In addition to supporting the subpopulation of glioma stem cells, hypoxia has also been 

shown to promote treatment resistance through co-opting physiological responses to 

hypoxia (Semenza, 2012b).  The overexpression of HIF-1α in tumors has been associated 

with poor prognosis in many cancers, and the increase in HIF-1 activity promotes many 

functions key to tumor progression, including angiogenesis, genomic instability, immune 

evasion, invasion and metastasis, and radiation resistance (Semenza, 2011).  Therefore, the 

ability to monitor the concentration of oxygen within a tumor environment would enhance 

our understanding of tumor behavior.  

While conventional two-dimensional (2D) cultures are common due to its relative ease 

of use, cells physiologically exist within a three-dimensional environment.   2D monolayer 

cultures are limited in their ability to recapitulate the 3D in vivo environment, including the 

geometry required to maintain gradients of oxygen concentration.  In flat 2D cultures, 
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oxygen is uniformly accessible to all cells, while tumors have regions of higher and lower 

oxygen depending on the rates of oxygen consumption and the delivery of oxygen by blood 

vessels.  To recapitulate oxygen gradients, 3D cultures using multicellular tumor spheroids 

have been applied.  Tumor spheroids are formed by allowing cells to aggregate into a 

spheroid on the order of 500 μm, and these spheroids mimic small avascular tumors and 

micrometastases (Carver et al., 2014; Costa et al., 2016).  Due to the limited diffusion of 

oxygen through the spheroid, this model is able to recapitulate the gradient of oxygen 

concentration with a lower concentration of oxygen at the center of the spheroid (Costa et 

al., 2016).  Using this model, in Chapter 4 we developed an assay to image the gradient of 

oxygen within a tumor model.  This will enable future studies to better understand the role 

of hypoxia in tumor development. 

 

1.4 Rho GTPases in cancer 

To extend our use of 3D multicellular tumor spheroids, we next applied the model to 

study the activation of the Rho GTPase Rac1 in 3D.  The Rho family of small GTPases has 

been extensively studied for their role in the regulation of cell migration (Raftopoulou and 

Hall, 2004; Ridley, 2015).  They typically act as molecular switches and are active when 

bound to GTP and inactive when bound to GDP.  This switch is carefully regulated through 

guanine nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs), and 

guanine nucleotide dissociation inhibitors (GDIs).  GEFs activate Rho GTPases by 

exchanging of GDP for GTP.  GAPs inactivate Rho GTPases by catalyzing the hydrolysis of 

GTP to GDP.  GDIs bind to Rho GTPases to inhibit them by sequestering them in the cytosol 

away from their sites of action in the membrane (Haga and Ridley, 2016).   
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Within the family of Rho GTPases, Rac1, Cdc42, and RhoA have been the best studied 

primarily for their role in cell migration (Haga and Ridley, 2016).  Interestingly, while Rac1 

is well known to be active at the leading edge of migrating cells and drive the formation of 

the lamellipodia, it has also been shown to be activated in hypoxic conditions to induce the 

expression of HIF-1α (Du et al., 2011; Hirota and Semenza, 2001; Kraynov, 2000; Ridley, 

2015).  Both the ability to migrate and invade the surrounding tissue and the response to 

hypoxia are important steps in the progression of tumors.  Therefore, we are interested in 

better understanding the role of Rac1 in tumor development.   

Using the tumor spheroid model, we are able to recapitulate a developing tumor and 

simultaneously observe the invasion of the surrounding tissue and the response to the 

hypoxic core.  Therefore, in Chapter 6 we developed an assay to monitor the activation of 

Rac1 in living cells with high spatial resolution to understand the spatial regulation of Rac1 

in a 3D environment. 

 

1.5 Single cell assays to identify heterogeneity within tumors 

These variations in behavior and rare cell types are now believed to be critical to 

understanding tumor recurrence and drug resistance, leading to significant resources 

being allocated towards the development of tools for single-cell analysis (Roy et al., 2018). 

Single-cell RNA sequencing technologies have been a key development in recent years 

(Navin, 2015), and they have provided insight into the role of heterogeneity in tumor 

behavior, treatment, and prognosis (Patel et al., 2014). However, single-cell RNA 

sequencing technology often requires the dissociation of tissues into single cells before 

analysis. This leads to a loss of spatial context for each cell. It is now well accepted that the 
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tumor microenvironment is a key regulator of individual cell behavior (Bissell and Hines, 

2011; Bissell and Radisky, 2001; Ghajar et al., 2013). Therefore, in addition to single-cell 

resolution, the spatial organization of the cell is necessary to fully understand tumor 

behavior.  Thus, to accomplish our aims of studying heterogeneity in cell types, oxygen 

concentration, and the activation of Rac1 within a tumor model, we will rely on microscopy 

techniques, specifically fluorescence and phosphorescence lifetime-based imaging 

methods. 

 

1.6 Fluorescence lifetime 

Microscopy techniques are able to provide the necessary spatial resolution for single 

cell and even subcellular analysis, and they enable the non-invasive interrogation of 

samples without the need for dissociation. The application of fluorescence to microscopy 

has become a valuable contrast enhancer. Specific endogenous fluorophores within the 

cells can be targeted based on their known excitation and emission spectrums. In addition, 

highly selective labeling through the use of exogenous fluorophores, in the form of 

molecular probes or fluorescent proteins, can further target molecules of interest (Renz, 

2013). Fluorescence intensity measurements have been used to finely resolve cellular 

structures and quantify protein dynamics. To complement fluorescence intensity, the 

fluorescence lifetime is an additional parameter that can be measured to gain additional 

information about the molecular environment. 

For fluorescence to occur, a photon with the appropriate energy is absorbed by the 

fluorophore exciting the molecule from the singlet ground state, S0, to a higher electronic 

state, S1 or S2. Within these electronic energy states, there are multiple vibrational energy 
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levels where the fluorophore can exist. Internal conversion quickly occurs, relaxing the 

molecule to the lowest energy vibrational level of S1. The fluorophore then emits a photon 

and returns to the ground state. This process is illustrated in the Jablonski diagram (Figure 

1.1). The fluorescence lifetime of a molecule is defined as the average time that a 

fluorophore spends in the excited state before returning to the ground state by emitting a 

photon. Fluorescence lifetimes generally are on the order of 10 ns (Lakowicz, 2006). 

Processes that perturb the excited state of a fluorophore, including dynamic quenching 

(also known as collisional quenching), would affect the measured lifetime. Thus, 

measurements of the fluorescence lifetime provide insight into the molecular environment. 

 

 

Figure 1.1: Jablonski diagram of fluorescence. The absorbance of light excites the molecule 

from the ground state, S0, to an excited state, S1 or S2. Internal conversion relaxes the 

molecule to the lowest energy vibrational level before a photon is emitted at a later time to 

return the molecule to the ground state.  Figure adapted from (Lleres et al., 2007) 

 

1.7 Measurement of fluorescence lifetime 

 The acquisition of fluorescence lifetime data is commonly performed by either time-

domain or frequency-domain methods (Figure 1.2). In time-domain methods, a pulsed 

light source is applied to excite the sample. Photons are detected by photomultiplier tubes 
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or avalanche photodiodes, and time-correlated single photon counting (TCSPC) is used to 

record the time between the excitation pulse and the detection of the emitted photon. A 

histogram is constructed of the distribution of time between excitation and photon 

collection (Figure 1.2a). The distribution can then be described as the equation: 

  ( )     
( 
 

 
) (Equation 1.1)  

where I is the intensity, I0 is the intensity at time 0, τ is the lifetime, and t is the time after 

the excitation pulse.  

 

 

Figure 1.2: FLIM data acquisition. Time-domain (A) and frequency-domain (B) 

representation of FLIM data acquisition.  

 

In frequency-domain methods, the excitation source is modulated sinusoidally at 

high frequencies. The fluorescence emission will occur at the same frequency as the 

excitation source. However, it will have a phase delay and a change in amplitude relative to 

the excitation source due to the sample’s fluorescence lifetime (Figure 1.2b). A molecule 

with a longer fluorescence lifetime will experience a larger phase shift and a smaller 

demodulation ratio. The relationship is described by the following equations: 
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          (Equation 1.2) 

   
 

√  (   ) 
 (Equation 1.3) 

   
         

         
 (Equation 1.4) 

where φ is the phase delay, ω is the angular modulation frequency of the excitation source, 

τP is the phase lifetime, m is the modulation factor, τM is the modulation lifetime, and ACEX, 

DCEX, ACEM, and DCEM are illustrated in (Figure 1.2b). For measurements of molecules with 

a single lifetime, τP and τM are equivalent. Although the equipment for time-domain and 

frequency-domain methods differ, the data are mathematically equivalent and can be 

interconverted by Fourier transform (Berezin and Achilefu, 2010).  

 

1.8 Phasor approach to FLIM 

In contrast to methods that derive values for fluorescence lifetimes by fitting 

exponential decay equations (Equation 1.1), the phasor approach to FLIM is a rapid, fit-

free method for analyzing FLIM data without requiring the calculation of lifetimes. Instead, 

the method transforms each pixel of the fluorescence lifetime image into a point on the 

phasor plot, and analysis can be performed based on the clustering of pixels in specific 

regions of the phasor plot (Digman et al., 2008). This transformation is performed by 

applying a sine and cosine transform to the time delay histogram of each pixel as described 

in (Equation 1.5 and 1.6). Similarly, if the data is acquired in the frequency-domain, it can 

be expressed in terms of the modulation factor and the phase delay (Equation 1.7 and 

1.8).  
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     ( )   
∫     ( )        
 
 

∫     
 
 

( )   
 (Equation 1.5) 

     ( )   
∫     ( )        
 
 

∫     
 
 

( )   
 (Equation 1.6) 

     ( )              (Equation 1.7) 

     ( )              (Equation 1.8) 

 

where g and s are the coordinates on the phasor plot, and i and j are the indices to identify 

pixels on the image. 

 

The coordinates are then plotted on a 2D histogram, known as the phasor plot. In 

addition, points on the phasor plot can then be assigned a color to label the image. This 

gives the ability to identify regions in the image containing specific FLIM signatures. 

When transformed onto the phasor plot, pixels containing only a single lifetime will 

appear on a semi-circle, known as the universal circle, while pixels containing a mixture of 

lifetimes will appear within the circle. In addition, pixels containing a mixture of lifetimes 

will appear along a line connecting the phasor position of its components. The fractional 

intensity contribution of each component can be calculated by the relative distance 

between each component.  
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Figure 1.3: Phasor Plots. (A) Representation of the universal circle on the phasor plot. (B) 

Diagram of points on the phasor containing a mixture of single-lifetime components. 

 

 The phasor approach to lifetime imaging provides multiple advantages over 

traditional equation fitting methods. Fitting methods are computationally intensive and 

require assumptions, including the use of either single- or multi-exponential decay 

equations for the computation of lifetimes. This would then require prior knowledge of the 

sample for accurate calculations. Instead of fitting, the phasor approach is a transformation 

which is computationally efficient, enabling the real-time analysis of data. In addition, the 

transformation of the phasor approach does not require assumptions regarding the 

number of components within the sample. Single exponential decays can be quickly 

determined on the phasor plot by its location on the universal circle, while multi-

exponential decays can be found within the universal circle. Furthermore, due to the 

mapping of pixels between the lifetime image and the phasor plot, lifetime variations 

within an image can be quickly visualized by observing the distribution of clusters on the 

phasor plot, and clusters of pixels on the phasor plot can be selected to map their spatial 

location on the lifetime image. The ability of the phasor approach to efficiently map the 
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spatial location of various lifetime components makes it an essential tool for observing 

variations in lifetimes within the tumor environment. 

 

1.9 FLIM of reduced nicotinamide adenine dinucleotide (NADH) 

Tumor Metabolism 

A defining characteristic of cancer is its altered metabolism, which may be due to 

the need to support its increased proliferation rate. One example of the altered metabolism 

in tumors is the  high level of glycolysis even in the presence of oxygen, known as the 

Warburg Effect (Warburg, 1956). Although observations of the Warburg Effect are widely 

accepted, the advantages of increased glycolysis remain uncertain. In comparison to 

mitochondrial oxidative phosphorylation, glycolysis has ~18 fold lower efficiency at ATP 

production (Hanahan and Weinberg, 2011). This suggests that the switch to glycolysis is 

due to reasons other than energy demands. Studies have proposed that the increase in 

glycolysis is in response to the need for glycolytic intermediates required for anabolic 

reactions during cell proliferation (Lunt and Vander Heiden, 2011; Vander Heiden et al., 

2009), the conditions in the tumor microenvironment (Zheng, 2012), or part of a symbiotic 

relationship between lactate producing and lactate-utilizing tumor cells (Kennedy and 

Dewhirst, 2010). A better understanding of the metabolic switch in cancer and the 

advantages they confer may then present new therapeutic targets. 

Current methods for studying metabolism include assays to measure lactate, ATP, or 

the ratio of [NADH]/[NAD+] from cell lysates. 13C-labeled glucose can also be applied in 

isotope tracing experiments to study metabolism (Hensley et al., 2016). In addition, the 

cellular environments of cells cultured in a microwell plate can be probed for changes in pH 
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and oxygen concentration to correlate to changes in glycolysis and oxidative 

phosphorylation, respectively (Pike Winer and Wu, 2014). These tools have provided great 

insight into the metabolism of homogeneous cell populations. However, they are limited to 

analyzing the sample as a single population, while tumors are composed of metabolically 

heterogeneous cells (Dong et al., 2017). To overcome this limitation, biosensors detecting 

the NADH-NAD+ redox state have also been developed (Hung et al., 2011). While this 

method enables metabolic studies to be performed at single cell resolution, the sensor 

requires transfection into the cell. Transfections have multiple disadvantages. It is an 

invasive process that often results in low transfection efficiency. When studying 

heterogeneous populations of cells, the low transfection efficiency may result in missing 

rare cell populations. Furthermore, transfections are known to be difficult in primary cells, 

which are often preferred in studies of cancer metabolism. Therefore, we will use the 

fluorescence lifetime of endogenous NADH as a non-invasive, label-free, method capable of 

studying tumor metabolism at single cell resolution. 

 

Fluorescence Lifetime Imaging Microscopy of NADH 

While other methods to quantify metabolic activity rely on analyzing cell lysate or 

bulk measurements as in extracellular flux assays, FLIM can directly detect molecular 

changes within the cell. This provides two main advantages: (1) the method is non-invasive 

and metabolic changes can be monitored within living cells over time and (2) imaging 

provides spatial information that can be applied to enable a distinction between cell types 

and subpopulations. 
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 In applying FLIM to metabolism, the fluorescence lifetime of reduced nicotinamide 

adenine dinucleotide (NADH) is measured. Both reduced NADH and its oxidized form, 

nicotinamide adenine dinucleotide (NAD+), are important coenzymes in metabolic 

pathways, however, only NADH is fluorescent (Berezin and Achilefu, 2010). NADH is 

composed of a dihydronicotinamide and an adenine moiety linked by their phosphate 

group, and is believed to exist in two conformations. It is in a folded conformation when 

free in an aqueous solution and in an extended conformation upon binding to an enzyme, 

such as lactate dehydrogenase (Hull et al., 2001; Scott et al., 1970). In the folded 

conformation, a shorter fluorescence lifetime is measured due to dynamic quenching of 

dihydronicotinamide by the adenine moiety in close proximity (Scott et al., 1970). 

Therefore, measurements of fluorescence lifetime of NADH can represent the conformation 

of NADH and the metabolic enzyme activity of the cell (Lakowicz et al., 1992). Previous 

studies have extended this to suggest that a shorter NADH fluorescence lifetime correlates 

with an increase in glycolysis and a larger ratio of cellular [NADH]/[NAD+], while a longer 

NADH fluorescence lifetime correlates with an increase in oxidative phosphorylation (Bird 

et al., 2005; Stringari et al., 2012). 

When we apply the phasor approach to FLIM of NADH, the intensity contribution of 

free to bound NADH can be calculated for each pixel based on the known lifetime of pure 

free and pure bound NADH (Figure 1.3). Therefore, the metabolic state of the cell can be 

compared using this ratio of free to bound NADH measured by FLIM. 

In an early collaboration, we used FLIM of NADH to study the bound to free ratio of 

NADH in a recapitulated tumor microenvironment. Tumor and endothelial cells were 

grown in extracellular matrix (ECM) extracted from normal human colon tissue and colon 
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tumor to determine the role of tumor ECM on cell behavior. Using FLIM, we were able to 

independently assess the behavior of tumor and endothelial cells cultured in the same 

environment. We found that relative to cells cultured in the normal ECM, glycolysis 

increased in both the tumor and endothelial cells when cultured in the tumor ECM. This 

study illustrated the ability for FLIM to independently assess the behavior of specific cell 

types within a co-culture, and it demonstrated the important role of the ECM in regulating 

cell behavior (Romero-Lopez et al., 2017). 

In Chapter 3, we will similarly use FLIM of NADH and the ability to spatially 

distinguish cell types to study functional tumor subpopulations within a heterogeneous 

glioblastoma population. 

 

1.10 PLIM for measuring oxygen concentration 

Oxygen in the tumor environment 

Molecular oxygen is required during mitochondrial oxidative phosphorylation for the 

efficient production of ATP from glucose. In low oxygen conditions, normal differentiated 

cells produce ATP anaerobically by converting the pyruvate generated during glycolysis 

into lactate; however, this method is less efficient than oxidative phosphorylation and 

results in fewer ATP molecules per glucose. In the 1920s, Otto Warburg observed that 

cancer cells generally prefer glycolysis over oxidative phosphorylation regardless of the 

presence of oxygen. This altered metabolic response by cancer cells is now recognized as a 

key marker of cancer, and it has led to studies seeking a better understanding of the oxygen 

consumption rate in cancer cells and the role of oxygen in the tumor environment. 
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Measuring oxygen concentration in biological systems 

Methods to measure the concentration of oxygen in biological systems have included 

electrochemical and optochemical sensors. These sensors can be inserted into the cell 

media to measure the oxygen concentration of the cellular environment. When applied to a 

sealed microwell containing cells, they can measure the change in oxygen concentration in 

the media over time to calculate the cellular oxygen consumption rate in the well. This has 

been recently used in conjunction with a pH sensor that monitors the acidification rate of 

the cell media. When combined, these sensors measure the overall cellular bioenergetics of 

the cell population with the oxygen consumption rate being an indicator of oxidative 

phosphorylation and the extracellular acidification rate indicating the production of lactic 

acid during glycolysis. This assay is known as an extracellular flux assay.  While this assay 

has demonstrated the importance of measuring oxygen concentrations, recent work on the 

development of intracellular oxygen probes seeks to extend the measurement of a single 

cell and subcellular resolution with imaging techniques. 

 

Oxygen Quenching of Phosphorescence 

The probes used for oxygen sensing are excited after absorbing a photon, similar to 

fluorescence. After internal conversion and intersystem crossing, the molecule quickly 

relaxes to an excited triplet state, and the emission of a photon from this state is known as 

phosphorescence. Because the transition from the excited triplet state to the singlet ground 

state is forbidden, the phosphorescence lifetime is long relative to fluorescence. 

Intracellular oxygen probes often rely on the collisional quenching of phosphorescence by 

oxygen. Oxygen is an efficient excited state quencher, and the relatively long lifetime of 
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phosphorescence increases the opportunity for collisional quenching by oxygen molecules 

in the environment. An increase in oxygen in the environment would then increase the rate 

of quenching resulting in a shorter phosphorescence lifetime (Figure 1.4).  

In this Chapter 4, we validated the use of the phasor approach with 

phosphorescence oxygen probes to study both the cellular oxygen consumption rate and 

the oxygen gradient in a 3-dimensional culture model. Similar to the advantages of the 

phasor approach in fluorescence lifetime imaging, when applied to phosphorescence, we 

achieve a fast, fit-free method to graphically analyze lifetime images. 

 

 

Figure 1.4: Quenching of Phosphorescence by Oxygen. After excitation by absorption of a 

photon, the probe is excited from the ground state, S0, to an excited state, S1. Through 

internal conversion and intersystem crossing, the probe relaxes to an excited triplet state. 

Oxygen is an efficient quencher of the excited state returning the probe to the ground state. 

Figure modified from (Ast et al., 2012). 

 

1.11 FLIM of Förster Resonance Energy Transfer (FRET) 

Measuring protein-protein interactions 

Dynamic protein-protein interactions are a key player in regulating cell behavior 

through the formation of stable complexes or transient associations. Biochemical assays, 
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including affinity precipitation assays using cell lysates, are often used to detect protein 

interactions; however, they can overlook weak or transient interactions that occur only 

within the cellular environment (Berggard et al., 2007; Piston and Kremers, 2007). 

Furthermore, these techniques disrupt the spatial organization within cells.  

As an alternative, confocal microscopy has been applied to determine protein-

protein interactions through the co-localization of fluorescently tagged proteins within 

pixels of an image. While this method maintains the spatial organization of the cell, the 

resolution of fluorescence microscopy is approximately 250 nm, while proteins are 

approximately 10 nm. Therefore, while we can detect the co-localization of proteins, we are 

unable to confirm interactions. To overcome the resolution limit, Förster Resonance 

Energy Transfer (FRET) has been leveraged to identify interactions. 

 

Förster Resonance Energy Transfer 

FRET is the non-radiative transfer of energy between two fluorophores, a donor 

fluorophore in the excited state and an acceptor fluorophore in the ground state. Energy is 

transferred from the donor fluorophore to the acceptor fluorophore through dipole-dipole 

interactions without the appearance of a photon. The rate of FRET depends on the spectral 

overlap between the emission of the donor fluorophore and the excitation of the acceptor 

fluorophore, the relative orientations of the fluorophore transition dipoles, the distance 

between the fluorophores, and the quantum yield of the donor fluorophore (Lakowicz, 

2006). The rate of energy transfer, kT, is described by:  

 

 



21 
 

   ( )  
 

  
(
  

 
)
 

 (Equation 1.9) 

where τD is the fluorescence lifetime of the donor in the absence of the acceptor, R0 is the 

Förster distance, and r is the donor to acceptor distance.  

 

At the Förster distance, R0, the energy transfer is 50% efficient. Since the rate of 

FRET is proportional to 1/r6, FRET is near maximum efficiency at distances closer than R0 

and close to zero at distances greater than R0. Therefore, FRET is generally only observed 

at donor to acceptor distances shorter than 1.5R0. Most pairs of fluorophores used in FRET 

have a R0 of approximately 5 nm (Piston and Kremers, 2007). Therefore, FRET is generally 

well suited for detecting protein-protein interactions. 

 

Methods to Measure FRET 

Intensity-based two color ratio imaging is the most common and simplest method to 

quantify FRET. The excitation wavelength is selected to only excite the donor fluorophore, 

and the emission window is selected to only collect emission from the acceptor 

fluorophore. In an ideal case, signal would then only be detected when FRET occurs. 

However, in practice, there is both excitation bleed-through and emission crosstalk that 

complicates the analysis and needs to be corrected (Miyawaki, 2011).  

As a result of FRET, the lifetime of the donor fluorophore decreases due to 

quenching. Thus, by measuring the lifetime of the donor fluorophore, the amount of FRET 

can be determined. This method has the advantage that it is less susceptible to crosstalk 

since only the donor fluorescence is measured, and therefore, correction for crosstalk is not 

necessary (Piston and Kremers, 2007).  
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Using the phasor approach to FLIM, changes in the lifetime due to FRET can be 

easily visualized. The phasor of FRET samples is composed of three species: the 

unquenched donor, the quenched donor, and the background. Without FRET, the sample 

will appear at the phasor position of the unquenched donor. The FRET trajectory is a path 

that connects the phasor positions of the unquenched donor phasor to the background 

phasor (Figure 2.3). As FRET increases, the sample will shift along the FRET trajectory. 

The FRET efficiency of each pixel in the image can then be quickly determined by its 

location along the FRET trajectory (Digman et al., 2008; Hinde et al., 2012). 

 

FRET Biosensors 

 The development of new variants of fluorescent proteins and techniques to 

genetically tag proteins of interest has greatly increased the use of FRET in biology 

(Hochreiter et al., 2015; Tsien, 1998). New variants of fluorescent proteins have led to 

multiple options for acceptor and donor FRET pairs. The selection of FRET pairs involves 

tradeoffs between brightness, photostability, pH dependence, and FRET efficiency 

(Hodgson et al., 2010). Currently, the combination of cyan fluorescent protein (CFP) and 

yellow fluorescent protein (YFP) is the most widely used FRET pair due to the large 

spectral overlap between the emission of CFP and the excitation of YFP, which increases 

FRET efficiency. In our studies, we will be using the CFP and YFP mutants, dTurquoise and 

YPet, for improved brightness (Hirata and Kiyokawa, 2016; Nguyen and Daugherty, 2005).  

 Intramolecular FRET can be used to observe protein-protein interactions. The two 

proteins of interest can be each tagged with a member of a fluorescent protein FRET pair. 

Upon interaction, the two proteins will come into contact bringing the FRET pair into close 
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proximity to enable FRET. This can be performed simply by using two plasmids with one 

plasmid encoding for one protein fused to the acceptor fluorescent protein and the second 

plasmid encoding for the second protein fused to the donor fluorescent protein (Figure 

1.5).  While this method is simple to perform, there are drawbacks that complicate the 

analysis. Primarily, since the proteins are expressed on two separate plasmids, the 

stoichiometry between the acceptor and donor is inconsistent. Crosstalk between the 

fluorophores depends on the relative expression of donor and acceptors; thus, this 

complicates the crosstalk correction.  

 Intramolecular FRET biosensors have been developed to address the limitations of 

intermolecular FRET experiments. These genetically encoded biosensors have been 

developed for many applications including the imaging of Ca2+ concentration, protease 

activity, mechanical stress, and protein-protein interactions (Aoki and Matsuda, 2009; 

Grashoff et al., 2010; Miyawaki et al., 1997; Vanderklish et al., 2000). They are generally 

composed of the fluorescent protein FRET pair, a sensor and ligand domain, and a linker 

that connects the two domains. When the two domains are brought together, the 

fluorescent proteins come into close proximity and FRET occurs. Because all the 

components are expressed together on a single biosensor, it addresses the previous 

limitation of inconsistent stoichiometry between donors and acceptors observed with 

intramolecular FRET. However, the disadvantage of expressing all of the components on a 

single biosensor is that even when the sensor is in its “off” state, some residual FRET 

remains. This increases the background FRET level and decreases the dynamic range and 

sensitivity of the sensor (Hodgson et al., 2010). 
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 To address both the limitations of inconsistent stoichiometry in intermolecular 

FRET and the high background FRET in intramolecular biosensors, self-cleaving dual chain 

biosensors have been developed (Dagliyan et al., 2018; Herrington et al., 2017; Ma et al., 

2018). These biosensors replace the linker with a sequence that self-cleaves during 

translation. Therefore, it maintains an equal stoichiometric ratio between the donor and 

acceptor, while the domains are separated to eliminate FRET when the sensor is in the “off” 

state.  

 In an early collaboration, we used a dual chain biosensor for the small Rho GTPase 

Cdc42 to study the activation of Cdc42 at specific subcellular locations and its regulatory 

roles. The biosensor was developed by the Hahn Lab, University of North Carolina, and it 

makes use of a Cdc42 Binding Domain (CBD) that binds specifically to active Cdc42. The 

two chains on the sensor, CFP-Cdc42 and YFP-CBD, are expressed from the same promoter. 

Two consecutive 2A viral peptide sequences, porcine teschovirus-1 (P2A) and Thosea 

asigna virus (T2A), were inserted between the chains. The 2A sequences “cleave” the two 

chains by ribosome skipping during translation, resulting in two chains of equal 

stoichiometry (Donnelly et al., 2001; Kim et al., 2011). The sensor was used to 

independently measure the activation of Cdc42 at the Golgi and the plasma membrane. We 

found that the activation of Cdc42 at the Golgi was regulated by the Cdc42 specific guanine 

nucleotide dissociation exchange factor (GEF) Tuba and the GTPase-activating protein 

(GAP) ARHGAP10, but not FGD1 or GM130. In addition, activation of Cdc42 at the plasma 

membrane was essential for the organization and function of the centrosome (Herrington 

et al., 2017). 
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 In this Chapter 5, we used a similar biosensor for the small Rho GTPase Rac1 which 

was also developed by the Hahn Lab, University of North Carolina. It uses a p21-binding 

domain (PBD) derived from p21-activated kinase 1, which binds selectively to active Rac1 

(Kraynov, 2000). The two chains in this sensor are YPet-PBD and dTurquoise-Rac1. Similar 

to the Cdc42 biosensor, two consecutive 2A viral peptide sequences were inserted between 

the polypeptide chains to maintain even stoichiometry between the split chains. We used 

this sensor to study the role of Rac1 activation in a 3-dimensional tumor spheroid model. 

 

 

Figure 1.5: Dual chain GTPase FRET biosensor. The biosensor contains two chains, CFP-

GTPase and YFP-BD. The Binding Domain, BD, binds specifically to the active GTP-bound 

GTPase. The binding of the GTPase and BD brings the CFP and YFP FRET pair into close 

proximity to enable FRET. Figure adapted from (Pertz et al., 2006). 

 

 

 

Figure 1.6: Phasor trajectory of FRET biosensors. The phasor of the FRET biosensor is 

composed of the unquenched donor, the quenched donor, and the autofluorescence. The 
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FRET trajectory is the path connecting the three components that describe the possible 

measured phasor positions. (A) With dual chain biosensors in the “off” state, the phasor 

will be at the unquenched donor lifetime. (B) With the single chain biosensor there will be 

residual FRET even in the “off” state and the phasor will be slightly quenched relative to the 

unquenched donor lifetime. Figure modified from (Hinde et al., 2012). 

 

1.12 Overview of Dissertation 

In this dissertation, fluorescence and phosphorescence lifetime-based techniques were 

developed for applications in tumor biology.  In Chapter 2, methods are provided in detail 

for procedures specific to assays developed in this dissertation. 

In Chapter 3, we study cell subpopulations within heterogeneous glioblastoma tumor 

cells. Of interest are stem-like cells which are endowed with the ability for self-renewal, 

tumor initiation, and treatment resistance. We developed a label-free method to non-

invasively distinguish stem-like cells using the fluorescence lifetime of endogenous NADH. 

To understand the role of oxygen in tumor behavior, we need non-invasive tools to 

dynamically measure oxygen concentration with high spatial resolution. In Chapter 4, we 

developed an assay to assess the oxygen consumption rate and the environmental oxygen 

concentrations using phosphorescence lifetime imaging. We demonstrated its ability to 

measure changes in cellular oxygen consumption rate due to metabolic respiration 

inhibitors and visualized the oxygen gradient within a 3D tumor spheroid model. 

Chapter 5 uses the 3D tumor spheroid model to investigate the regulation of the Rho 

GTPase Rac1. While Rho GTPases have been extensively studied in 2D environments, the 

role of Rho GTPases is less clear in 3D. Here, we use a Förster Resonance Energy Transfer 

biosensor and fluorescence lifetime imaging to map the activation of Rac1. We compared 

the activation of Rac1 at the core of the sphere to the cells at the periphery and found 
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higher activity at the core. We believe this may give insight into Rac1 activity in tumors in 

vivo. 

Finally, Chapter 6 provides a summary and discussion of future work. 
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CHAPTER 2 

 

METHODS 

 

This chapter provides detailed methods for specific procedures that will be briefly 

described in the following chapters. 

 

2.1 Formation of Tumor Spheroids 

To form MDA-MB-231 tumor spheroids of 10,000 cells ml-1for a diameter of 

approximately 300μm, MDA-MB-231 cells were cultured in DMEM (Genesee Scientific) 

supplemented with 10% FBS (Gibco), 100 U ml-1 penicillin, and 100μg ml-1 streptomycin 

(Genesee Scientific) at 37°C with 5% CO2 in a humidified incubator.  For 8 spheroids, cells 

were cultured in a T25 flask to 75% confluency.  Cells were washed with PBS and 

trypsinized using standard cell passaging procedures.  Following trypsinization, cells were 

centrifuged to remove trypsin and counted using a hemocytometer.  Cells were then 

resuspended to a concentration of 100,000 cells/ml.   

Matrigel is allowed to thaw on ice.  After Matrigel has thawed, prepare 100 μL of 4% 

Matrigel in growth media.  Use cold tips and cold media to prevent Matrigel from 

polymerizing. 

In an ultra-low cell attachment round-bottom 96-well plate, for each spheroid add 

100ul of cell suspension and 100ul of 4% matrigel solution to a well in the plate.  This 

results in a well containing a final volume of 200ul containing 10,000 cells and 2% matrigel 
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for each spheroid.  Incubate the plate in an incubator at 37°C with 5% CO2 for 48 hrs.  In 

that time, cells should have settled and aggregated forming uniforms spheres. 

Before imaging, the spheroids are embedded in a collagen matrix.  To prepare the 

collagen, place rat tail type I collagen (Corning), 0.5 N NaOH, 10x PBS, and sterile water on 

ice to prevent polymerization of the collagen.  From the concentration of the stock collagen, 

calculate the amount of water to collagen required for a final concentration of 3 mg ml-1 of 

collagen.  While vortexing, add 100 μl of 10x PBS dropwise to the diluted collagen mixture.  

Next, add NaOH dropwise while vortexing to neutralize the collagen solution to a pH of 7.4.  

Check the pH of the collagen solution using pH paper in between addition of drops of NaOH.   

After the collagen solution is neutralized, add 200 μl into an 8-well glass bottom 

imaging dish.  Quickly and gently aspirate a single tumor spheroid using a 200 μl 

micropipette.  Carefully embed the spheroid into the neutralized collagen in the imaging 

dish.  The spheroids in collagen are allowed to initially self-polymerize at room 

temperature for 1 hr, and then transferred to 37°C for an additional 1 hr. Collagen gel fibers 

have been shown to better mimic the in vivo architecture when allowed to polymerize at 

room temperature (Geraldo et al., 2012; Kopanska et al., 2016; Raub et al., 2007).  After the 

collagen has polymerized, 300 μl of culture media can be added to the top of the collagen.  

The spheroids can then be returned to the incubator for an additional hour to allow for the 

media to diffuse through the collagen gel, and the spheroids are then ready for imaging.   

While the cell number, matrigel concentration, and incubation time has been optimized 

for MDA-MB-231 cells, these parameters may need to be modified for other cell lines.     

 

 



30 
 

2.2 Generation of Rac1-FLARE Stable Cell Line 

Rac1-FLARE dual-chain biosensor was obtained from the Hahn Lab, University of 

North Carolina. The sensor contains a dTurquoise-Rac1 and a YPet-PBD polypeptide chain. 

The two chains are expressed from the same promoter, and two consecutive 2A viral 

peptide sequences, porcine teschovirus-1 (P2A) and Thosea asigna virus (T2A), were 

inserted between the chains. The 2A sequences “cleave” the two chains by ribosome 

skipping during translation, resulting the two chains in equal stoichiometry (Donnelly et 

al., 2001; Kim et al., 2011). 

The stable Rac1-FLARE cell line was established using the PiggyBac transposon 

system (System Biosciences), similar to what has been previously described (Herrington et 

al., 2017). The Rac1-FLARE fragment was amplified and inserted using the Cold Fusion kit 

(System Biosciences) between BstBI/NotI of the PiggyBac Cumate Inducible cDNA Cloning 

and Expression Vector (PB-Cuo-MCS-EF1-CymR-Puro) to create the PB-Rac1-FLARE 

construct.  The amplification of the Rac1-FLARE fragment by PCR was performed using the 

following primers:  

 

The primers were designed where the uppercase letters align with Rac1-FLARE plasmid to 

enable amplification.  The overhang in lowercase letters will align with the PiggyBac 

Expression Vector and enable the integration of the plasmid by the Cold Fusion Kit.  The 
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primers were also designed to maintain the BstBI/NotI cut sites in the PiggyBac Expression 

Vector.  

After obtaining the Rac1-FLARE fragment, the PiggyBac Expression vector was 

linearized using the restriction enzymes BstBI and NotI.  After linearization, a DNA Clean 

kit was used to remove the restriction enzymes and small fragments of DNA to obtain the 

purified linear plasmid.  Using the Cold Fusion kit (System Biosciences), the Rac1-FLARE 

fragment was then inserted into the PiggyBac Expression vector.  As part of the Cold Fusion 

kit, the PB-Rac1-FLARE plasmid was heat shocked into competent E. coli cells.  The cells 

were incubated at 37°C overnight and checked the following day for colonies.  Individual 

colonies where then expanded in liquid culture before plasmid purification using a 

MiniPrep kit (Qiagen).   

MDA-MB-231 cells were then co-transfected with the PB-Rac1-FLARE and the PB-

transposase construct (System Biosciences) using Lipofectamine 3000 (ThermoFisher 

Scientific) according to the manufacturer’s protocol. Transfected cells were selected for 

integration of the transposon using 1 μg ml-1 of puromycin (Gibco). After culturing for a 

week in puromycin containing media, the cells were diluted and cultured to isolate single 

clones to establish clonal cell lines. 

Because the PB-Rac1-FLARE plasmid was designed to be cumate inducible, 300 μg 

ml-1 of cumate was added to induce the expression of Rac1-FLARE.  The expression of the 

plasmid can be monitors by checking for the expression of the fluorescent proteins, YFP 

and dTurquoise. 
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2.3 Cell staining with Ru(BPY)3 

To prepare a stock solution of Ru(BPY)3 for cell staining, 250 μl of DMSO is aliquot into 

a microcentrifuge tube.  Tris(2,2’-bipyridyl)dichloro-ruthenium(II) hexahydrate (Sigma) 

was dissolved in the DMSO until the solution is saturated and Ru(BPY)3 no longer goes into 

solution.  The Ru(BPY)3 solution was then filtered using a 0.22 um syringe filter to remove 

the solid Ru(BPY)3.  To measure the concentration of the filtered Ru(BPY)3 solution, 1 μl 

was dissolved 1:10,000 in water and the absorbance was measured.  The concentration 

was calculated using Beer’s Law, using an extinction coefficient of 14,600 M-1cm-1 at 452 

nm.  The stock solution of Ru(BPY)3 was then used to prepare a working solution for cell 

staining of 100 μM of Ru(BPY)3 in cell culture media.  The remaining stock solution was 

then stored at -20°C.   

For the staining of 2D cell experiments with Ru(BPY)3, cells were plated on 

fibronectin-coated glass bottom imaging dishes.  After the cells were attached, the media 

was replaced with culture media containing 100 μM of Ru(BPY)3. After 24 hr, the cells were 

washed twice with PBS. Fresh media was then replaced before imaging. 

 For the staining of tumor spheroids with Ru(BPY)3 , formed tumor spheroids were 

cultured in culture media containing 100 μM of Ru(BPY)3 for 24 hr. Spheroids were then 

washed twice with PBS before they were embedded into 3 mg ml-1 of neutralized 

unpolymerized collagen in an 8-well glass bottom imaging plate, as described earlier in this 

chapter. 
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CHAPTER 3 

 

FLIM OF NADH FOR DISTINGUISHING TUMOR SUBPOPULATIONS 

 

This work has been published in the following paper: 

Trinh, A.L., H. Chen, Y. Chen, Y. Hu, Z. Li, E.R. Siegel, M.E. Linskey, P.H. Wang, M.A. Digman, 

and Y.H. Zhou. 2017. Tracking Functional Tumor Cell Subpopulations of Malignant Glioma 

by Phasor Fluorescence Lifetime Imaging Microscopy of NADH. Cancers. 9. 

 

3.1 Abstract 

Intra-tumoral heterogeneity is associated with therapeutic resistance of cancer and 

there exists a need to non-invasively identify functional tumor subpopulations responsible 

for tumor recurrence. Reduced nicotinamide adenine dinucleotide (NADH) is a metabolic 

coenzyme essential in cellular respiration. Fluorescence lifetime imaging microscopy 

(FLIM) of NADH has been demonstrated to be a powerful label-free indicator for inferring 

metabolic states of living cells. Using FLIM, we identified a significant shift towards longer 

NADH fluorescence lifetimes, suggesting an increase in the fraction of protein-bound 

NADH, in the invasive stem-like tumor-initiating cell (STIC) subpopulation relative to the 

tumor mass-forming cell (TMC) subpopulation of malignant gliomas. By applying our 

previously studied model to transition glioma from a majority of STIC to a majority of TMC 

in serum-adherent culture conditions following serial passages, we compared changes in 

NADH states, cellular respirations (oxidative phosphorylation and glycolysis), EGFR 

expression, and cell-growth speed over passages. We identified a significant positive 
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correlation between free-NADH fraction and cell growth, which was related to an increase 

of TMC fraction. In comparison, the increase of EGFR and cellular respirations preceded all 

these changes. In conclusion, FLIM of NADH provides a non-invasive method to monitor the 

dynamics of tumor heterogeneity before and after treatment. 

 

3.2 Introduction 

Advancements in cancer biology have led to improvements in cancer mortality rates; 

however, therapeutic resistance continues to be a major cause of treatment failure in 

cancer. In particular, glioblastoma multiforme (GBM) is an aggressive type of brain cancer 

with poor prognosis. If GBM patients do not succumb to their original tumor, despite 

surgical resection and post-operative radiation and chemotherapy, the tumor nearly 

always recurs. The failure in treating GBM has largely been attributed to heterogeneity 

within the tumor population (Ke et al., 2014; Sottoriva et al., 2013). Oftentimes, these front-

line cancer treatments successfully eliminate the bulk of the tumor formed by fast 

proliferating GBM cells, namely the tumor mass-forming cells (TMC), yet it spares the 

invasive GBM cells, namely the stem-like tumor-initiating cells (STIC). This results in an 

increase in the treatment-resistant population. After treatment, chromosome instability 

may restore intra-tumoral heterogeneity in the surviving population and enable the 

continued evolution of the tumor, leading to recurrence. 

In addition to different responses to front-line cancer therapies, heterogeneity in the 

molecular profile of the subpopulations also results in different responses to targeted 

therapies between the subpopulations. The epidermal growth factor receptor (EGFR) is a 

transmembrane receptor tyrosine kinase that conducts one of the few evolutionarily-
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conserved signaling pathways. This pathway dictates many aspects of embryonic and post-

embryonic development in multicellular organisms, and re-activation of this signaling 

pathway has been associated with cancer. Thus, cancer has long been viewed as a disease 

of cellular de-differentiation. EGFR is commonly overexpressed or activated via gene 

amplified and/or gain of function mutations in a variety of cancers. EGFR triggers AKT-

centered oncogenic signaling pathways, and high EGFR levels also signify a high state of 

cancer cellular respiration. In GBM, nearly 60% of patients have abnormalities on EGFR 

(Verhaak et al., 2010), rendering EGFR as a compelling drug target. However, intra-tumoral 

heterogeneity produces functional subpopulations, including STIC and TMC, with different 

levels of EGFR expression, and decades-long trials with anti-EGFR agents have failed to 

improved GBM patient outcomes (Liu and Mischel, 2018). The challenge lies in identifying 

subsets of the tumor with molecular profiles which may benefit from these specific 

targeted therapies. Therefore, the ability to monitor transitions in functional tumor 

subpopulations and track their responses to treatment will lead to a better understanding 

of tumor progression and drug resistance. 

Early studies have distinguished functional subpopulations by cell surface markers, 

including CD133 for brain tumor initiating cells (Singh et al., 2004). The identification of 

surface markers for specific subpopulations has confirmed intra-tumoral heterogeneity; 

however, limitations of the methods for in vitro identification of cell surface markers 

prevent its application to tracking dynamic population shifts in vivo. Therefore, recent 

studies have applied non-invasive and label-free metabolic imaging methods to observe 

mixtures of tumor populations (Walsh and Skala, 2015). 
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Techniques to monitor cancer progression have commonly exploited the altered 

metabolism of cancer relative to normal tissue. The preference for glycolysis over oxidative 

phosphorylation (OXPHOS) in neoplastic tissue is known as the Warburg effect (Warburg, 

1927; Warburg, 1956). The increased uptake of glucose and a structural analog, 18F-

fluorodeoxyglucose, by cancer due to its altered metabolism has been exploited as a 

diagnostic tool, known as 18F-fluorodeoxyglucose-positron emission tomography (18F-FDG-

PET), to accurately predict histological grading and survival in patients with gliomas 

(Padma et al., 2003). In addition to differences in metabolism between normal and 

neoplastic tissues, metabolic differences exist between different tumor subpopulations. 

Our previous work applied the Seahorse XF assay, which directly quantifies OXPHOS 

through the measurement of oxygen consumption rate (OCR), and quantifies glycolytic 

respiration through the measurement of extracellular acidification rate (ECAR) in the 

culture media surrounding the cells. Subsequent challenges to the cells are then applied 

through metabolic inhibitors to reveal the reserved (spare) respiration as a response to 

stress. In our application of the Seahorse assay, STIC-enriched GBM lines consistently had 

lower basal OCR and a minimal ability for OXPHOS to respond to stress, relative to their 

syngeneic TMC enriched line (Hu et al., 2015; Zhou et al., 2017b). Due to these metabolic 

differences, we propose to apply metabolic imaging methods to non-invasively track tumor 

subpopulations.  

Metabolic imaging methods utilize the fluorescence of the endogenous metabolic 

coenzymes reduced nicotinamide dinucleotide (NADH) and flavin adenine dinucleotide 

(FAD) to non-invasively probe the metabolic state of the cell without the use of exogenous 

labels. Fluorescence lifetime imaging microscopy (FLIM) of protein-bound and free-NADH 
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has previously detected an increase in the fraction of free NADH with an increase in the 

neoplastic metabolism in a hamster cheek pouch  

model (Skala et al., 2007). In addition, an increase in the fraction of free NADH was also 

detected in highly proliferative stem cells at the base of the intestinal crypt relative to the 

nearby differentiated cells of the small intestinal epithelia (Stringari et al., 2012). These 

studies suggest an increase in the fraction of free NADH correlates with an increase in 

glycolysis and cell proliferation. In contrast to the Seahorse assay, which is applied to cells 

in vitro, these studies demonstrate FLIM’s ability to be applied both in vitro and in vivo. 

Furthermore, the spatial resolution provided by metabolic imaging techniques enable the 

measurement of cell metabolism of individual cells, whereas the Seahorse assay measures 

bulk behaviors of entire populations. The ability to measure cells individually allows for the 

classification into specific subpopulations. In recent studies, this has been demonstrated in 

a co-culture model to identify a mixture of two different breast cancer cell lines (Walsh and 

Skala, 2015). It has also been applied to distinguish proliferating, quiescent and apoptotic 

cells in an acute myeloid leukemia model (Heaster et al., 2018). These studies reinforce the 

value of optical metabolic imaging methods in classifying tumor subpopulations. 

FLIM’s ability to measure cellular metabolic states and provide spatial resolution makes 

it an ideal tool for studying intra-tumoral heterogeneity. In this study, the phasor approach 

to FLIM analysis of NADH was applied to distinguish and track functional tumor 

subpopulations of GBM, specifically the invasive STIC and the proliferative TMC 

subpopulations. The two subpopulations were enriched using established cell culture 

conditions (Ke et al., 2014). The functions of both of these lines were previously verified in 

vivo (Hu et al., 2013; Zhou et al., 2017b). After distinguishing the two subpopulations in 
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vitro and in vivo by FLIM, we monitored the transition from a STIC dominant to a TMC 

dominant subpopulation. These results validated FLIM as a sensitive and non-invasive 

method to track tumor subpopulation dynamics with spatial resolution to potentially 

identify tumor cell behavior during treatment. 

 

3.3 Materials and methods 

Cell Cultures and Protein Analysis 

Human GBM-derived cell line U251, its lentiviral pGIPZ-transductant U251-GFP, its 

clonal subculture U251-NS and lentiviral pTRIPZ-transductant U251NS-RFP were 

described in Hu et al., 2013 [15]. Human GBM-derived syngeneic primary cultures of 51A 

and 51B were established at the UC Irvine Brain Tumor Research Lab as previously 

described (Zhou et al., 2017b). Cells used in this study were authenticated and validated to 

be free of mycoplasma using MycoAlert™ PLUS Mycoplasma Detection Kit (Lonza, 

Walkersville, MD, USA).  

U251, U251-GFP and 51B were cultured in serum-containing (5% FBS for U251 and 

U251-GFP, 10% FBS for 51B) DMEM/F12 medium under adherent (SA) conditions. U251-

NS, U251NS-RFP and 51A were cultured in neurosphere conditions (NS) in DMEM/F12 

supplemented with epidermal growth factor (EGF, 20 ng/mL), basic fibroblast growth 

factor (FGF, 10 ng/mL) and 1% B27 (Invitrogen, Carlsbad, CA, USA). Prior to the study, 

monolayer cultures of U251-NS, U251NS-RFP and 51A were achieved by culture in 

fibronectin-coated dishes (1 μg/cm2). All cells were cultured in a humidity chamber 

containing 5% CO2 at 37 °C. 
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Protein analyses were carried out for U251-NS cultured and serially passed in SA-

conditions, for the expression of EGFR. Primary antibodies for EGFR (rabbit mAb, Cell 

Signaling Technology, Inc., Danvers, MA, USA) and ACTB (IgM-specific mouse, Millipore, 

Burlington, MA, USA) were diluted 1:10,000 for immunoblotting as described previously 

(Mayes et al., 2006). 

 

Intracranial Xenografts 

The animal work was approved by the Animal Care and Use Committee (IACUC) of 

the University of California, Irvine. The establishment of intracranial (i.c.) xenografts from 

glioma cells was described previously [15]. Briefly, U251-GFP and U251-RFP cells were 

mixed in a 1:9 ratio and injected (1 × 105 cells/3 μL DMEM/F12) into the frontal lobe of 4–

6-week-old, female, nude mice (strain NCrNu-M, Taconic, Hudson, NY, USA). After i.c. 

implantation, mice were periodically observed for moribund signs (hunchback posture, 

marked weight loss, and gait impairment). Any mouse showing 15–20% body weight loss 

was euthanized, and its brain was immediately removed and placed in a mouse brain slicer. 

1mm think slices of mouse brain containing tumor cells (verified under a fluorescence 

microscope for RFP and GFP-expressing tumor cells) were placed in a 4-well chamber slide 

containing 1 mL of DMEM/F12 medium for fluorescence lifetime imaging microscopy. 

 

Seahorse XF-24 Extracellular Flux Analyses on Cellular Respiration 

To measure respiration and mitochondrial function in glioma cells, we employed a 

Seahorse Bioscience XF24 Extracellular Flux Analyzer (Seahorse Bioscience, North 

Billerica, MA, USA) to directly measure the level of OXPHOS, by oxygen consumption rate 
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(OCR), and glycolytic respiration, by the extracellular acidification rate (ECAR), and utilized 

sequential injections of oligomycin (a complex V inhibitor), carbonyl cyanide 4-

(trifluoromethoxy)phenylhydrazone (FCCP) (a mitochondrial oxidative phosphorylation 

uncoupler) and Rotenone (a complex I inhibitor), to dissect components of OXPHOS and 

the capacity of maximum respiration for both OXPHOS and glycolysis. Cells were seeded 

into a non-coated (for U251 and U251-NS in culture of SA-conditions) or fibronectin-coated 

(for U251-NS in culture of NS-conditions) 24-well Seahorse XF-24 assay plate at plating 

densities of 50,000–150,000 cells/well according to their growth speed and cultured for 2 

days prior to flux analyses, as described previously (Zhou et al., 2017b). 

 

Fluorescence Lifetime Imaging Microscopy 

For in vitro FLIM analysis, cells were plated on fibronectin- or collagen-coated glass 

bottom imaging dishes 24 h prior to FLIM analysis. Data were acquired on a Zeiss LSM 710 

(Carl Zeiss, Jena, Germany) microscope with incubation at 37 °C and 5% CO2 using a C-

Apochromat 40×/1.2 N.A. water immersion objective (Carl Zeiss, Jena, Germany). For in 

vivo FLIM analysis, intracranial xenografts images were acquired on an Olympus FluoView 

FV1000 (Olympus, Tokyo, Japan) with incubation at 37 °C and 5% CO2 using a 40×/0.8 N.A. 

water immersion objective. Fluorescence confocal images were acquired followed by FLIM 

of NADH of the same area. To acquire a larger field of view, 3 × 3 images were acquired and 

stitched together to form a single image. For single-cell analysis of the in vivo images, 

individual cells were identified and masked by their fluorescent protein label of either GFP 

(505–540 nm emission) or RFP (575–620 nm emission). The average fraction of bound-

NADH was then calculated for individual cells. 
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NADH was excited by an 80-MHz titanium:sapphire Mai Tai Laser (Spectra-Physics, 

Santa Clara, CA, USA) at 740 nm. Images were collected at a scan speed of 25.21 μs/pixel 

and a size of 256 × 256 pixels. For each fluorescence lifetime image, 50 frames were 

collected and integrated. The excitation was separated from the emission light by a 690-nm 

dichroic mirror, and the NADH emission was collected by a 460/80 bandpass filter and a 

photomultiplier tube (H7422P-40, Hamamatsu Photonics, Hamamatsu, Japan). Coumarin 6 

in ethanol with a fluorescence lifetime of 2.5 ns was used as a standard to calibrate for the 

instrument’s response time. Frequency domain FLIM data were acquired by the A320 

FastFLIM box (ISS, Champaign, IL, USA) and analyzed by SimFCS software (Laboratory for 

Fluorescence Dynamics, Irvine, CA, USA).  

The phasor approach was applied to analyze fluorescence lifetime images as 

previously described (Digman et al., 2008). Briefly, every pixel of the integrated 

fluorescence lifetime image is transformed into a coordinate on the phasor plot. The g and s 

coordinates in the phasor plot are calculated from the sine and cosine components of the 

Fourier transform of the fluorescence intensity decay of each pixel in the image. In the 

phasor space, pixels with single exponential decays fall on the universal semicircle, while 

pixels with complex decays fall within the semicircle. If a pixel contains two molecular 

species, the phasor will appear along a straight line joining the phasors of the two species. 

The position on the line will depend on the relative fluorescence contribution of each 

species. When applied to NADH within cells, the phasor will fall on a line between the 

phasors of pure protein-bound NADH (with a fluorescence lifetime of 3.4 ns) and purely 

free NADH (with a fluorescence lifetime of 0.4 ns) (Datta et al., 2016). From the position 
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between the two phasors, the relative amounts of fluorescence from bound NADH and free 

NADH can be computed. 

 

Statistical Analysis 

The NS and SA-cultures were compared for differences in bound-NADH fraction, OCR and 

ECAR cellular respirations by 2-sample equal-variance t-tests with Excel 2010 (Microsoft 

Corp, Redmond, WA, USA). The dynamic changes in cell growth speed, EGFR protein level, 

fractions of trisomy-7 cell and free NADH in U251-NS over passages in SA-conditions 

(passage numbers 4–16, inclusive) were analyzed by Spearman correlation analysis with 

SAS Version 9.4 (The SAS Institute, Cary, NC, USA). Seahorse data were not included due to 

sparsity (fewer than 4 measurements) during the included passage numbers. 

 

3.4 Results 

Functional Tumor Subpopulations Characterized as STIC and TMC 

Our prior studies on GBM have consistently shown the co-existence of two 

functional tumor cell subpopulations (STIC and TMC) that characterize GBM’s highly 

proliferative and invasive phenotype. These subpopulations were defined and controlled 

by bi-directional missegregation (MS) of chromosome 7 (Chr7), or unidirectional 

misdistribution of EGFR-containing double-minute chromosomes (DM) (Hu et al., 2013; 

Zhou et al., 2017b). In comparing STIC- and TMC-enriched populations in two GBM lines, 

their molecular profile differed even though they were functionally similar in vivo. As 

shown in Figure 3.1A,C, the TMC-enriched GBM cell line U251 over-expressed EGFR, while 

the TMC-enriched GBM cell line 51B under-expressed EGFR in comparison to the 
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corresponding STIC-enriched cell lines, U251-NS and 51A, respectively. The extracellular 

oncogenic proteins (SPARC and MMP2) were highly expressed in 51B (Figure 3.1C), while 

they were highly expressed in U251-NS at the transcriptional level (Hu et al., 2013). 

Overall, these oncogenic molecular profiles failed to characterize the highly proliferative 

and highly invasive features of TMC and STIC, respectively; the exception was NOTCH1. 

Activation of NOTCH signaling has been shown to be functionally involved in the stemness 

feature of glioma stem-like cells, and a similar program maintains neural stem and 

precursor cells (Fan et al., 2010; Shih and Holland, 2006). NOTCH1 was expressed at high 

levels in both STIC-enriched U251-NS and 51A. 

There is also a lack of common genomic abnormalities between TMC and STIC of 

different GBMs. The variation in Chr7 copy number defined the TMC and STIC phenotype in 

the U251 GBM cell line, and the missegregation of Chr7 led to inter-conversion between 

subpopulations, demonstrating the dynamics of tumor heterogeneity in a changing 

environment (Hu et al., 2013), as shown in Figure 3.1B,E. In other GBM lines, the status of 

DM distinguished STIC (with DM) from TMC (without DM). These DM were differentially 

enriched in the 51A and 51B lines, and the misdistribution of DM during the division of 

STICs led to the conversion of STIC to TMC with the gain of a whole set of chromosomes 

(Zhou et al., 2017b), as shown in Figure 3.1D,F. Given these functionally similar but 

genomically- and molecularly-diverged tumor subpopulations, we examined the metabolic 

state of the cell to identify a common characteristic in the functionally similar 

subpopulations. 
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Figure 3.1. Two syngeneic glioma cell lines enriched with functional tumor subpopulations 

characterized as STIC and TMC. (A) Differential overexpression of oncogenic proteins in  

TMC-enriched U251 and STIC-enriched U251-NS, detected by immunoblotting. (B) 

Enrichment of two or three copies of Chr7 in U251-NS and U251, respectively. Copies of 

Chr7 were detected by FISH of the centromeric enumeration probe (CEP) 7. Colors 

represent the number of copies of Chr7 per cell as defined by the legend. (C) Differential 

overexpression of oncogenic proteins in STIC-enriched 51A and TMC-enriched 51B, 

detected by immunoblotting. EGFR, NOTCH1, and ACTB were measured from whole cell 

lysate (WCL), while MMP2 and SPARC were from conditioned media (CM) (D) Enrichment 

of cells with or without EGFR-containing DM in 51A and 51B, respectively, by FISH 

detection of EGFR by the EGFR-probe. (E,F) Depictions of the two tumor heterogeneity 

models. The above presentations were based on previously published work (Hu et al., 

2015; Hu et al., 2013; Zhou et al., 2017b). 

 

Distinct FLIM Signatures Observed between STIC and TMC 

Due to the different roles and proliferation rates between STIC and TMC, we 

hypothesize distinct metabolic states between the two subpopulations. To non-invasively 

identify the metabolic state of the cell, FLIM of NADH was applied to measure the ratio of 

protein-bound to free NADH. Previous studies have suggested that an increase in free 

NADH correlates with an increase in glycolysis and cell proliferation (Pate et al., 2014; 

Stringari et al., 2012). In vitro cultures of TMC-enriched U251 and STIC-enriched U251-NS 
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cells were analyzed by phasor FLIM of NADH. As shown in Figure 3.2A–C, a significantly 

higher fraction of bound NADH was measured in the STIC-enriched U251-NS cells relative 

to the TMC-enriched U251 cells. To determine if the distinctions persisted in vivo, we 

performed FLIM on intracranial xenograft models in mice derived from the co-implantation 

of green fluorescent protein (GFP)-labeled U251 and red fluorescent protein (RFP)-labeled 

U251-NS This human GBM xenograft mouse model was previously used to identify the 

function of TMC and STIC subpopulations (Hu et al., 2013). In agreement with the in vitro 

results, a higher fraction of bound NADH was measured in the RFP-labeled U251-NS cells 

relative to the GFP-labeled U251 cells in vivo (Figure 3.2D–F). To confirm this observation 

in other STIC- and TMC-enriched GBM model, FLIM was applied to the two previously 

described syngeneic primary cultures of GBM (51A and 51B). As shown in Figure 3.2G–I, a 

similarly higher fraction of bound-NADH was observed in STIC-enriched 51A, relative to 

TMC-enriched 51B. Together, the data suggested a distinct difference in NADH signatures 

between the STIC and TMC subpopulations of GBM. 
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Figure 3.2. FLIM detection of differential fractions of bound NADH in STIC and TMC in two 

GBM heterogeneity models. (A–C) and (D–F) are in vitro cultures and intracranial (i.c.) 

xenografts of U251 and U251-NS, respectively; (G–I) are in vitro cultures of 51B and 51A. 

Representative images of FLIM (A,G) colored by NADH intensity with warmer colors 

representing higher intensity (top) and fluorescence lifetime of NADH (bottom) with colors 

represented by the location of each pixel on the phasor plot (B,H). A higher fraction of 

bound NADH is represented as red, and free NADH is represented as white. Boxplots 

represent the average fraction of bound NADH for individual cells and are calculated from 

the distance along the trajectory on the phasor plot from completely free NADH to 

completely bound NADH (C,I). Representative image of i.c. xenografts derived from co-
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implantation of U251-GFP and U251NS-RFP cells pre-mixed at a 1:9 ratio (total of 100,000 

cells in 3 μL) (D). Confocal fluorescence image of tumor (left) and the same section imaged 

by FLIM (right) with NADH fluorescence lifetimes pseudo-colored by the location of each 

pixel on the phasor plot (E). A higher fraction of bound NADH is represented as red, and 

free NADH is represented as white. Boxplots represent the average fraction of bound NADH 

for individual cells and are calculated from the distance along the trajectory on the phasor 

plot from completely free NADH to completely bound NADH (F). Individual cells and their 

corresponding subpopulation were identified by their fluorescent protein label. For the 

boxplots, boxes represent the first quartile, median and third quartile. Each point on the 

plot represents a single cell. Scale bars represent 10 μm in (A,G) and 50 μm in (D). 

 

NADH State and Respiration in Tumor Cells with Dynamic Changes in Population Equilibrium 

Following the confirmation of distinct FLIM signatures between the two functional 

tumor cell subpopulations, we used phasor FLIM of NADH to determine if it was capable of 

tracking subpopulation cell shifts, which normally occur during tumor development and 

after therapy. We applied a previously reported model of glioma, where a population with a 

majority of STIC (the equilibrium of U251-NS) was gradually altered to a majority of TMC 

(the equilibrium of U251) by changing culture conditions from neurosphere (NS) to serum-

adherent (SA) (Hu et al., 2013). As shown in Figure 3.3A, the transition from a majority of 

STIC, carrying two copies of Chr7, to a majority of TMC, carrying three copies of Chr7, 

occurred after 16 passages in SA-conditions. The dynamic changes in population 

equilibrium were found to involve multiple factors, including faster cell growth rate in TMC 

relative to STIC, the inter-conversion between TMC and STIC by missegregation of Chr7 

and feedback interactions between TMC and STIC, as illustrated in Figure 1E. Cells from 

this previous study were frozen at various passages. For this current study, these cells were 

revived, allowed to recover for two passages and plated in the same culture conditions. Cell 

density was adjusted based on their growth speed to ensure similar cell confluency at the 
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time of the FLIM acquisition (one day after) and Seahorse XF-24 extracellular flux assay 

(two days after). 

 

 

Figure 3.3. FLIM analysis of in vitro cultures experiencing a dynamic change in equilibrium 

between cell subpopulations. (A) Changes in population equilibrium in U251-NS following 

culturing in SA-conditions. Cells carrying different numbers of Chr7 were determined by 

FISH as previously reported (Hu et al., 2013). Colors represent the number of copies of 

Chr7 per cell as defined by the legend. (B) Comparison of changes of bound-NADH fraction 

in U251-NS over passages in SA-conditions. FLIM was acquired on one-day culture from a 

seeding density of 1 × 105/well in eight-well chamber slides. Boxplots represent the first 

quartile, median and third quartile. Each point on the plot represents a single cell. (C) 

Representative FLIM images of U251-NS before and after its culture in SA-conditions in 

various passages (p0, p11, and p26). NADH intensity is represented with warmer colors 

indicating higher intensity (top), and the fluorescence lifetime of NADH (bottom) is 

represented with colors indicated by the location of each pixel on the phasor plot (D). A 
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higher fraction of bound NADH is represented as red, and free NADH is represented as 

white. The scale bar represents 25 μm. 

 

In observing this subpopulation transition by FLIM of NADH, a significant difference 

in the protein bound-NADH fraction was first observed by passage 16 in SA-conditions 

relative to U251-NS (p < 0.05). By passage 23 in SA-conditions, the fraction of bound NADH 

was similar to that of U251 (Figure 3B). Representative images of U251-NS before culturing 

in SA-conditions and after 0, 11 and 26 passages in SA-conditions are shown in Figure 

3.3C,D, which illustrate changes in cell morphology and NADH lifetime images. Alterations 

in the fluorescence lifetime of NADH have been strongly linked to changes in cell 

metabolism (Pate et al., 2014; Skala et al., 2007). Therefore, the Seahorse XF-24 

extracellular flux assay was performed to evaluate the metabolic state of a similar set of 

U251-NS cells cultured and passed in SA-conditions as was measured by FLIM of NADH. 

The assay detected an increase in both OXPHOS and glycolysis after culture in SA-

conditions, as indicated by the increase in the OCR and the ECAR, respectively (Figure 4A). 

The increase in both the ECAR (Figure 4B) and OCR (Figure 4C) occurred before passage 4. 

ECAR was similar to U251 cells after passage 11, while OCR from both basal and ATP 

production were further elevated from passages 11 to 26 (comparisons were shown by red 

and blue lines, respectively) and proton leak from passages 11 to 21 (p < 0.001) relative to 

U251. In addition, an increase in the spare OCR occurs by passage 26 to reach levels similar 

to U251. 
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Figure 3.4. Differential cellular bioenergetics in U251, U251-NS and transition cultures of 

U251-NS cultured in SA-conditions. (A) Representative profiles of the key parameters of 

mitochondrial respiration measured by a Seahorse Bioscience XF24 Extracellular Flux 

Analyzer. (B) Basal and spare glycolytic respirations. Spare was the maximum ECAR 

measured during injection of mitochondrial inhibitors minus basal ECAR. (C) Mitochondrial 

(MT) and non-MT (after Rotenone) respiration consuming oxygen. Bar height and error are 

the mean and SEM of five replicates and three measurements at the time period shown in 

(A). 

 

Western blot analysis of EGFR expression in U251-NS cells cultured in SA-conditions 

showed an increase at passages 3 to 6 followed by a stabilization following passage 7 at 

approximately 10-fold higher than passage 1 and 2 (Figure 3.5). 

We then aligned the data on EGFR expression, cellular respiration (basal OXPHOS and 

maximum glycolysis by combining basal and spare), cell growth rate, fraction of free NADH, 

and TMC (marked by cells with three copies of Chr7) in U251-NS over passages in SA-

conditions. As shown in Figure 3.6A,B, the increase of EGFR and cellular respirations were 

early responses of U251-NS to changes in culture conditions (from NS- to SA-conditions), 
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with the increase of EGFR at passage 3 in SA-conditions and stabilized at passage 7, and 

respiration at passage 4 (the earliest cell taken into measurement) and stabilized at 

passage 11. In contrast, increases of the free-NADH fraction, cell growth speed, and the 

percentage of TMC all occurred after passage 7, with cell growth speed and TMC both 

stabilized at passage 16 and minor increases of free-NADH occurring to passage 23 (Figure 

3.6C–E). Spearman correlation analysis found significant positive correlations between 

passage numbers of U251-NS in SA-conditions (between passages 4 to 16) and cell growth 

speed (rs = 0.93, p < 0.0001), TMC fraction (rs = 0.88, p < 0.01) and free-NADH fraction (rs = 

0.79, p = 0.04), but not with EGFR protein (rs = 0.31, p > 0.05). Higher correlation 

coefficients were found between cell growth speed with the percentage of TMC (rs = 0.97, p 

< 0.0001) and free-NADH fraction (rs = 0.86, p = 0.01) over passages. 

 

 

Figure 3.5. Increase in EGFR expression in U251-NS serial passed in SA-conditions. Whole 

cell lysates (40 mg) extracted from cell pellets frozen at −80 °C were electrophoresed and 

immunoblotted with antibodies for EGFR and ACTB. Cells were cultured for three days 

from the same seeding density (5 × 105/100 mm dish) and subjected to one-day serum-free 

culture prior to being frozen for protein analysis. Increased EGFR protein expression was 

detected as early as passage 3 in response to changes of culture condition. 
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Figure 3.6. Sequential alterations of EGFR, metabolism, growth speed and subpopulation 

equilibrium in U251-NS over passages in SA-conditions. (A) Plot of EGFR levels in cells 

measured by immunoblotting, normalized to Actin and compared to that in p2. (B) Plot of 

average levels of basal OCR and maximum ECAR (combination of basal and spare) 

measured by flux analysis, compared to that in p0. (C) Plot of average free NADH fraction 

measured by FLIM. (D) Plot of overall cell growth speed (cell doubling per day) measured 

by counting the total number of cells at each passage, after a three-day culture from 5 × 105 

cells in a 100-mm dish with 10 mL culture medium (DMEM/F12 + 5% FBS). (E) Plot of the 

average proportion cells with three copies of Chr7 within the cell subpopulation as 

measured by FISH. Data presented in (A) and (B) were shown in Figures 4 and 5 above; (C) 
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and (D) from (Hu et al., 2013); and (E) shows the combination of data shown in Figure 3 

and from a repeat of FLIM on cells at low seeding density (2000 cells/well of an eight-well 

chamber slide). The periods with observed changes are braced. 

 

3.5 Discussion 

In this study, two syngeneic cultures containing subpopulations of cells functionally 

characterized in vivo to be fast growing (TMC) and highly invasive (STIC) were imaged and 

monitored by phasor FLIM of NADH. Enrichment for the two subpopulations was achieved 

by SA and NS-culture conditions for TMC and STIC populations, respectively. This study 

included the TMC-enriched U251 and STIC-enriched U251-NS syngeneic GBM cell lines and 

the TMC-enriched 51B and STIC-enriched 51A syngeneic GBM primary cultures. Although 

U251 and 51B were functionally similar in vivo relative to U251-NS and 51A in their 

contributions to tumor growth and invasive behaviors, these cultures were found to differ 

in oncogenic protein/gene expressions and karyotypes (Figure 3.1). However, due to their 

similarities in high invasiveness versus high growth rate, we hypothesized that FLIM of 

NADH could discriminate between these two tumor subpopulations and monitor the 

transition from STIC to TMC, which underlies tumor recurrence. 

When imaged in vitro, FLIM identified a higher fraction of bound NADH in both of the  

STIC-enriched cultures, U251-NS and 51A, relative to their TMC-enriched cultures, U251 

and 51B (Figure 3.2). This suggests that the functional difference between the TMC and 

STIC subpopulations can be monitored by the changes in the protein bound or free 

fractions of NADH by phasor FLIM. To confirm that the distinct phasor FLIM signatures are 

related to the subpopulation and not an artifact of in vitro culture conditions, the enriched 

populations were fluorescently labeled and implanted as intracranial xenografts in a mouse 
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model. In agreement with the in vitro results, the in vivo results further supported the 

ability for phasor FLIM of NADH to distinguish STIC and TMC subpopulations.  

An increase in the fraction of free NADH measured by FLIM has commonly been 

associated with a transition from OXPHOS to glycolysis and an increase in cell proliferation 

in both cancer (Pate et al., 2014) and small intestine epithelial stem cells (Stringari et al., 

2012). Therefore, it was partially unexpected that a high fraction of bound NADH was 

identified by FLIM in the STIC in both GBM models, where the Seahorse assay measured 

lower OXPHOS in both cultures, relative to each respective TMC-enriched culture (Hu et al., 

2015; Zhou et al., 2017b). However, the increase in the fraction of bound-NADH does 

correlate as expected to the decrease in proliferation rates in the STICS population relative 

to the TMC population. Results from our in vitro model, which changed the ratio of STIC 

and TMC, showed increases of both OXPHOS and glycolysis in response to environmental 

changes occurred before an increase in TMC fraction, an increase of the free NADH fraction, 

and an increase in cell growth rate (Figure 3.6). Hence, increases in cell respiration of both 

OXPHOS and glycolysis in STIC cells are likely related to activation of EGFR signaling, but 

not related to subpopulation identity. 

Previous studies applying FLIM of NADH have primarily relied on relative changes 

within a single population of cells to infer metabolic shifts. Our studies used syngeneic cell 

lines from two GBMs, differentially enriched with two functional subpopulations (TMC and 

STIC). To our knowledge, this is the first study to show distinctly different baseline 

fractions of bound-NADH in functionally validated tumor cells (STIC and TMC). Additional 

work will be needed to further understand the link between the high fraction of bound 

NADH in STIC and their low OXPHOS metabolic state in malignant gliomas. 
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Although the mechanism by which STIC of malignant gliomas maintain a high fraction 

of bound NADH is unclear, our model of changing the majority of cells from STIC in U251-

NS into TMC as seen in U251 by switching the culture from NS to SA-conditions revealed a 

strong correlation in time between the increase in fraction of free NADH by FLIM and the 

increase of cell growth rate (rs = 0.86, p = 0.01), which supports previous findings of a 

positive relationship between these two variables. In addition, a strong correlation also 

exists between the fraction of bound NADH and percentage of TMC (rs = 0.80), although the 

significance is low due to the sparsity of measurements  

(p = 0.20, only four measurements for NADH data during the included passage numbers). 

The ability to monitor changes in tumor subpopulations would be highly beneficial to 

an understanding of drug resistance. To our knowledge, this study is the first to apply FLIM 

to identify functional tumor subpopulations of the same tumor origin. This study 

demonstrates that FLIM can identify functionally similar subpopulations in different GBMs 

that apparently have undergone different paths of cancer evolution. Specifically, it has 

identified that the subpopulation of the STIC phenotype has a higher fraction of bound 

NADH relative to the subpopulation of the TMC phenotype. Furthermore, phasor FLIM of 

NADH is able to dynamically track transitions between these two subpopulations over 

time. Overall, this suggests that the NADH state measured by FLIM will become a valuable 

tool for understanding the changes in functional subpopulations during cancer treatment. 

 

3.6 Conclusions 

In conclusion, this study has identified FLIM of NADH as a non-invasive and label-free 

method to distinguish between functional STIC and TMC subpopulations of glioma cells. 
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The technique was further validated in an intracranial xenograft model in mice, and it was 

applied to track the transition between STIC and TMC cells. We found a significant positive 

correlation between the fraction of free NADH and cell growth rate, which was related to 

the population of TMC cells. This technique will enable to monitoring of dynamic shifts in 

tumor subpopulation and future studies will observe for population shifts during cancer 

treatment to better understand drug resistance in cancer. 

 

3.7 Contributions 

Yi-Hong Zhou and Michelle A. Digman conceived of this study and designed the 

experiments. FLIM was performed by Andrew L. Trinh and Hongtao Chen; cell culture, 

animal experiments and protein assays by Andrew L. Trinh, Yi-Hong Zhou, Yuanjie Hu, and 

Zhenzhi Li, the Seahorse XF-24 assay by Yumay Chen; statistical analysis by Eric R Siegel; 

data analysis and editing of the manuscript by Andrew L. Trinh, Yi-Hong Zhou, Michelle A. 

Digman, Mark E. Linskey, and Ping H. Wang. 
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CHAPTER 4 

 

PLIM FOR THE DETECTIONOF INTRACELLULAR OXYGEN 

 

4.1 Abstract 

Molecular oxygen is a key regulator of cell behavior. Hypoxic environments have been 

shown to drive tumor progression, and the altered consumption rate of oxygen is 

considered a hallmark of cancer (Hanahan and Weinberg, 2011). In the 1920s, Otto 

Warburg first observed that cancer cells generally prefer glycolysis over oxidative 

phosphorylation regardless of the presence of oxygen (Warburg, 1927).  This altered 

metabolism is now known as the Warburg Effect.  Thus, the ability to monitor both the 

oxygen in the cellular environment and the oxygen consumption rate of cells would 

enhance our understanding of tumor behavior. The efficient quenching of phosphorescence 

by oxygen has enabled the use of phosphorescence lifetime imaging microscopy (PLIM) as 

a tool for visualizing the concentration of molecular oxygen.  We applied the phasor 

approach as a fit-free method to analyze phosphorescence images.  We validated tris(2,2’-

bipyridyl)dichloro-ruthenium as an oxygen probe using the phasor approach.  The oxygen 

consumption rates of single cells were then measured by the oxygen probe.  Using 

metabolic inhibitors to perturb the oxygen consumption rate of single cells, we 

demonstrated that the assay had the sensitivity to detect increases in oxygen within the cell 

after the inhibition of oxygen consumption.  Finally, we used a 3D tumor spheroid model to 

recapitulate the gradient of that exits in vivo.  We measured a lower concentration of 

oxygen within the center of the spheroid, mimicking the hypoxic core often found within 
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tumors.  Overall, we developed an assay to use the phasor approach to phosphorescence 

imaging to image cellular oxygen consumption rates and gradients of oxygen within 

cellular structures. 

 

4.2 Introduction 

The ability for tumors to adapt and overcome the antitumorigenic pressures of their 

microenvironment is believed to be essential to their development (Bissell and Hines, 

2011). In addition to driving therapeutic resistance, tumor heterogeneity is believed to 

confer fitness advantages that enable tumors to survive in their microenvironments 

(Junttila and de Sauvage, 2013). As tumor cells proliferate, a hypoxic environment develops 

as a result of increased oxygen consumption. Tumor cells have not only managed to survive 

within these hypoxic environments, but hypoxia is known to play a key role in driving 

tumor progression and treatment resistance (Gray et al., 1953). 

The cellular response to hypoxia is regulated by a family of transcription factors known 

as hypoxia inducible factors (HIFs). Hypoxia inducible factor 1 (HIF-1) is a regulator of 

vascular endothelial growth factor (VEGF), which induces angiogenesis. In normal tissues, 

HIF-1 is required for the development of the vascular system. HIF-1α -/- mouse embryos 

die by embryonic day 10.5 due to cardiac and vascular defects and impaired erythropoiesis, 

indicating the essential role of HIF-1 in the normal development of the circulatory system 

(Iyer et al., 1998; Semenza, 2012a).   

Cancers have co-opted the function of HIF-1 in normal development to promote the 

development of tumors, and the overexpression of HIF-1α in tumors is associated with 

higher mortality in many cancers (Semenza, 2012b). In cancers, HIF-1 is often activated in 
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response to intratumoral hypoxia, and the increase in activity promotes many functions 

key to cancer progression including, angiogenesis, genetic instability, immune evasion, 

invasion and metastasis, and radiation resistance (Semenza, 2011). In addition, HIFs have 

been found to be responsible for maintaining cancer stem cell populations (Heddleston et 

al., 2011; Heddleston et al., 2009; Seidel et al., 2010). Cancer stem cells are a small 

subpopulation of cells within a tumor that possess the ability for self-renewal, tumor 

initiation, and chemotherapy resistance (Li et al., 2009). Due to these characteristics, they 

have been shown to be enriched after chemotherapy and to drive cancer recurrence (Li et 

al., 2008). Combination treatments with both cytotoxic chemotherapy and HIF inhibitors 

have overcome therapeutic resistance in vitro and in vivo demonstrating the role of hypoxia 

and HIFs in driving tumor behavior (Samanta et al., 2014). 

In addition to the role of HIFs in sensing and responding to hypoxia during 

development, they also regulate cellular metabolism. In response to low oxygen, HIFs 

facilitates the expression of lactate dehydrogenase A (LDHA) and pyruvate dehydrogenase 

kinase 1 (PDK1) driving cellular metabolism from oxidative phosphorylation towards 

glycolysis (Kim et al., 2006; Semenza, 2011). This decreases the consumption of oxygen by 

the cell (Papandreou et al., 2006). It is believed that tumor cells undergo a similar shift in 

metabolic behavior in response to their hypoxic environment. In addition to reducing the 

oxygen consumption rate, it is believed that the transition from oxidative phosphorylation 

to glycolysis confers a further advantage in that it promotes an acidic microenvironment 

which is toxic to competing cells and degrades the surrounding ECM to promote cancer 

invasion (Gillies and Gatenby, 2007). 
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Therefore, both the oxygen concentration in the tumor environment and the 

consumption of oxygen by tumor cells are important features in understanding tumor 

behavior. Techniques to monitor oxygen concentration have traditionally included 

electrochemical and optochemical sensors.  Electrochemical oxygen sensors generally 

consist of a platinum electrode that catalyzes the reduction of molecular oxygen to 

generate an electrical current that is dependent on the oxygen concentration, known as a 

Clark Electrode (Clark, 1956; Clark et al., 1953).  Optochemical sensors have taken 

advantage of molecular oxygen’s ability to efficiently quench phosphorescence.  These 

sensors generally have a phosphorescent compound embedded within an oxygen 

permeable substrate located on the end of a fiber optic probe.  The fiber optic probe can 

then be used to excite the phosphorescent compound and measure the amount of 

quenching to determine the oxygen concentration.  Both of these sensor types, 

electrochemical and optochemical, can be inserted into regions of interest to measure the 

local oxygen concentration at the tip of the probe.  

Recent techniques have focused on developing intracellular probes that can measure 

oxygen concentration directly within cells with increased spatial resolution (Dmitriev and 

Papkovsky, 2015).  Similar to the optochemical sensors, these intracellular probes are 

based on the efficient quenching of phosphorescence by molecular oxygen.  However, 

compared to the optochemical sensors, instead of embedding the phosphorescent 

compounds within an oxygen permeable substrate, the phosphorescent compounds are 

allowed to be taken up directly by the cell, and instead of exciting the probe and measuring 

the quenching through a fiber optic cable, the probe is excited and measured through 

phosphorescence lifetime imaging microscopy.   
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The amount of collisional quenching of phosphorescence will depend on the 

concentration of oxygen in the molecular environment and reduce both the intensity and 

lifetime of phosphorescence. Measurements of phosphorescence lifetime to quantify 

quenching and calculate the concentration of oxygen have been preferred over intensity 

measurements because lifetime measurements are independent of the probe 

concentration. This is essential when used with intracellular probe where the uneven 

distribution of the probes within tissues can obscure intensity measurements and provide 

inaccurate calculations of oxygen concentration.  

In this study, we developed an assay for using the phasor approach to detect oxygen 

concentration inside a single cell by phosphorescence lifetime imaging. Tris(2,2’-

bipyridyl)dichloro-ruthenium(II) hexahydrate (Ru(BPY)3) was used as our intracellular 

probe. The probe and technique were first validated using solution measurements before 

being applied intracellularly. Variations in the cellular oxygen consumption rate were 

detected using mitochondrial respiration inhibitors, and variations in the cellular 

environment were detected using a 3-dimensional (3D) culture model of tumor spheroids. 

 

4.3 Materials and methods 

Cell culture 

MDA-MB-231 and MCF7 cells were cultured in DMEM (Genesee Scientific) 

supplemented with 10% FBS (Gibco), 100 U ml-1 penicillin, and 100μg ml-1 streptomycin 

(Genesee Scientific) at 37°C with 5% CO2 in a humidified incubator.  
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Tumor spheroid formation  

Tumor spheroids were formed using low cell attachment surface round bottom 96 

well plates. Briefly, MDA-MB-231 cells were resuspended to 1 x 105 ml-1 in culture media 

supplemented with 2% v/v Matrigel (Corning).  Plates were centrifuged at 200 x g for 5 

min, and incubated at 37°C with 5% CO2 in a humidified incubator for 2 days to allow for 

spheroid formation.  After two days, the spheroids were observed under a microscope to 

confirm a compact and spherical structure before use in further experiments.   

 

Cell staining with Ru(BPY)3  

For the staining of 2D cell experiments with Ru(BPY)3, MCF7 cells were plated on 

fibronectin-coated glass-bottom imaging dishes.  After the cells were attached, the media 

was replaced with culture media containing 100 μM of Ru(BPY)3. After 24 hr, the cells were 

washed twice with phosphate buffered saline (PBS). Fresh media was then replaced before 

imaging. 

For co-localization studies, cells were stained with ER-Tracker Red (Molecular 

Probes) according to manufacturer’s protocol after staining for Ru(BPY)3.  Briefly, ER-

Tracker Red was diluted to 200 nM in cell growth media.  The ER-Tracker containing media 

was then used to incubate the cells for 30 min at 37°C with 5% CO2.  Cells were then 

washed with PBS and fresh cell culture media was added before imaging. 

 For the staining of tumor spheroids with Ru(BPY)3 , formed tumor spheroids were 

cultured in culture media containing 100 μM of Ru(BPY)3 for 24 hr. Spheroids were then 

washed twice with PBS before they were embedded into 3 mg ml-1 of neutralized 

unpolymerized collagen in an 8-well glass bottom imaging plate. The spheroids in collagen 
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were allowed to initially self-polymerize at room temperature for 1 hr, and then 

transferred to 37°C for an additional 1 hr. Collagen gel fibers have been shown to better 

mimic the in vivo architecture when allowed to polymerize at room temperature (Geraldo 

et al., 2012; Kopanska et al., 2016; Raub et al., 2007). After the collagen has polymerized, 

400 μl of culture media was added to each well. 

 

Inhibition of cellular respiration 

 To measure variations in the cellular oxygen consumption rate, the consumption 

rate was decreased by the inhibition of Complex I and Complex III of the electron transport 

chain by rotenone and antimycin A, respectively. Cells were plated on fibronectin-coated 

glass bottom imaging dishes.  After staining with Ru(BPY)3, cells were treated with 

rotenone and antimycin A at a concentration of 0.5 μM each for 1 hr at 37°C before imaging 

by PLIM using a laser repetition rate of 250 kHz.  

 

Solution calibration of Ru(BPY)3 

 For lifetime measurements of Ru(BPY)3 in solution, Tris(2,2’-bipyridyl)dichloro-

ruthenium(II) hexahydrate (Sigma) was dissolved in PBS to approximately 250 μM.  The 

concentration of Ru(BPY)3 was measured by absorbance assuming an extinction coefficient 

of 14,600 M-1cm-1 at 452 nm. Intensity decay curves were measured at atmospheric 

conditions and after bubbling pure nitrogen through the sample for 10 min. 

For dynamic changes of oxygen concentration in solution, an imaging dish 

containing Ru(BPY)3 solution was placed on the microscope. PLIM images were 

continuously acquired at 1 min intervals under the following conditions: an initial baseline 
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at atmospheric conditions of 5 min; bubbling a mixture of 1% O2, 5% CO2, and a balance of 

N2 through the Ru(BPY)3 solution for 20 min; and finally, bubbling a mixture of 20% O2, 5% 

CO2, and a balance of N2 through the Ru(BPY)3 solution for 20 min. An average lifetime of 

each image was calculated and plot over time. Simultaneous to the PLIM acquisition, a 

NeoFox Oxygen Sensor (Ocean Optics) was used to measure the oxygen concentration of 

the solution as a standard. 

 Dynamic changes to the environmental oxygen concentration of cells were 

introduced similarly. Cells were stained with Ru(BPY)3 before imaging. PLIM images were 

again continuously acquired at 1 min intervals under the same conditions. The NeoFox 

Oxygen Sensor was used to measure the environmental oxygen concentration in the media. 

For these experiments, 1% O2 was used instead of 0% O2 to reduced cellular damage, and 

the Stern-Volmer plots used the lifetime values at 1% O2 for τ0 (Kurokawa et al., 2015). 

 

Phosphosphorescence lifetime imaging microscopy 

Intensity decay curves and phasor lifetime images were acquired on an Alba STED FLIM 

Laser Scanning Nanoscope (ISS). For solution and 2D cell experiments, images were 

collected using a Plan Apo 60x/1.40 NA oil immersion objective (Nikon). Tumor spheroids 

images were collected using a UPlanSApo 20x/0.75 NA objective (Olympus). Ru(BPY)3 was 

excited with a 472 nm laser diode pulsed at 333,333 Hz with a 10% duty cycle, unless 

otherwise stated. The emission of Ru(BPY)3 was collected using a 679/41 bandpass filter. 

All images were acquired at 256 x 256 pixels with a pixel dwell time of 32 μs, except for the 

solution images which were acquired at 64 x 64 pixels. For each lifetime image, multiple 

frames were integrated to increase the signal. The lifetime data was calibrated using 380 ns 
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for Ru(BPY)3 in atmospheric oxygen conditions as the reference, and it was analyzed by 

SimFCS software (Laboratory for Fluorescence Dynamics, Irvine, CA) 

 

4.4 Results 

Intensity decay measurement of oxygen quenching of RuBPY 

 First, we validated the ability for oxygen to quench the luminescence of Ru(BPY)3 in 

our system. The intensity decay of Ru(BPY)3 in solution was measured at atmospheric 

conditions and after bubbling pure nitrogen into the solution to displace oxygen. As 

expected, the removal of oxygen from the solution decreased the rate of collisional 

quenching and resulted in an increase in the lifetime (Figure 4.1). From the intensity decay 

of the oxygenated and deoxygenated Ru(BPY)3 solution, we determined that an optimal 

repetition frequency of 333,333 Hz, or a period of 3 μs, is appropriate for lifetime imaging 

of Ru(BPY)3.  

 

Figure 4.1: The intensity decay of oxygenated and deoxygenated Ru(BPY)3 solution. 

Oxygen in the solution increased collisional quenching and resulted in a shorter lifetime 

(Orange) relative to the solution after bubbling in pure nitrogen to displace oxygen in the 

solution (Blue). 
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Phasor FLIM of oxygen quenching of Ru(BPY)3 in solution 

 We then consecutively acquire PLIM images of Ru(BPY)3 in solution at a laser 

repetition rate of 333,333 Hz.  A baseline measurement was first acquired. We then 

bubbled 1% O2 and then 20% O2 through the solution to determine the ability to 

dynamically measure changes in oxygen concentration. Simultaneous to the PLIM 

measurements, the oxygen concentration was also measured using an optochemical oxygen 

meter.  The oxygen meter is composed of a phosphorescent dye embedded within an 

oxygen-permeable substrate at the tip of an optical fiber and served as a control 

measurement in our experiments.  Lifetime data from the images were plotted on the 

phasor plot. As the oxygen concentration increased, the phasor shifted along the edge of the 

universal circle towards the right indicating a shorter lifetime. Throughout the shift, the 

phasor remained on the edge of the universal circle indicating a single exponential decay 

(Figure 4.2A). Therefore, we plot the average phase lifetime, τφ, of each image. The 

measured lifetimes transitioned from 563 ns at 1% O2 to 380 ns at 20% O2 (Figure 4.2B).   
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Figure 4.2: Dynamic transition in oxygen concentration in Ru(BPY)3 solution measured by 

phasor PLIM. (A)The combined lifetime data of images during the time course on the 

phasor plot. (B) The average phase lifetime for the each image at 1 min intervals with 

exposure to 1% and 20% O2 as indicated.  

 

 Collisional quenching by oxygen can be characterized by the Stern-Volmer equation 

(Equation 4.1).  

 
  

 
      [  ] (Equation 4.1) 

where τ0 is the unquenched lifetime, τ is the measured lifetime, and KSV is the Stern-Volmer 

quenching constant. A Stern-Volmer plot was generated with phosphoresce lifetime 

measured by PLIM and oxygen concentration of the solution simultaneously measured by 

the oxygen probe (Figure 4.3). We obtained a linear relationship that is consistent with the 

Stern-Volmer equation demonstrating that PLIM can accurately determine the 

concentration of oxygen in solution between 1 and 20% O2. 
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Figure 4.3: Stern-Volmer plot of Ru(BPY)3 quenched by molecular oxygen. The partial 

pressure of oxygen in the solution was measured by an oxygen meter. The phase lifetime 

was measured by PLIM. 

 

Uptake and localization of Ru(BPY)3 by MCF7 cells 

 While we have confirmed the ability of Ru(BPY)3 to measure oxygen in solution, to 

function as a cellular oxygen probe, it needs to be taken up by the cell. Previous studies 

have found that while Ru(BPY)3 does not diffuse through the intact membrane of the cell, it 

can be internalized through endocytosis during longer incubation times (Dobrucki, 2001).  

To check for probe internalization, MCF7 cells were used due to their flat morphology 

enabling clear visualization of probe localization.  MCF7 cells were plated on glass bottom 

imaging dishes with 100 μM of Ru(BPY)3 added to the culture media. Previous work has 

demonstrated low cytotoxicity of Ru(BPY)3 in cells up to 100 μM (Kalinina et al., 2016). 

After incubation in the media containing Ru(BPY)3 for 24 hours, the cells were washed 

twice with phosphate buffered saline, and fresh culture media was added to the dish for 

imaging. Imaging by confocal fluorescence microscopy revealed that the probe was 

internalized by the cell, but it appeared to localize in a region next to the nucleus. Co-
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staining with the ER-Tracker Red suggests that Ru(BPY)3 may be localizing to the 

endoplasmic reticulum (Figure 4.4). 

 

 

Figure 4.4: Fluorescence confocal images of the internalization and localization of 

Ru(BPY)3 in MCF7 cells. (A) Endoplasmic reticulum stained by ER Tracker Red. (B) Uptake 

of Ru(BPY)3 in cells. (C) Transmission image. (D) Merged image of ER Tracker Red and 

Ru(BPY)3 uptake.  Scale bar represents 20 μm. 

 

Effects of environmental oxygen concentration on lifetime of intracellular Ru(BPY)3  

 After confirming that Ru(BPY)3 is taken up the by the cell, we repeated the assay 

previously performed in solutions to determine the ability to dynamically monitor changes 

in oxygen concentration within cells. MCF7 cells were stained with Ru(BPY)3, and 

consecutive PLIM images were acquired between 1% and 20% O2, as previously described. 

Similar to Ru(BPY)3 in solution, the phasor of Ru(BPY)3 in the cell shifts along the edge of 
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the universal circle(Figure 4.5A) . Using the phasor plot, the images were pseudo-colored 

depending on the lifetime of each pixel, with warmer colors representing shorter lifetimes. 

Similar to the solution measurements, the phasor of intracellular Ru(BPY)3 shifts towards 

shorter lifetimes with increasing oxygen concentration. This can be visualized in the 

pseudo-colored images with the transition towards warmer colors as the oxygen 

concentration increases from %1 to 20% (Figure 4.5B). The average phase lifetime of 

Ru(BPY)3 within the cell ranged from 543 ns at 1% O2 in the media to 451 ns at 20% O2 in 

the media (Figure 4.5C). 

 

Figure 4.5: Response of intracellular phosphorescence lifetime of Ru(BPY)3 to changing 

environmental oxygen concentrations. (A) The combined lifetime data of images during the 
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time course on the phasor plot. (B) Images of the cells in oxygen concentrations from 1% to 

20% pseudo-colored based on their lifetime from the color scale on the phasor plot. 

Warmer colors represent shorter lifetimes. (C) The average phase lifetime for each image 

at 1 min intervals with exposure to 1% and 20% O2 as indicated 

 

 Similar to the solution measurements, the Stern-Volmer plot of intracellular 

Ru(BPY)3 lifetime in response to environmental oxygen concentration shows a decrease in 

phosphorescence lifetime with increasing oxygen concentration, as expected. However, 

compared to the Stern-Volmer relationship of Ru(BPY)3 in solution, there is a higher degree 

of non-linearity in cells (Figure 4.6). 

 

 

Figure 4.6: Stern-Volmer plot of intracellular Ru(BPY)3 quenched by molecular oxygen. 

Partial pressure of oxygen in the solution was measured by an oxygen meter. The phase 

lifetime of intracellular Ru(BPY)3 was measured by PLIM. 

 

Changes in intracellular oxygen concentration in response to inhibition of oxygen 

consumption 

 In addition to the environment, the oxygen consumption rate of the cell can 

influence intracellular oxygen concentrations. To perturb the oxygen consumption rate, 
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rotenone and antimycin A were used to inhibit cellular respiration. Rotenone and 

antimycin A are inhibitors of Complex I and Complex III of the electron transport chain, 

respectively. Rotenone and antimycin A have previously been used in combination to more 

fully inhibit oxidative phosphorylation (Lefort et al., 2010; Nicholas et al., 2017; Pelletier et 

al., 2014).  The phosphorescence lifetime of Ru(BPY)3 in untreated control cells were 

compared to cells treated with rotenone and antimycin. As expected, inhibition of oxygen 

consumption resulted in higher intracellular oxygen concentration and a shorter 

phosphorescence lifetime (Figure 4.7). This demonstrates that measurement of Ru(BPY)3 

phosphorescence lifetime is sensitive to changes in cellular oxygen consumption rate.   

In addition, we observed an increase in variability in the measured oxygen 

concentration between cells after treatment with rotenone and antimycin A.  This could be 

an indicator of the biological variability in response to treatment with rotenone and 

antimycin A that exist between cells.  This demonstrates the advantage of the high spatial 

resolution achieved through the use of phosphorescence imaging enabling single cell 

measurements.  In comparison, measurements by a conventional single point oxygen 

sensor would take an average of the entire population masking the variability between 

single cells. 
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Figure 4.7: Inhibition of oxygen consumption reduces the phosphorescence lifetime 

indicating an increase in intracellular oxygen. (A) Representative intensity images and 

pseudo-colored lifetime images of control and cells treated with rotenone and antimycin 

(RotAM). Pseudo-color based on color scale on the phasor plot with warmer colors 

representing shorter lifetimes. (B) The phasor plot of combined lifetime images. (C) 

Average phase lifetimes of untreated and cells treated with rotenone and antimycin. Bars 

represent average ± S.D., n = 10 cells, p < 0.05, Student’s t-test. 

 

Distribution of oxygen in a tumor spheroid model 

 In vivo, gradients of oxygen concentration exist as a function of the tissue 

architecture and the rate of consumption by cells, and hypoxia within tumors is known to 

be a driver of tumor progression and metastasis (Brizel et al., 1996). Conventional 2-



74 
 

dimensional (2D) cultures lack the architecture to recapitulate the oxygen gradients in 

tumors; therefore, we used a 3D tumor spheroid model to measure oxygen gradients by 

phosphorescence lifetime. Here, we formed tumor spheroids from MDA-MB-231 human 

breast cancer cells. MDA-MB-231 cells have previously been used to form tumor spheroids 

to provide a more physiologically relevant model than traditional monolayer cultures 

(Benton et al., 2015; Froehlich et al., 2016; Reynolds et al., 2017). After the formation of our 

spheroids, they were then stained with Ru(BPY)3 and subsequently embedded within 

collagen. The uptake of Ru(BPY)3 was confirmed by checking the phosphorescence 

intensity of the spheroid (Figure4.8A).  Mapping of phosphorescence lifetime revealed that 

cells at the periphery contained a higher concentration of intracellular oxygen relative to 

the core of the spheroid (Figure 4.8BC).  
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Figure 4.8: Mapping of intracellular oxygen concentration in tumor spheroids. An image of 

a single imaging plane at the center of the spheroid acquired on a confocal microscope is 

shown.  Individual tiles were stitched together to form the image of the spheroid.  (A) 

Intensity image of Ru(BPY)3 phosphorescence in a tumor spheroid. (B) Pseudo-colored 

image of phosphorescence lifetime colored by each pixel’s position in the phasor plot. A 

binary color scale was used with green representing a shorter phase lifetime. (C) The 

phasor plot of the spheroid. Red and green triangular cursors represent the pseudo color 

scale. The two points on the universal circle are phasor positions of Ru(BPY)3 at 20% and 

1% oxygen in solution and were used to determine the position of the binary color scale.  

Black squares in the image were a result of technical challenges with the tile scanning on 

the microscope.  Scale bars represent 300 μm. 

 

4.5 Discussion 

In this study, we developed and validated a method to non-invasively image cellular 

respiration and oxygen gradients in the environment in real-time. While phosphorescence 

lifetime imaging has been used previously to measure oxygen concentration (Dmitriev et 
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al., 2013; Kalinina et al., 2016; Kurokawa et al., 2015; Rusak et al., 2006), this study applied 

the phasor approach to phosphorescence lifetime imaging. Using the phasor approach, we 

were able to visualize the data in real-time using a fit-free method and simplified the 

analysis by providing a graphical global view of the phosphorescence decay of each pixel in 

the image (Digman et al., 2008).  

Many options exist for oxygen probes, including porphyrins, platinum-based and 

ruthenium-based complexes, and nanoparticles (Dmitriev and Papkovsky, 2015). Probes 

have been developed with various spectral properties, lifetimes, and cellular uptake rates, 

and these properties are important considerations when choosing a probe for a specific 

system.  We selected Ru(BPY)3 as our oxygen probe due to its lifetime, brightness, and 

ability to be internalized by the cell. From its quenched and unquenched lifetimes at 20% 

and 0% oxygen, respectively, we found that a laser repetition rate of 333,333 Hz to be 

optimal for our system. While a probe with a longer unquenched lifetime would increase 

the opportunity for collisional quenching by oxygen in the environment molecule thus 

improving its sensitivity at lower oxygen concentrations, we demonstrated that Ru(BPY)3 

is sensitive between 1% and 20% O2 in solution. Furthermore, since the period of the laser 

pulse must be longer than the phosphorescence lifetime, probes with longer lifetimes 

would necessitate a longer laser pulse and image scan time. Longer image scan times would 

decrease the temporal resolution of this method in monitoring dynamic changes as 

demonstrated by our assay in monitoring the intracellular response to changing 

environmental oxygen (Figure 4.5). We believe that the lifetime of Ru(BPY)3 provides a 

good compromise between oxygen sensitivity and imaging time. 
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As expected, the lifetime of Ru(BPY)3 in solution linearly decreased with increasing 

oxygen concentration according to the Stern-Volmer equation. While the lifetime of 

intracellular Ru(BPY) also decreased with increasing environmental O2, there was some 

deviation from the Stern-Volmer relationship, as observe by the non-linearity as oxygen 

concentrations increased. This would suggest that cellular oxygen consumption is changing 

in response to changes in the environmental oxygen concentration, as previously suggested 

(Kurokawa et al., 2015; Papandreou et al., 2006). Therefore, the intracellular oxygen 

concentration does not change linearly with the environmental oxygen concentration 

resulting in the observed non-linearity in the Stern-Volmer plot. An additional cause for the 

non-linear Stern-Volmer relationship may be sequestration of the probe making it 

unavailable to O2 for quenching (Eftink and Selvidge, 2002). Therefore, even as O2 

concentrations increase, a population of probes remains unquenched producing the 

observed non-linearity. This would be supported by the localization of Ru(BPY)3 as 

observed in our internalization assay (Figure 4.4).The localization of the probes within the 

cells may result in aggregates that shield a small subset from quenching. While this only 

significantly affected oxygen concentrations above 15% in our assay and relative 

measurements remained consistent, future probe development may be focused on being 

more evenly distributed within the cell to determine if a larger linear range can be 

achieved.  

Not only were we able to detect changes in intracellular oxygen due to the environment, 

we were able to detect changes in cellular oxygen consumption rates as demonstrated by 

the use of cellular respiration inhibitors (Figure 4.7). This lays the groundwork for a more 

comprehensive assay using inhibitors to fully characterize cellular basal and spare oxygen 
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consumption capacities, similar to extracellular flux assays (Ferrick et al., 2008).  These 

extracellular flux assays use an oxygen sensor within a sealed microwell containing cells to 

measure the change in oxygen concentration in the cell culture media over time.  The 

change is oxygen concentration over time is used to calculate the cellular oxygen 

consumption rate, which is an indicator of oxidative phosphorylation by the cell.  Since 

these assays measure a single average oxygen concentration value per well, they are not 

able to measure the variability within a population.  Phosphorescence lifetime imaging will 

provide the spatial resolution to analyze individual cells or specific populations of cells 

within a single sample. This was illustrated in our tumor spheroid model, where we found 

higher oxygen concentration in cells at the periphery compared to the core (Figure 4.8). 

 Furthermore, this method can be combined with FLIM of NADH to provide a more 

complete measure of cellular metabolism at high spatial resolution. By combining the 

methods, oxygen concentration measured by PLIM can be correlated to the redox ratio of 

the cell measured by FLIM of NADH (Kalinina et al., 2016).  

 

4.6 Conclusions 

Overall, we have developed an assay using the phasor approach to phosphorescence 

imaging to measure the oxygen concentrations.  This enables the non-invasive 

measurement of cellular respiration and provides the groundwork for future assays, 

including the measurement of basal and spare oxygen consumption rates and simultaneous 

measurements with FLIM of NADH. 
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3.8 Contributions 

Andrew L. Trinh performed the experiments and data analysis.  Ivy Le and Karina A. Lee 

aided with the formation of tumor spheroids.  Michelle A. Digman provided guidance.   
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CHAPTER 5 

 

FLIM FRET FOR THE MAPPING OF RAC1 ACTIVATION IN TUMOR 

SPHEROIDS 

 

5.1 Abstract 

While much has been learned from 2D culture models, the transition to 3D often 

presents new biological complexities that require the development and application of novel 

tools and techniques.  In one example, the function of the Rho GTPase Rac1 has been shown 

to differ depending on its context within a 2D or 3D environment.  Rho GTPases function as 

molecular switches within the cell and regulate a wide range of cellular behavior, including 

migration.  Rac1 has been extensively studied in 2D (Hirota and Semenza, 2001; Nobes and 

Hall, 1999), but its role in a 3D environment is only beginning to be understood (Pankov et 

al., 2005; Petrie et al., 2012).  Previous studies of Rac1 in 3D cellular environments have 

primarily observed its role in the migration of single cells within a collagen matrix (Pankov 

et al., 2005; Petrie et al., 2012).  In this chapter, we seek to further understand the 

regulation of Rac1 in 3D environments by studying it within a 3D multicellular tumor 

spheroid model. 

 The activation of Rac1 within the tumor spheroid model was quantified by Förster 

Resonance Energy Transfer (FRET) using the phasor approach to FLIM.  We generated a 

stable cell line expressing a genetically-encoded FRET biosensor for the activation of Rac1.  

The cell line was validated by stimulation with epithelial growth factor, and used to form 
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tumor spheroids.  Using FLIM FRET, we observed a higher level of Rac1 activation within 

the center of the spheroid relative to the periphery.  Because of the role of Rac1 in cell 

migration, and therefore its role in cancer invasion, regulators of Rac1 have been 

considered as targets for cancer therapy; thus, a better understanding of Rac1 activity 

within a multicellular 3D environment will be essential for further treatment development. 

 

5.2 Introduction 

The Rho family of small GTPases have been primarily studied for their role in the 

regulation of cell migration (Pankov et al., 2005; Parri and Chiarugi, 2010; Reymond et al., 

2012; Ridley, 2001; Ridley, 2015), but they also control other functions, including gene 

expression, cell division, vesicle trafficking, cell morphology, and cell polarity (Etienne-

Manneville and Hall, 2002; Jaffe and Hall, 2005). Many of these functions contribute to the 

progression of cancer. For example, the ability for cancer cells to migrate and invade is a 

critical step in tumor metastasis and overall tumor progression.  The Rho GTPase Rac1 has 

been found to be overexpressed in breast, lung, oral squamous cell, testicular, and gastric 

carcinoma (Alan and Lundquist, 2013).  In breast cancer cells, the activation of Rac1 has 

been shown to disrupt cell-cell contacts and promote a more invasive phenotype (Adam et 

al., 2001; Lozano et al., 2003; Parri and Chiarugi, 2010).  Therefore, a better understanding 

of the role of Rho GTPases in cancer may lead to potential cancer therapeutic targets (Haga 

and Ridley, 2016; Vega and Ridley, 2008).  

In mammals, the Rho family of GTPases consist of 20 proteins divided into 8 

subfamilies(Haga and Ridley, 2016). These proteins are highly evolutionarily conserved 

and typically act as molecular switches by cycling between an active GTP-bound and an 
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inactive GDP-bound conformation. This switch is carefully regulated through guanine 

nucleotide exchange factors (GEFs), GTPase activating proteins (GAPs), and guanine 

nucleotide dissociation inhibitors (GDIs). GEFs activate Rho GTPases by facilitating the 

exchange of GDP for GTP. GAPs inactivate Rho GTPases by catalyzing the hydrolysis of GTP 

to GDP. GDIs can inhibit Rho GTPases by binding to them and sequestering them in the 

cytosol away from their sites of action in the membrane (Haga and Ridley, 2016). The 

careful regulation of RhoGTPases is a complex process and over 70 RhoGEFs, 60 RhoGAPs, 

and 3 RhoGDIs have been identified in mammals. 

Within the Rho family of GTPases, Rac1 is one of the most studied members.  In 2D 

cultures, Rac1 is known to be activated at the leading edge of the cell to form cell 

protrusions, known as lamellipodia (Kraynov, 2000).  These structures are formed by the 

polymerization of actin and play a key role in the mechanism for cell migration (Kraynov, 

2000; Ridley, 2015).  Additionally, studies of Rac1 in cells embedded within a 3D 

extracellular matrix revealed that the level of Rac1 activation predicted their pattern of 

migration.  Higher levels of Rac1 activation was associated with directionally random 

migration, whereas, lower levels of Rac1 activation switched the cell to a more directionally 

persistent pattern of migration (Pankov et al., 2005).  Furthermore, additional mechanisms 

for cell migration have been identified in 3D extracellular matrices.  In 3D migration, cells 

were observed to undergo lamellipodia-based migration, similar to the mechanism 

observed in 2D cell migration.  However, in addition to lamellipodia-based migration, cells 

in 3D cultures were also observed to undergo lobopodia-based migration.  In comparison 

to lamellipodia, lobopodia are narrower protrusions that do not require the activation of 

Rac1 at the leading edge of the cell (Petrie et al., 2012).  In addition to the role of Rac1 in 
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cell migration, Rac1 has also been found to be activated in response to hypoxic 

environments.  In cells cultured in 2D under low oxygen conditions (1% oxygen), the 

activation of Rac1 was required for the expression and activity of hypoxia inducible factor 

1α (HIF-1α).  Due to these multiple roles of Rac1 in migration and hypoxia response, we 

were interested in understanding its regulation within a 3D tumor spheroid model, which 

better recapitulates in vivo conditions, and contains actively migrating cells and a hypoxic 

core.    

To measure the activation of Rac1, pull-down assays have been standard. Pull down 

assays for active Rac1 often use a p21-binding domain (PBD) derived from p21-activated 

kinase 1, which selectively binds to the active form of Rac1. Bacteria are used to produce 

Glutathione-S-transferase (GST)-PBD fusion protein. Cells to be analyzed will be lysed, and 

the lysate will be mixed with the GST-PBD fusion proteins and glutathione-coupled beads. 

The beads will then bind to GST on the fusion protein, and the PBD on the fusion protein 

will selectively bind to active Rac1. The beads can then be washed and active Rac1 can be 

eluted and quantified by western blot analysis.  While this method is quantitative, by lysing 

the cells for analysis, the assay eliminates spatial information that would reveal polarized 

activation within single cells and variation between cells within a population.  In addition, 

this is an end point assay that is unable to monitor activation in live cell.  Therefore, to 

measure the temporal response of Rac1, multiple samples need to be prepared at varying 

endpoints.  Because of the relatively low time resolution of this approach, highly dynamic 

activation of Rac1 may be overlooked. 

To address the limitations of GST-PBD pull-down assays in quantifying Rac1 activation, 

Genetically-encoded FRET-based biosensors have been developed (Kraynov, 2000). Similar 
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to the pull-down assay, the FRET biosensor for Rac1 also use the PBD for selective binding 

to the active form of Rac1. The biosensor is composed to two polypeptide chains, a 

dTurquoise-Rac1 chain and a YPet-PBD chain. Upon activation of Rac1, PBD will selectively 

bind and bring the dTurquoise and YPet FRET pair into close proximity and enable FRET 

(Dagliyan et al., 2018; Ma et al., 2018). As discussed in Chapter 2, FRET can be quantified by 

either intensity or lifetime. Due to the insensitivity of fluorescence lifetime to the 

concentration of the probe, fluorescence lifetimes are generally more robust. Furthermore, 

quantification by fluorescence lifetime only depends on the emission of the donor 

fluorophore, thereby eliminating corrections for emission crosstalk that is often necessary 

in intensity-based methods.  

FRET biosensors have been applied to quantify the activation of Rac1 and other 

members of the Rho GTPase family with high spatial and temporal resolution in live cells 

providing new insight into their regulatory roles and their regulation (Herrington et al., 

2017; Kurokawa et al., 2004; Pertz et al., 2006; Petrie et al., 2012). While the FRET 

biosensors have been used to extensively study Rac1 activation at the single cell level, cells 

in vivo often exist as three-dimensional (3D) multicellular structures. 3D structures can 

often introduce complexities that would confound results from two-dimensional (2D) 

experiments, including cell-cell interactions, responses to the extracellular matrix, and 

gradients of oxygen and nutrients.  

In this study, we used a FRET biosensor to investigate the role of Rac1 in a 3D tumor 

spheroid model.  A stable cell line was established expressing a genetically-encoded FRET 

biosensor for the activation of Rac1.  Rac1 activity in the cell was quantified by measuring 

FRET using the phasor approach to fluorescence lifetime imaging.  After we validated the 
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function of the biosensor within our stable cell line by stimulation with EGF, the cell line 

was used to form tumor spheroids.  Using FLIM FRET, we observed a higher level of Rac1 

activation within the center of the spheroid relative to the periphery.  Previous studies, 

including our results in the previous chapter, have indicated a hypoxic core within tumor 

spheroid models, similar to the hypoxic environments within in vivo tumors (Wartenberg 

et al., 2003).  This suggests that, similar to previous studies demonstrating the activation of 

Rac1 in hypoxic environments in 2D cultures (Du et al., 2011; Hirota and Semenza, 2001), 

the hypoxic environment within the center of tumor spheroid models can also activate 

Rac1.  In addition, this also suggest that cells on the surface of the spheroid that are 

invading the surrounding extracellular matrix depend on a mode of cell migration that is 

less dependent on Rac1 activation, when compared to the amount of activation induced by 

the hypoxic conditions within the core.  These results can guide future cancer therapeutic 

development targeting Rac1 and its regulators in understanding which subset of cells 

within tumors may respond most effectively. 

 

5.3 Materials and Methods 

Cell culture and transfection 

MDA-MB-231 cells were cultured in DMEM (Genesee Scientific) supplemented with 

10% FBS (Gibco), 100 U ml-1 penicillin, and 100μg ml-1 streptomycin (Genesee Scientific) at 

37°C with 5% CO2 in a humidified incubator. Transient transfections were performed using 

Lipofectamine 3000 (ThermoFisher Scientific) according to the manufacturer’s protocol. 
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Generation of Rac1-FLARE cell line 

The Rac1-FLARE dual-chain biosensor was obtained from the Hahn Lab, University 

of North Carolina. The sensor contains a dTurquoise-Rac1 and a YPet-PBD polypeptide 

chain. The two chains are expressed from the same promoter, and two consecutive 2A viral 

peptide sequences, porcine teschovirus-1 (P2A) and Thosea asigna virus (T2A), were 

inserted between the chains. The 2A sequences “cleave” the two chains by ribosome 

skipping during translation, resulting the two chains in equal stoichiometry (Donnelly et 

al., 2001; Kim et al., 2011). 

The stable Rac1-FLARE cell line was established using the PiggyBac transposon 

system (System Biosciences), similar to what has been previously described (Herrington et 

al., 2017).  In brief, the Rac1-FLARE fragment was amplified and inserted using the Cold 

Fusion kit (System Biosciences) between BstBI/NotI of the PiggyBac Cumate Inducible 

cDNA Cloning and Expression Vector (PB-Cuo-MCS-EF1-CymR-Puro) to create the PB-

Rac1-FLARE construct. MDA-MB-231 cells were then co-transfected with the PB-Rac1-

FLARE and the PB-transposase construct (System Biosciences) using Lipofectamine 3000 

(ThermoFisher Scientific) according to the manufacturer’s protocol. Transfected cells were 

selected for integration of the transposon using 1 μg ml-1 of puromycin (Gibco). The cells 

were diluted and cultured to isolate single clones.  Single clones were then expanded, and a 

subset was use to check for the expression of the biosensor after induction for 24 h with 

300 μg ml-1 of cumate (System Biosciences).  Expression of the biosensor was verified by 

measuring fluorescence intensity, and clonal cell lines uniformly expressing the biosensor 

in all cells with no observable morphological difference when compared to untransfected 

MDA-MB-231 cells were selected for further experiments.  
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Rac1-FLARE Epidermal Growth Factor (EGF) Stimulation Assay 

MDA-MB-231 Rac1-FLARE cells were plated onto fibronectin coated glass-bottom 

imaging dishes (Lab-Tek). Expression of the biosensor was induced 24 hr prior to imaging 

by the addition of 300 μg ml-1 of cumate (System Biosciences).  12 hr prior to imaging, cells 

were serum-starved to maximize their response to EGF (Hinde et al., 2012).  Cells were 

serum-starved by replacing the media with DMEM supplemented with 0.5% FBS (Gibco), 

100 U ml-1 penicillin, 100μg ml-1 streptomycin (Genesee Scientific), and 300 μg ml-1 of 

cumate. For each imaging dish, a FRET image was first obtained. While maintaining the 

dish on the microscope, EGF was added for a final concentration of 20 ng ml-1 in the dish. 

After 3 minutes of stimulation by EGF, a second FRET image was obtained for the same 

location. 

 

Spheroid formation  

Spheroids were formed using low cell attachment surface round bottom 96-well 

plates. Briefly, MDA-MB-231 cells were resuspended to 1 x 105 ml-1 in culture media 

supplemented with 2% v/v Matrigel (Corning).  Plates were centrifuged at 200 x g for 5 

min, and incubated at 37°C with 5% CO2 in a humidified incubator for 2 days to allow for 

spheroid formation.  After two days, the spheroids were observed under a microscope to 

confirm a compact and spherical structure before use in further experiments.   

 

Spheroid FLIM FRET Assay 

For the spheroid FRET assay, formed spheroids of stable Rac1-FLARE cells were 

embedded into 3 mg ml-1 neutralized unpolymerized collagen in an 8-well glass bottom 
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imaging plate. The spheroids in collagen are allowed to initially self-polymerize at room 

temperature for 1 hr, and then transferred to 37°C for an additional 1 hr. Collagen gel fibers 

have been shown to better mimic the in vivo architecture when allowed to polymerize at 

room temperature (Geraldo et al., 2012; Kopanska et al., 2016; Raub et al., 2007). After the 

collagen has polymerized, 400 μl of culture media with 300 μg ml-1 of cumate was added to 

each well to induce the expression of the Rac1-FLARE biosensor.  Uniform expression of 

the biosensor in the spheroid was confirmed by fluorescence intensity before the spheroid 

was used in further experiments. 

 

FLIM-FRET Imaging 

FRET images were acquired on a Zeiss LSM 710 microscope (Carl Zeiss) coupled to 

an 80 MHz Titanium-Sapphire Mai Tai Laser (Spectra Physics) and incubation maintained 

at 37°C and 5% CO2. Images were collected with a C-Apochromat 40x / 1.2 N.A. water 

immersion objective (Carl Zeiss). dTurquoise was excited at 820 nm, and the excitation was 

separated from the emission by a 690 nm dichroic mirror and the dTurquoise emission 

was collected with a 470/22 bandpass filter and a Hamamatsu H7422P-40 photomultiplier 

tube (Hamamatsu).  Images were collected at a scan speed of 25.21 μsec pixel-1 and a size of 

256 x 256 pixels. Fifty frames were collected and integrated for each fluorescence lifetime 

image. The instrument’s response time was calibrated using Coumarin 6 in ethanol as a 

standard with fluorescence lifetime of 2.5 ns. Frequency domain FLIM data were acquired 

by an A320 FastFLIM box (ISS, Inc.) and analyzed by SimFCS software (Laboratory for 

Fluorescence Dynamics, University of California, Irvine). Relative FRET was quantified by 
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calculating the center of mass of the phasor along the trajectory between the unquenched 

donor lifetime and the maximum observed quenched lifetime. 

 

5.4 Results 

Activation of Rac1 in EGF stimulated cells by phasor FLIM FRET 

A Rac-1 FLARE biosensor was expressed in human MDA-MB-231 cells to visualize the 

activation of Rac1. To avoid overexpression of the biosensor and maintain similar 

expression levels between cells, we established a stable clonal cell line. Previous work has 

found that overexpression of the biosensor may affect cell behavior (Pertz et al., 2006). 

Therefore, we used a promoter inducible by cumate to regulate the expression of Rac1-

FLARE.  This enable us to control the expression of the biosensor through the addition of 

300 μg ml-1 of cumate to the cell culture media 24 hrs prior to imaging. 

To quantify FRET, the fluorescence lifetime of the donor fluorophore was measured and 

analyzed by the phasor approach. A baseline lifetime without FRET was established by 

measuring the fluorescence lifetime in cells transiently transfected with only Rac1-

dTurquoise. The lifetime was a uniform population on the universal semi-circle of the 

phasor plot, indicating a single exponential decay, with a fluorescence lifetime of ~3.8 ns 

(Figure 5.1). With FRET, the donor fluorophore will be quenched and appear along a 

trajectory in the direction towards shorter lifetimes.  
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Figure 5.1: Fluorescence lifetime of Rac1-dTurquoise. (A) The fluorescence intensity. (B) 

Pseudo-colored image of the lifetime. Red color represents pixels that are within the cursor 

on the phasor plot. (C) Phasor plot showing the uniform distribution of lifetime values 

within the cell. 

 

The Rac1-FLARE MDA-MB-231 clonal stable cell line was validated by stimulation with 

Epidermal Growth Factor (EGF). EGF has been shown to stimulate the activation of Rac1 

and induce lamellipodial protrusion and membrane ruffling (Hinde et al., 2012; Kurokawa 

et al., 2004). To maximize the response to EGF, cells were serum starved for 24 hours prior 

to imaging (Hinde et al., 2012). As expected, cells stimulated with EGF showed an increase 

in Rac1 activation as observed by the shift in the phasor towards shorter lifetimes. In the 

pseudo-colored images, cooler colors represent an increase in FRET. After EGF stimulation, 

an increase in FRET was observed at the edge of the cell (Figure 5.2).  
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Figure 5.2: EGF stimulation of Rac1-FLARE MDA-MB-231 clonal cell line. (A) The 

representative intensity and pseudo-colored lifetime images before and after EGF 

stimulation. White arrows in lifetime image indicate areas of increased FRET. Pseudo-

colored according to colorscale in phasor plot. Cooler colors represent an increase in FRET. 

(B) The combined phasor plot of the images. (C) The relative FRET of cells before and after 

EGF stimulation. p < 0.05 for pairwise Student’s t-test. 

 

Spatial mapping of Rac1 in MDA-MB-231 tumor spheroids by phasor FLIM FRET 

After validating our stable cell line, the cells were used to form tumor spheroids to 

assess the spatial organization of Rac1 activation within a 3D tumor spheroid model. Due 

to the multiple days required for the formation of spheroids, inducible expression of the 

biosensor was essential to avoid long-term overexpression.  In addition, clonal selection of 

the cell line promoted uniform expression throughout the spheroid. After the spheres were 

formed, they were embedded within collagen and cumate was added to the media to induce 
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the expression of the biosensor. 24 hr after the addition of cumate, the expression of the 

biosensor was confirmed by measuring the fluorescence intensity and FRET images were 

acquired (Figure 5.3B). At this time point, the cells at the surface uniformly migrated out 

of the sphere and began invading the extra cellular matrix.  This is similar to reports by 

others (Kopanska et al., 2016). In comparing the activation of Rac1 in cells migrating at the 

periphery to cells at the core of the spheroid, we found an increase in FRET activation at 

the core of the spheroids relative to the periphery (Figure 5.3).  

 

 

Figure 5.3: FRET of Rac1-FLARE MDA-MB-231 after 24 hrs in collagen. (A) Transmission 

image. (B) Intensity image of dTurquoise emission. (C) Pseudo-colored FRET Image with 

green representing an increase in FRET. (D) Phasor plot with cursors indicating the color 

scale in the pseudo-colored image. 
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Rotenone suppresses Rac1 activation at the spheroid core 

 Previous reports have found that treatment with rotenone suppresses hypoxia-

induced Rac1 activation. In that experiment, untreated control cells and cells pretreated 

with rotenone, an inhibitor of complex I in the electron transport chain, were cultured in 

2D under hypoxic conditions. Cells were harvested, and cell lysates were subjected to a 

GST-PBD pull-down assay to quantify activated Rac1. It was found that activated Rac1 was 

higher in untreated control cells, while cells pretreated rotenone had lower amounts of 

activated Rac1 similar to levels observed in cells cultured in normoxic conditions (Hirota 

and Semenza, 2001).  

 To investigate if rotenone can have a similar suppressive effect on the activation of 

Rac1 at the core of tumor spheroids, we embedded MDA-MB-231 Rac1-FLARE tumor 

spheroids in a collagen gel. Cells were imaged by FRET-FLIM for activation of Rac1 before 

and 2 hr after treatment with rotenone. We found a significant decrease in the activation of 

Rac1 at the core of the spheroid after treatment with rotenone, while the periphery of the 

spheroid remained relatively constant. After 14 hrs, FRET decreased in both the periphery 

and core (Figure 5.4).  
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Figure 5.4: Rotenone suppresses Rac1 activation preferentially in the hypoxic core. (A) 

Pseudo-colored FRET Image with green representing an increase in FRET. (B) Phasor plot 

with cursors indicating the color scale in the pseudo-colored image. (C) Comparison of 

FRET between the core and periphery of the spheroid before and 2hr and 14 hr after 

treatment with rotenone. 

 

5.5 Discussion 

While much has been learned from 2D culture models, the transition to 3D often 

presents new biological complexities that require the development and application of novel 

tools and techniques. Rac1 activation has been extensively studied in 2D culture models 

(Hirota and Semenza, 2001; Nobes and Hall, 1999); however, its regulatory roles in 3D are 

less clear. In this study, we leverage the spatial resolution of FRET imaging to study the 
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regulation of Rac1 in a 3D tumor spheroid model by establishing a stable cell line 

expressing the Rac1-FLARE biosensor. 

Establishing stable cells lines expressing FRET biosensors is a challenge using 

traditional lipofection of linear plasmids and retrovirus-mediated gene transfer techniques, 

partly due to the large sequence size (Aoki et al., 2013). Similar to others, we were able to 

overcome this challenge by using the PiggyBac transposon system (Aoki et al., 2013; 

Herrington et al., 2017). The establishment of a stable clonal cell line was essential for this 

study. Due to the multiple days required for spheroid formation, transient transfections 

would have been inadequate. In addition, even expression was required to enable the 

mapping of all areas of the spheroid within the image necessitating the clonal selection. 

Furthermore, overexpression of the biosensor has been shown to be harmful to the cell. We 

addressed this concern by using a cumate inducible promoter to control the levels of 

expression of our biosensor.  

After establishing the cell line, it was validated by observing the activation of Rac1 by 

stimulation with EGF before it was used to form spheroids. In the spheres, we can observe 

the cells migrating away compared to cells that are in the core, and we can compare the 

activation of Rac1 in the two populations. We found that the activation of Rac1 was higher 

in the core relative to the migrating cells at the periphery. This was unexpected since one of 

the most studied roles of Rac1 is it’s activation in cell migration. However, Rac1 has also 

been shown to be activated in response to hypoxic environments, and it is known that the 

core of the tumor spheroid is generally hypoxic. Therefore, the hypoxic environment of the 

tumor spheroid may have a larger effect on Rac1 activation than the migrating behavior at 

the periphery of the tumor.  
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To test if the activation of Rac1 at the core of the spheroid is due to hypoxia, we treated 

the spheroids with rotenone. Previous work has shown that rotenone can suppress the 

activation of Rac1 in response to hypoxia in 2D (Du et al., 2011; Hirota and Semenza, 2001). 

We found that 2 hrs after treatment with rotenone, the FRET at the core of the spheroid 

decreased while the periphery remained relatively constant. This supports the hypothesis 

that the activation of Rac1 in the core of the spheroid is due to hypoxia. 

This study established an approach that can be expanded to investigate other behaviors 

in 3D using FRET biosensors. Future studies can be applied to other Rho GTPases, including 

Cdc42 and RhoA, to provide a comprehensive understanding of their role in 3D 

multicellular models. 

 

5.6 Conclusions 

Overall, the study of Rac1 activation in 3D was made possible by combining FLIM FRET 

imaging, the establishment of cell lines expressing a FRET biosensor, and the tumor 

spheroid model. These tools revealed that Rac1 activation is higher in the spheroid core. 

Rho GTPases are being considered as therapeutic targets for cancers; therefore, studying 

their regulation in 3D models which better mimic in vivo tumors will critical.  

 

5.7 Contributions 

Andrew L. Trinh performed the experiments and data analysis.  Kari Herrington provided 

advice on generating the stable cell line.  Ivy Le and Karina A. Lee aided with the formation 

of tumor spheroids.  Michelle A. Digman provided guidance.   
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CHAPTER 6 

 

SUMMARY AND FUTURE DIRECTIONS 

 

6.1 Summary and future directions 

This dissertation leveraged the strengths of lifetime-based techniques to study tumor 

biology.  In Chapter 4, fluorescence lifetime of NADH became a label-free and non-invasive 

technique to distinguish stem-like tumor-initiating cell subpopulations within a 

heterogeneous glioblastoma cell population. The technique was able to distinguish 

subpopulations by FLIM both in vitro and in vivo, and we found a significant correlation 

between shifts in NADH lifetimes and changes in growth rates which reflect changing cell 

types. Future work can focus on identifying additional cell types and monitoring for 

enrichment for specific subpopulations during chemotherapy and radiation treatment. This 

approach may then reveal mechanisms for cancer recurrence and resistance. 

Application of these findings can also be applied to the field of fluorescence-guided 

surgery.  Removal of the tumor through surgery is the primary treatment option for solid 

tumors.  Following surgery, the rate of recurrence and survival is primarily dependent on 

the surgical margin, or the level of tumor cells that remain following surgery.  A positive 

margin, defined as the presence of tumor cells at the cut edge of the surgical specimen, is 

associated with local tumor recurrence and poor prognosis.   Fluorescence-guided surgery 

has attempted to address this problem by using fluorescent agents to enhance the contrast 

between tumor and normal tissue for surgeons.  This increases the surgeon’s ability to 
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identify the tumor margin enabling the complete removal of the tumor while also 

minimizing the damage to the surrounding normal tissue. 

Fluorescein has previously been used to identify brain tumors during surgery (Moore et 

al., 1948).  Fluorescein is administered intravenously before the surgery, and it is believed 

that fluorescein passively targets tumors due to the accumulation caused by enhanced 

permeability and retention (EPR) of the tumor due to their leaky vasculature (Low et al., 

2018).  Because fluorescein passively targets tumors, it is limited by low contrast and high 

background signal.  Recently, probes have been developed to more actively target tumors.  

These probes include the development of activatable cell-penetrating peptides (Nguyen et 

al., 2010).  These probes contain a fluorescently labeled polycationic cell-penetrating 

peptide that is linked to a cleavable neutralizing peptide.  When the probe enters the tumor 

environment, proteases commonly found within the tumor environment cleave off the 

neutralizing peptide allowing the fluorescently tagged cell-penetrating peptide to enter 

tumor cells.  It was demonstrated in mouse xenograft surgeries that the application of these 

activatable cell penetrating peptides reduced the number of residual cancer cells that 

remained in the animal after surgery (Nguyen et al., 2010).   

While the use of actively targeting probes increased the contrast relative to passive 

probes, they still rely on the administration of a foreign agent to the patient that may result 

in adverse reactions.  In addition, the efficacy of these active probes may be susceptible to 

variations in protease activity between tumors.  Therefore, studies have suggested the 

imaging of endogenous fluorophores within tissues to delineate tumor from normal tissue, 

including the use of fluorescence lifetime imaging of NADH in glioblastoma during surgery 

(Butte et al., 2011; Sun et al., 2010).  Previous studies used an endoscopic fluorescence 
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lifetime imaging microscope in glioblastoma patients during craniotomy for tumor 

resection and found a longer fluorescence lifetime in glioblastoma relative to the normal 

cortex, suggesting the potential use of fluorescence lifetime to identify tumor margins 

during surgery and improve surgical outcomes (Sun et al., 2010).  Because surgery in brain 

tissue is highly sensitive and glioblastoma is highly invasive, even if the tumor is identified, 

it is not always feasible to completely surgically remove.  Therefore, we believe that our 

identification of a fluorescence lifetime signature for subpopulations of tumor cells, 

specifically the stem-like subpopulation, will provide surgeons with additional information 

regarding the tumor that will enable them to prioritize which areas to resect to maximize 

surgical outcome.  Since glioma stem cells are known to primarily exist within specific 

niches and that the successful elimination of glioma stem cells will deprive the tumor of the 

ability to self-renew, the use of fluorescence lifetime imaging to identify and target stem 

cell niches may be a practical alternative when removing the entire tumor is not possible.   

In addition to the research applications for monitoring dynamic shifts of 

subpopulations of tumor cells during treatment as previously discussed, this presents a 

potential clinical application for our findings of a fluorescence lifetime signature for glioma 

stem-like cells. 

In Chapter 4, the spatial resolution of phosphorescence lifetime imaging enabled the 

non-invasive measurement of oxygen consumption and oxygen gradients in the 

environment. We were able to detect changes in intracellular oxygen concentration due to 

the inhibition of oxygen consumption. We also measured the oxygen gradient within a 

tumor spheroid model. Future work can focus on identifying probes that are distributed 
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more evenly within the cell after internalization.  Work can also focus on applying this 

method to more complex in vitro models or in vivo studies. 

This work demonstrated the application of the phasor approach to phosphorescence-

based probed for the measurement of oxygen concentration.  While the measurement of 

phosphorescence quenching by molecular oxygen provides a direct measure of oxygen 

concentration, the use of phosphorescent probes require the introduction of exogenous 

molecules into the cell.  Phosphorescent probes are often composed of a heavy metal.  

Cellular uptake of phosphorescent probes is then often a challenge, and cytotoxic effects 

are a concern.  The use of fluorescent proteins and genetically-encoded biosensors has 

addressed these concerns with many fluorescent probes.  Transfection enables the 

expression of fluorescent proteins directly inside the cell, and many fluorescent proteins 

have relatively low cytotoxicity.  Therefore, recent work has attempted to develop 

genetically-encoded sensors to measure the concentration of oxygen. 

In one example, oxygen concentration was measured indirectly through the activity of 

HIF-1.  The hypoxia biosensor was developed using GFP fused to the oxygen-dependent 

degradation domain (ODD) of the HIF-1 homologue Sima in Drosophila (Misra et al., 2017).  

The biosensor was used to monitor hypoxia during development of Drosophila embryo 

through the constitutive expression of GFP-ODD.  Similar to HIF-1α, as described in Chapter 

1, during high oxygen concentrations, GFP-ODD is degraded.  Therefore, GFP-ODD signal 

was lower in embryos grown in normoxic conditions compared to hypoxic conditions 

where GFP-ODD was able to accumulate.  However, because oxygen concentrations can 

also influence gene expression, a second fluorescent protein, mRFP, was also expressed to 

normalize for changes in expression levels.  The ratio between GFP and RFP was then 
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compared to determine hypoxia within the embryo.  Therefore, while using a genetically-

encoded sensor resulted in expression throughout the embryo and minimized concerns 

regarding cytotoxicity, the indirect measurement of oxygen required corrections using a 

second fluorescent protein and reduced its sensitivity.   

In Roger Tsien’s review article of the Green Fluorescent Protein, he ends by considering 

other potential functions for GFP (Tsien, 1998).  One open question is whether GFP could 

be engineered to undergo phosphorescence.  While to our knowledge, this has not been 

reported, it would present an ideal solution for our application.  The protein could be 

geneticall- encoded to be expressed within the cell, reducing concerns regarding uptake 

and toxicity associated with conventional phosphorescent probes.  In addition, the 

phosphorescence property would enable the direct measurement of oxygen concentration 

through phosphorescence quenching.  In addition, by measuring phosphorescence 

quenching through lifetime imaging, the value will be independent of expression levels and 

eliminate the need to corrections due to variations in expression.  Furthermore, while we 

demonstrated the use of the phasor approach to monitor quenching of the phosphorescent 

probe Ru(BPY)3, the assay can be applied to other phosphorescent probes with minimal 

modifications, including potential protein-based phosphorescent probes. 

Biological research is increasingly transitioning from 2D to 3D cell cultures, and one of 

the key distinctions between 2D and 3D cultures is the creation of oxygen and nutrient 

gradients that better recapitulate physiological behavior.  Therefore, new techniques will 

be needed to accurately quantify these gradients, and we have developed an assay using 

the phasor approach to phosphorescence lifetime imaging to directly measure the oxygen 

concentration through the quenching of phosphorescence by oxygen molecules.  This 
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method does not require corrections for probe concentrations because lifetime 

measurements are independent of concentration, and the method can be easily applied to 

other phosphorescent probes.   

In Chapter 5, FRET-FLIM enabled the mapping of Rac1 activity in a 3D spheroid model. 

We were then able to compare the activation of Rac1 at the periphery to the core of the 

spheroid. Higher activation of Rac1 was observed at the core of the sphere, possibly due to 

the hypoxic environment within the sphere. To get a more complete idea of GTPase 

regulation within the tumor spheroid, future studies can expand this assay to study other 

Rho GTPases, including Cdc42 and RhoA. 

In addition to being a more physiologically relevant model, the transition into 3D 

spheroids to measure Rac1 activation by FRET complements current developments in 

fluorescence lifetime imaging techniques for 3D cultures.  In our study, we used a confocal 

laser scanning microscope to obtain an image of a single plane.  Multiple planes can be 

subsequently obtained, however due to the scanning of the laser through individual pixels 

and the multiple frames required for fluorescence lifetime imaging, the imaging of the 

entire 3D volume of the sphere is relatively slow.  Widefield FLIM uses a camera to 

simultaneously image every pixel within a field of view.  While the acquisition of multiple 

frames is often still required to achieve sufficient signal to noise, the simultaneous 

acquisition of all pixels in a field of view significantly increases the imaging speed.  In 

recent years, the commercial availability of FLIM cameras has increased the application of 

widefield FLIM (Franke and Holst, 2015; Raspe et al., 2016).   

Of particular interest for our 3D culture models are applications of widefield FLIM for 

3D imaging.  One of the main limitations of conventional widefield imaging when compared 
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to confocal imaging is the loss of optical sectioning of narrow imaging planes which 

increases the out of focus structures and blurs the image.  3D imaging methods attempt to 

regain some of the optical sectioning capabilities normally achieved in confocal 

microscopy, while also achieving the faster imaging speeds.  Studies have combined 

widefield FLIM with light-sheet microscopy (Greger et al., 2011; Mitchell et al., 2017).  In 

light-sheet microscopy a thin sheet of light is generated at the focal plane of the detection 

optics.  The sheet of light can then be scanned through the sample to image the entire 3D 

structure.  Therefore, it achieves optical sectioning by only illuminating the plane of 

interest.  This also minimizes the exposure of the rest of sample to light and reduces 

phototoxicity.  By intensity-modulating the excitation laser and incorporating a frequency 

domain CMOS FLIM camera, light-sheet microscopy was adapted for fluorescence lifetime 

imaging (Mitchell et al., 2017).  The system was then applied to image transgenic zebrafish 

expressing GFP.  In the first application, the vasculature of the fish was labeled with FITC-

dextran.  Using fluorescence lifetime, the FITC labeled vasculature could be distinguished 

from the GFP-labeled muscle.  This would not have been possible using intensity due to the 

similar emission spectrums of FITC and GFP.  In their second application, they addressed 

the issue of high autofluorescence background commonly observed in intensity-based 

imaging methods for zebrafish.  By using fluorescence lifetime imaging, they were able to 

distinguish the GFP label from the autofluorescence background of the fish based on 

differences in fluorescence lifetime.  These applications combining FLIM and light-sheet 

microscopy enabled the advantages of fluorescence lifetime imaging in distinguishing 

spectrally similar fluorophores while also integrating the 3D imaging capabilities of light-

sheet microscopy (Mitchell et al., 2017).   
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We believe that this combination of fluorescence lifetime imaging and light sheet 

microscopy can be applied to our FRET-based assay for monitoring Rac1 activation within 

a tumor spheroid.  The light-sheet approach would allow us to dynamically monitor the 

entire 3D structure due to the advantages in imaging speed.  In addition, the relatively low 

light exposure would enable for long-term imaging by minimizing phototoxicity and 

photobleaching.  Similar to our approach in Chapter 5, FRET will be quantified by the 

fluorescence lifetime imaging capability of this imaging combination.  As we have 

previously discussed and demonstrated, lifetime approaches are well suited for quantifying 

FRET due to its sensitivity and the minimal corrections required when compared to 

intensity-based methods.   

In addition to advances in microscopy instrument development, advancements in probe 

design can also be integrated into our assay.  Recent developments of near-infrared 

proteins have led to the development of a fully near-infrared FRET pair, miRFP670-

miRFP720 (Shcherbakova et al., 2018).  By operating in the near-infrared region, this FRET 

pair enables the simultaneous use of more tradition CFP-YFP FRET pairs without spectral 

overlap between the two sets of FRET pairs enabling multiplexed imaging.  The near-

infrared FRET pair was used to generate a biosensor for Rac1 GTPase.  The biosensor was 

then multiplexed with a CFP-YFP RhoA GTPase FRET biosensor for simultaneous imaging 

of both GTPases within a single cell.  Rac1 and RhoA are antagonistic.  Simultaneous 

imaging revealed Rac1 activity primarily occurred at the leading edge of the cell in the 

lamellipodia, while RhoA activity was primarily located at the retracting tail.  This is 

consistent with previous applications of Rac1 and RhoA biosensors individually (Kraynov, 

2000).  By multiplexed imaging, the temporal cross-correlation between RhoA and Rac1 
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activity was found to be strongly and negatively correlated, further illustrating the 

antagonistic behavior between Rac1 and RhoA. 

In addition to multiplexed imaging of FRET biosensors, the near-infrared FRET pair also 

enables the continued imaging of Rac1 activity during optogenetic photoactivation and 

dark relaxation.  The study used the blue-green light LOV-TRAP optogenetic system where 

a GEF is reversibly bound to the dark state of mitochondrially targeted LOV2-Jα.  Upon 

irradiation with blue-green light, the GEF dissociates from the Jα domain and is released 

from sequestration in the mitochondria.  The released GEF can then activate Rho GTPases.  

Using the near-infrared Rac1 FRET biosensor, as expected, Rac1 was rapidly activated and 

subsequently deactivated during photoactivation and then dark relaxation of the LOV-

TRAP system.   

We believe that applying similar probe methods for multiplexing and simultaneous 

optogenetic control to our FRET-based assay for monitoring Rac1 can provide significant 

insight.  By adopting a similar strategy to multiplex Rac1 and RhoA in our tumor spheroid, 

we can study whether the antagonistic behavior between Rac1 and RhoA observed in 

single cells extend to multicellular structures.  In Chapter 5, we found higher Rac1 activity 

in the core of the spheroid.  Therefore, we would question whether the antagonism 

between RhoA and Rac1 would result in RhoA being preferentially activated at the 

periphery of the spheroid.  These behaviors would aid in the understanding of overall 

GTPase regulation within multicellular stuctures.  Furthermore, the ability to 

optogenetically activate Rac1 while simultaneously monitoring activity can be used to 

examine the propagation of cell signals across the spheroid.  While cells are often studied 

as single cells on imaging dishes, the tumor spheroid model will recapitulate the cell-cell 
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contacts that exist in vivo.  Therefore, by optogenetically activating Rac1 within specific 

regions of the spheroid, we can simultaneously monitor the potential for propagation of the 

signal through the spheroid.  By applying these new developments in probe design to our 

3D FRET-based assay, we can continue to gain a better understanding of the regulation of 

GTPases within multicellular structures. 

In addition to integrating our assays into the work of others, the techniques within this 

dissertation can also be used in combination.  Fluorescence lifetime imaging of NADH can 

be combined with oxygen sensing by phosphorescence lifetime imaging for a more 

complete measurement of cellular metabolism. Additionally, oxygen sensing by PLIM can 

also be combined with FLIM FRET to measure the temporal response of Rac1 activation to 

hypoxic conditions.  By combining these methods, we can simultaneously record different 

aspects of the tumor environment to correlate changes in their behavior. 

Overall, this dissertation presents multiple lifetime-based assays for studying the 

heterogeneity within tumor environments that exist between cell types, environmental 

gradients, and cell behavior.  The tools were applied to 3D culture models to understand 

the properties of and the behavior in multicellular structures.  While these assays can 

provide insight into tumor behavior as presented, they also complement well with current 

research in clinical applications, probe development, microscopy design.  By combining our 

lifetime based assays with these research advancements, we would continue to draw upon 

the strengths of lifetime imaging techniques to probe the molecular environment and give 

new insight into tumor behavior. 
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