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ABSTRACT OF THE DISSERTATION 

Evaluation of Epithelial Mitochondria Transfer and Stimulated Reactive Oxygen Species via 

Fluorescence Lifetime Imaging Microscopy 

By 

Yukai Huang 

Doctor of Philosophy in Biomedical Engineering 

University of California, Irvine 

Associate Professor Michelle Digman, Chair 

The transfer of mitochondria, whether through natural or artificial pathways, has been 

experimentally validated across various cell lines, demonstrating potential benefits for host 

cells experiencing mitochondrial dysfunction. However, conflicting reports suggest that our 

understanding of the outcomes of mitochondria transfer in host cells remains incomplete. This 

dissertation aims to delve into the concept of mitochondria transfer and examine its effects on 

metabolism, viability, and oxidative stress in breast cancer host cells. The novelty of this 

dissertation lies in the utilization of fluorescence lifetime imaging to analyze the metabolic 

profiles of individual mitochondria. Through the combination of fluorescence labeling and 

NADH lifetime imaging, we have discovered that newly formed mitochondria in breast cancer 

host cells exhibit an increase in the bound fraction of NADH, indicating a reliance on Oxidative 

Phosphorylation (OXPHOS). While the enhancement of OXPHOS leads to heightened 
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respiration and proliferation, the accumulation of reactive oxygen species (ROS) levels 

surpasses the tolerance threshold of breast cancer cells towards oxidative stress, resulting in 

elevated drug sensitivity when exposed to anticancer drugs. The significance of this dissertation 

resides in its multifaceted approach, shedding light on the impact of mitochondria transfer and 

establishing new methodologies for future research endeavors. 
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CHAPTER 1. INTRODUCTION 

1.1 Mitochondria transfer 

Mitochondria transfer was first discovered in 2004 where Rustom et al1 observed a natural 

pathway, referred as tunneling nanotubes (TNTs), in between rat pheochromocytoma PC12 

cells that could transport organelles. The finding immediately raised various questions in the 

biological science field that need to be answered such as the mechanism and outcome of 

mitochondria being exchanged. Recent studies have demonstrated that in cases where cells 

containing dysfunctional mitochondria are unable to maintain homeostasis, they may release 

signals that facilitate intercellular communication and ultimately lead to the transfer of healthy 

mitochondria from neighboring cells2,3 (Fig. 1.1). As the use of fluorescent microscopy 

imaging and cell assay development become more mature, scientists have discovered that 

mitochondria not only transfer naturally through TNTs, extracellular vesicles, or cell fusion, 

but could also be achieved through artificial approaches by isolating them from cell or tissue4,5. 

Isolation process significantly increases the production of pure mitochondria and efficiency of 

recipient cell uptake which makes the evaluation of transferred mitochondria more systematic 

instead of searching for cell-cell interaction events. Other works have improved the 

consumption rate of isolated mitochondria to better target and investigate recipient cells such 

as centrifugation (Mitoception), Microinjection, and Magnetomitotransfer6–9. Engineering 
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approaches help profit the happening of mitochondria transfer events while the evaluation of 

the effect still relies on metabolic assays which will be discussed in the next part.  

 

 
Figure 1. 1 Schematic graph of mitochondria transfer. Cells which contain damaged 
mitochondria usually gives out stress signals (DAMPs) to initiate material absorption, 
trafficking, processing, and integration. Once receiving stress signal, donor cells activate 
biogenesis for additional mitochondria ready to be exported through TNTs. ROS levels play a 
crucial role in forming these tunneling structures where within are microtubules which binds 
with Miro1 and 2 proteins to transport healthy mitochondria to recipient cells. Figure from Liu 
(2022). Reprint with permission from Springer Nature. 

 

1.2 Cellular Metabolic Reaction to Mitochondria Transfer 

After discovering the existence of mitochondria transfer, Spees et al10 were the first to apply 

this technique to help save mitochondria depleted PC12  cells from respiratory dysfunction. 

This proved that recipient cells are capable of consuming exogenous mitochondria and 

continue using these healthy mitochondria to signal intracellular function. Given that Spee et 

al's research has shed light on the potential therapeutic applications of mitochondrial transfer 
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for host cells with dysfunctional mitochondria, it is reasonable to investigate this phenomenon 

from a metabolic standpoint. However, the outcome remains controversial when studying 

different recipient cell lines since various assay measurements have been applied in a non-

systematic manner11–13. One of the main reasons is that these assays do not specifically 

characterize recipient cell fate but measure the whole well in plate readers which could be 

insignificant or not sensitive enough for subtle changes in between cell interactions.  

There are several cell-based assays that can be used to measure metabolism such as the 

Seahorse XF Assay which measures the extracellular acidification rate (ECAR) and the oxygen 

consumption rate (OCR) of cells14. ECAR is a measure of glycolysis, while OCR is a measure 

of oxidative phosphorylation. This assay is commonly used to measure the metabolic response 

of cells to different treatments. Another well-known assay called mitochondrial function 

assay15 measures the function of mitochondria in cells. Mitochondria are labeled with a 

fluorescent dye, and the fluorescence intensity is measured. This assay is commonly used to 

measure the effect of drugs or other treatments on mitochondrial function. Lastly, the ratio of 

NAD+/NADH16 indicates the cellular metabolism where these coenzymes involve in many 

metabolic pathways such as glycolysis, the TCA cycle, and oxidative phosphorylation. All 

these assays will be mentioned in this thesis which provide insight and supporting information 

of metabolic changes of host cancer cells after mitochondria transfer.    
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1.3 Reactive Oxygen Species 

Reactive oxygen species (ROS) are highly reactive molecules that contain oxygen and are 

formed as by-products of normal cellular metabolism17. This includes molecules such as 

superoxide, hydrogen peroxide, and hydroxyl radicals, which are highly reactive and can cause 

damage to cells and tissues. As the core of cellular metabolism, mitochondria are the primary 

site of ROS production within cells, as a byproduct of the electron transport chain during ATP 

synthesis. Other intracellular factors, such as NADPH oxidases (NOX) and Xanthine oxidase, 

also produce decent amount of ROS that may influence the occurrence of DNA damage, 

mitochondrial dysfunction, and lipid peroxidation18–20. Overall, the damage caused by ROS 

when overwhelmed can have wide-ranging effects on cellular function and contribute to the 

development of many diseases, including cancer, cardiovascular disease, and 

neurodegenerative disorders21. To prevent the surpassing of intracellular ROS levels, 

monitoring of ROS production is critical to avoid the cascade reactions of free radicals which 

will be discussed in this thesis.  
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Figure 1. 2 Reactive oxygen species level effects to cells. ROS is naturally generated in cellular 
process and are depleted when exceeding normal metabolism threshold by antioxidants. 
Increase in intracellular ROS levels could activate tumorigenic events such as oncogene 
activation (i.e. mutation of K-ras). Tumor promoting ROS levels can lead to cell  cycle  
progression,  increased  proliferation  and  survival  signalling,  EMT,  increased motility, 
genomic instability and increased angiogenesis and may be negatively-regulated by therapeutic 
antioxidants. Yet, overwhelming ROS levels, such as stimulated ROS from anticancer drugs, 
can induce ell cycle arrest, senescence or cell death of tumour cells, but may be repulsed by 
the tumour cells through an increase in the expression of endogenous antioxidants. Figure from 
Liou (2010). Reprinted with permission from Taylor &Francis Online. 

 

1.4 Spheroid imaging in light sheet microscopy  

Light sheet microscopy is a powerful imaging technique that has emerged as a useful tool to 

study the dynamics of 3D cell cultures22, including spheroids. Unlike traditional microscopy 

techniques, which rely on imaging a thin slice of the sample at a time, light sheet microscopy 

illuminates the sample with a thin plane of light, allowing for fast, high-resolution, and non-

invasive imaging of the entire sample. One of the advantages of light sheet microscopy for 

imaging spheroids is its ability to capture high-resolution images of large samples in a short 

amount of time, with minimal photobleaching and phototoxicity. It also allows for live-cell 
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imaging, which can reveal the dynamics of cellular processes in real-time. However, light sheet 

microscopy requires specialized equipment and expertise, which can limit its accessibility to 

some researchers. The side-SPIM system from the Laboratory for Fluorescence Dynamics 

provides a user-friendly and customized platform for light sheet imaging.  

 

1.5 Overview of the dissertation 

In this dissertation, characteristics of cancer cell metabolism, mitochondrial dynamics, and 

ROS levels will be quantified by various imaging techniques. Chapter 2 and 3 covers the 

detailed measurements and verification of mitochondria transfer. In specifically, Chapter 2 

investigates detailed information regarding the internalization and structural characteristics of 

mitochondria through confocal fluorescence microscopy. Furthermore, we discuss its 

subsequent impact on cancer cells as the roll of host cells through anticancer treatments.  

In Chapter 3, we applied the Phasor approach to FLIM23–27 to non-invasively indicate cellular 

metabolism after mitochondria transfer. To accentuate only single mitochondria information, 

we developed a FLIM intensity-based image segmentation (FIBIS) method to highlight NADH 

autofluorescence signal and improve the resolution of phasor approach FLIM from cellular to 

single mitochondria level.  

In Chapter 4, we gained access into monitoring intracellular ROS levels and quantify acuteness 

of lipid peroxidation28. The intracellular ROS levels were stimulated by activation of NADPH 
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oxidase in macrophages, a defending mechanism in response to xenobiotic particles. Other than 

that, we first introduced the lifetime difference of Laurdan to indicate disorder of the cellular 

membrane resulting from the aggressive free radicals damaging unsaturated fatty acids.  

To mimic true interactions of tumor in micro-environment, we discuss the use of light sheet 

microscopy in Chapter 5 where the side-SPIM system serves a suitable technique for cancer 

cell spheroid imaging. We tailored the imaging parameters to our specific requirements, 

including adjustments to filter wheels, exposure settings, and channel acquisition parameters. 

In more detail, we optimized the utilization of camera detector to study molecular dynamics in 

live cell compartments29. This demonstrates the capability of side-SPIM to track objects from 

molecular to organelle in live cells. 

Finally, Chapter 6 summarizes the thesis work and provides future directions to potential 

applications.  
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CHAPTER 2. MITOCHONDRIA TRANSFER IN VIVO 

2.1 Abstract 

The transfer of mitochondria between cells has been a topic of interest in recent years due to 

its potential implications in various biological processes, including cancer progression and 

therapy. In this study, we aimed to validate the transfer of epithelial mitochondria to breast 

cancer cells and investigate the effects of this transfer on drug sensitivity. We utilized 

fluorescence labeling techniques to track the transfer of mitochondria and evaluate their 

localization within the recipient cells. Our results demonstrate successful transfer of epithelial 

mitochondria to breast cancer cells and an increase in drug sensitivity following the transfer. 

These findings suggest a potential therapeutic strategy for breast cancer treatment and highlight 

the importance of mitochondrial transfer in cancer biology. 

 

2.2 Introduction 

Mitochondria transfer or transplant refers to the transfer of mitochondria from one cell to 

another, typically in the context of medical treatments30. Mitochondria are organelles found 

within cells that play a critical role in energy production, and their dysfunction has been linked 

to a range of diseases, including neurological disorders and metabolic conditions31,32. In recent 

years, there has been increasing interest in using mitochondria transfer as a potential treatment 

approach. This involves transferring healthy mitochondria into cells with dysfunctional 
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mitochondria or even transplanting mitochondria from one individual to another. The 

happening of mitochondria transfer can occur naturally33–35, such as during fertilization or 

immune cell-mediated transfer, or artificially 7–9,12,36, through the use of mitochondrial 

transplantation. While mitochondrial transfer has shown promise in treating certain diseases, 

such as mitochondrial diseases, there are also some contradicting aspects of its outcomes. 

On the one hand, mitochondrial transfer can result in improved cellular function and increased 

energy production. Mitochondrial dysfunction can lead to a range of diseases, including 

neurodegenerative disorders, metabolic disorders, and cardiovascular diseases. In some cases, 

mitochondrial transfer has been shown to improve cellular function in cells with dysfunctional 

mitochondria, leading to increased ATP production and improved cellular function37–39. On the 

other hand, there is evidence that epithelial mitochondria can suppress tumor growth40–42. 

Epithelial cells are a type of cell that lines the surfaces of the body, including the lining of 

organs and glands43. These cells play a key role in the development and maintenance of tissues, 

and they have been implicated in the development of several types of cancer such as lung and 

breast cancer cells. The goal for this section is to elaborate outcomes of transferred 

mitochondria after entering breast cancer host cells through morphology dynamics and cell 

viability assays. While still a relatively new field, research into mitochondria transfer holds 

promise for developing new therapies for a range of conditions. 
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2.3 Material and Methods 

2.3.1 Cell culture and labeling 

MCF10A cells were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM/F12) with high 

glucose, sodium pyruvate and L-glutamine (11320033 Thermo Fisher Scientific, Waltham, 

MA, USA) supplemented with 5% horse serum (26050088 Thermo Fisher Scientific, Waltham, 

MA, USA), 20 ng/mL epidermal growth factor, 0.5 mg/mL Hydrocortisone (H0888 Sigma-

Aldrich),100 ng/mL cholera toxin (9012-63-9 Sigma-Aldrich), 10 μg/mL insulin (I3536 

Sigma-Aldrich), and 1% Penicillin-Streptomycin 100X Solution (25-512 Genesee Scientific, 

San Diego, CA, USA ). MCF7 and MDA-MB-231 cells were cultured in DMEM with high 

glucose, L-glutamate, and sodium pyruvate supplemented with 10% heat-inactivated Fetal 

Bovine Serum and 1% Penicillin-Streptomycin 100X solution. All cell lines were incubated at 

37 °C, 5% CO2. For validation of mitochondria uptake, MCF10As were transfected with 

COX8GFP and MDA-MB-231 host cells were stably expressing mCherry. For mitochondrial 

dynamics experiments, MCF10As were transfected with Mito7-mRuby while MCF7 and 

MDA-MB-231s were transfected with COX8GFP. All transfections follow lipofectamine 3000 

protocol.  
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2.3.2 Artificial mitochondria isolation 

Mitochondria were isolated using mitochondria isolation kit for cultured cells (89874 Thermo 

Fisher Scientific). MCF10As were cultured in T75 flasks for 3 days and acquired 5 x 106 cells 

before any labelling or treatment. Centrifugation works were done according to protocol in a 

4oc temperature cold room and other transportation process were done on ice. Mitochondrial 

protein concentration was measured by Bradford assay (23236 Thermo Fisher Scientific, USA) 

to quantify amount of isolated mitochondria per trial. The standard curve was referenced by 

bovine serum albumin (BSA, A7906 Sigma Aldrich, USA) at concentration of 0, 25, 125, 250, 

and 500 μg/mL diluted in DPBS (25-508 Genesee, USA). Absorbance at 560nm was done on 

a spectrophotometer Nanodrop 2000 (ND2000CLAPTOP Thermo Fisher Scientific, USA), at 

least 4 data points were done on each concentration to produce standard curve. Freshly isolated 

mitochondria were inserted to breast cancer cell (BCC) culture and incubated till fully 

consumed in host cells. 

 

2.3.3 MitoMeter, mitochondrial dynamics analysis 

Mitochondrial dynamics were analyzed through MitoMeter44, an automated segmentation for 

tracking of single mitochondria, to support the changes of mitochondria metabolic state through 

their behaviors and morphology dynamics. All timelapse videos were acquired in the same 

parameters following 0.07μm pixel size, 512 x 512 frame size, 1 second interval, and 3 minutes 
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total time. Data analysis and image processing were performed on MATLAB 2022rB. Solidity 

is calculated by the ratio between true pixel area and total volume of convex hull which 

indicates the branching of mitochondrial network. 

 

2.4 Results 

2.4.1 Cell co-culture and centrifuge extraction 

Following Ivers et al. works44 in co-culturing two different cell lines to trigger mitochondria 

transfer, we labelled healthy epithelial cell line MCF10A and BCC mitochondria by staining it 

with MitoTracker Green and Deep red respectively and co-cultured under cell sustainable 

condition for over 24 hours (Fig. 2.1 a). The analysis of the co-cultured image revealed the 

initial exchange of epithelial mitochondria in BCCs, which was indicated by punctuated green 

dots. However, other cells that express of both colors did not help differentiate between cell 

types and posed a risk of probe diffusion in between cell co-culture.  

To validate the uptake from epithelial cells and the direction of mitochondria transfer, 

COX8GFP labeled mammalian cell mitochondria were artificially isolated and fed to stable 

expressing mCherry BCC culture. The resulting analysis confirmed the transfer of epithelial 

mitochondria in the BCCs, as indicated by the extension of COX8GFP signal to a 

mitochondrial network. Moreover, the presence of TNT-like structures between BCCs 

containing transferred mitochondria suggested that BCCs can also export mitochondria. To 
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further investigate the fusion of exogenous and endogenous mitochondria, BCC mitochondria 

were labeled by transfecting Mito7-mRuby, which revealed the entering of epithelial 

mitochondria after 12 hours and the fusion of two sources after 24 hours of incubation time 

(Fig. 2.1 b,c,d,e,f,g). However, this finding necessitated the analysis of single mitochondrial 

dynamics as they were neither original nor transferred mitochondria anymore which will be 

discussed in the next chapter. 

 

 

Figure 2. 1 Fluorescence images of coculture and artificial isolated mitochondria.  a) 
Cocultured MCF10A and MDA-MB-231 in 4:1 ratio. Green dots of MCF10A mitochondria 
were found in deep red mitochondria cell body while fully overlapping cells may refer to 
transferred mitochondria dominating recipient cells but could also be due to diffusion of protein 
labeled dyes. b,c) endogenous and d,e) exogenous mitochondria in post 12 hours and 24 hours 
incubation. h,i) Colocalization scatter plots were calculated through e) merged images 
presenting Pearson’s R of 0.59 and 0.72 in post 12 hours and 24 hours incubation respectively. 
Costes randomization value: 10, p-value = 1 (Significant of colocalization > 0.95).  

  

2.4.2 Mitochondrial dynamics analysis  

MitoMeter, an automated tracking algorithm for mitochondria in live-cell time-lapse images, 

was applied to analyze dynamic cues of morphology after uptake of epithelial mitochondria. 

Fig. 2.2 a shows the solidity of single mitochondria in timelapse videos which represents the 
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branching of mitochondrial network. The present study demonstrates a decrease in Solidity 

subsequent to the internalization of epithelial mitochondria in BCCs. These findings provide 

supportive evidence for our hypothesis that exogenous mitochondria augment the respiratory 

function of host cells. Oligomycin was induced to BCCs to test for positive control of fission 

events as shown in Fig. 2.2 a, Fig. 2.2 d, and Fig. 2.2 e where solidity increased due to the 

round shaped morphology of mitochondria undergoing fission as well as the decreasing major 

axis length being measured and compared with control. Notably, transferred mitochondria was 

found to have the same affects with Ruxolitinib (Rub), a JAK 1/2 inhibitor that kills tumor cells 

through toxic mitophagy. The shortening of major axis length but increase of branching may 

imply that mitochondria transfer regains selectivity of dysfunction mitochondria through 

mitophagy. An additional noteworthy observation is the heightened mitochondrial content in 

both BCCs, indicating the occurrence of mitochondrial biogenesis. This phenomenon entails 

the stimulation of cells to acquire greater mitochondrial metabolic capacity, further 

substantiating our proposed hypothesis regarding the augmentation of Oxidative 

Phosphorylation. 
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Figure 2. 2 MitoMeter analysis of mitochondrial dynamics. a) Solidity of BCCs treated with 
epithelial mitochondria, mitophagy activator Ruxolitinib, and fission activator Oligomycin 
respectively. Data are represented as mean ± interquartile ranges. p-values are calculated using 
two sample Kolmogorov-Smirnov test. * indicates p < 0.05 and **** indicates p < 0.00001.  b) 
Solidity is represented by the ratio of true object pixels to the convex hull (volume) which 
indicates the branching of mitochondria network. Object and track numbers represent 
individual mitochondria numbers. Mitochondrial length is calculated by the ratio of major and 
minor axis length. c) Mitochondrial numbers before and after transferred mitochondria post 24 
hours incubation. Data are represented as mean ± interquartile ranges. p-values are calculated 
using pair sample t test. * indicates p < 0.05 and ** indicates p < 0.001. d,e) Mitochondrial 
length of BCCs treated with epithelial mitochondria, mitophagy activator Ruxolitinib, and 
fission activator Oligomycin respectively. 

 

MitoMeter not only analyzes mitochondrial dynamics in 2D but also 3D sliced time lapse 

images which is beneficial to mimic tumor microenvironment. However, confocal microscope 

setups limit penetration depth of focal point at ~2μm which is inadequate if were to image 

samples in 3D or spheroid/organoid models. The side-SPIM system creates light sheet 

excitation to acquire 3D images with minimal phototoxicity (Fig. 2.3). This will be discussed 

in Chapter 5 for more applications and introduction to the system. 
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Figure 2. 3 Side-SPIM imaging of breast cancer spheroid. a) 300nm diameter spheroids were 
cultured in 96 well plates and later transported to specialized window chambers. b) Peripheral 
3D image of spheroid stained with NucBlue c) 3D sliced image (z = 14μm) of mCherry MDA-
MB-231 containing transferred mitochondria expressing COX8GFP. d) 15 seconds timelapse 
images of mitochondrial movement inside recipient cell. 

 

2.4.3 Cell viability and drug sensitivity 

To investigate the impact of epithelial mitochondria on BCC cell death, a cell viability assay 

was performed on BCCs treated with the anti-cancer drug, Doxorubicin, at varying 

concentrations (Fig. 2.4). The results of the assay revealed that the cell proliferation of BCCs 

containing epithelial mitochondria was enhanced, but concurrently, these cells became more 

sensitive to drug treatments. This outcome was anticipated given the observed fusion of 

transferred mitochondria with endogenous mitochondria, thereby re-establishing normal 

mitochondrial function and consequently losing tolerance to high levels of oxidative stress. 

Moreover, the combination of transferred mitochondria and Doxorubicin was observed to 
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result in more cell death than metabolic inhibitors (Supplement). This discovery highlights the 

potential of mitochondria transfer in therapy, as it enhances sensitivity to anti-cancer drugs. 

 
Figure 2. 4 Cell viability of BCCs exposed to Doxorubicin. Dosage curve was produced by 
XTT assay absorbance of a) MCF7 and b) MDA-MB-231 cells treated with 0, 1, 2, and 5 μM 
of Doxorubicin after 3 days performed by XTT assay. 

2.5 Discussion 

The validation of mitochondria transfer was done via fluorescence confocal microscopy images. 

In our experiments, the transfer rate of mitochondria worked better in artificial isolation than 

co-culturing two cell lines together, hence the transferred mitochondria samples later 

mentioned in this thesis are all referred to artificially isolated mitochondria. Interestingly, TNT-

b

a
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like structures were discovered containing transferred mitochondria in between MCF7 cells. 

This suggests that BCCs do not simply uptake mitochondria through endocytosis but also 

interacts between cell bodies knowing that MCF7 morphology are normally aggregating and 

attached instead of connecting through TNTs. MitoMeter results suggest the shifting of 

metabolism where increase of branching and numbers of mitochondria both indicated the 

occurrence of mitochondrial biogenesis. This raised the need to investigate metabolic state of 

these newly formed mitochondria product which will be discussed in the next chapter. 

Moreover, although transferred mitochondria were found to favor breast cancer cell growth, 

the host cells may have lowered tolerance of oxidative stress level since they became more 

sensitive to Doxorubicin. This encourages epithelial mitochondria transfer to be considered 

once again to eliminate cancer cells. 
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CHAPTER 3. PHASOR APPROACH TO FLIM OF SINGLE 

MITOCHONDRIAL NADH 

3.1 Abstract 

Bulk metabolic assays on cell populations have shown that mitochondria transfer trigger breast 

cancer cells turn towards Oxidative Phosphorylation (OXPHOS) in favor of proliferation, 

migration, and cell growth. Yet, the current methods lack single cell resolution of interaction 

between endogenous and exogenous mitochondria to help understand the consequence 

metabolic alterations and other cell fate decisions. The phasor approach to Fluorescence 

Lifetime Imaging Microscopy (FLIM) has been widely used to measure the free to bound 

fraction of reduced form of NADH to quantify metabolic changes in live cells but not at the 

single mitochondrial scale. Here, we developed the FLIM intensity-based image segmentation 

(FIBIS) algorithm as a robust approach to recognize mitochondria from NADH intensity and 

further analyze mitochondrial metabolic states to investigate effects of mitochondria transfer. 

This chapter demonstrates that the NADH autofluorescence perfectly localizes with Mito7-

mRuby labeled mitochondria and is free from artifactual emission spectral overlaps. Our data 

indicates that there was a 40% and a 20% increased fraction of bound NADH after 

mitochondria transfer in MCF7 and MB231 cells, respectively. This suggests that there is an 

enhancement of OXPHOS for both breast cancer cells. This was in correlation with the results 

from the Seahorse XF analyzer where the oxygen consumption rate was significantly higher 
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after uptake of isolated mitochondria from breast epithelial cells. We also used Mitometer to 

show that there were increasing numbers of mitochondria and branching which imply that the 

fusion of exogenous and endogenous mitochondria are highly adaptable and increase cellular 

respiration. In summary, the FLIM intensity-based image segmentation method enables single 

mitochondrial metabolic profiling and aids in understanding the effects of transferred 

mitochondria to recipient cells. Our results also indicate that transferred mitochondria in cancer 

cells enhances OXPHOS, increased branching, and mitochondrial numbers thereby decreases 

cell viability and increases sensitivity to chemotherapy agents. 

 

3.2 Introduction 

Metabolism45 refers to the complex network of chemical reactions that occur within cells, 

tissues, and organisms to sustain life. The metabolism of a cell refers to the balance between 

anabolic and catabolic processes, which are responsible for the synthesis and breakdown of 

molecules, respectively. In general, cells exist in two types of metabolism: anabolism or 

catabolism. In an anabolic state, cells use energy to synthesize molecules, such as proteins, 

nucleic acids, and lipids. Anabolism is essential for growth, repair, and maintenance of cellular 

structures and functions. In a catabolic state, cells break down molecules to release energy, 

which can be used for cellular processes such as ATP production or biosynthesis. Catabolism 
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is essential for providing energy to sustain cellular functions and maintain homeostasis which 

is also referred as cellular respiratory.  

Cancer cells have altered metabolism compared to normal cells, and one of the key features of 

this altered metabolism is increased catabolism. For cancer cells to support their rapid growth 

and proliferation, they often rely on catabolism to break down molecules such as glucose, fatty 

acids, and amino acids to generate energy and building blocks for macromolecules such as 

nucleic acids and proteins. Furthermore, many cancer cells have increased glycolysis and 

reduced mitochondrial respiration, a phenomenon known as the Warburg effect46. This altered 

metabolism allows cancer cells to rapidly generate ATP and biomass, which stands a critical 

break point in between cancer and normal cells. In this chapter, the consumption of transferred 

mitochondria alters the metabolism again in host cancer cells that may favor the proliferation, 

energy production, and migration rate.  

The following three methods were applied to measure the altered metabolism caused by 

mitochondria transfer: Seahorse assay, mitochondrial membrane potential, and the phasor 

approach to FLIM. Briefly introduce seahorse assay, mitochondrial membrane potential, and 

phasor approach to FLIM. Seahorse assay47 is a method used to measure the rates of glycolysis 

and oxidative phosphorylation. It involves using a specialized instrument called a Seahorse 

analyzer, which measures the extracellular acidification rate (a measure of glycolysis) and the 

oxygen consumption rate (a measure of oxidative phosphorylation) of cells in real time. 
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Another method called mitochondrial membrane potential48, measures the electrical potential 

difference across the inner mitochondrial membrane, which is generated by the proton gradient 

established during oxidative phosphorylation. This potential difference is critical for 

mitochondrial function, as it drives the synthesis of ATP, the energy currency of the cell. 

Finally, the phasor approach to FLIM49 measures the lifetime intracellular metabolic co-factor, 

NADH, to imply the metabolic state of, in this thesis work, single mitochondria. The findings 

presented in this chapter demonstrate that the phasor approach to Fluorescence Lifetime 

Imaging Microscopy (FLIM) yields valuable insights beyond metabolic profiling of individual 

mitochondria. Specifically, we show that by utilizing the FLIM intensity-based image 

segmentation (FIBIS) algorithm, we are able to identify the location of single mitochondria 

based on their NADH autofluorescence intensity, and thereby obtain both morphological and 

metabolic information from segmented FLIM images. This approach not only enables 

visualization of mitochondrial dynamics, but also allows for quantification of metabolic states 

in individual mitochondria, providing a powerful tool for tracking the fate of newly formed 

mitochondria. Overall, our results demonstrate the potential of the phasor approach and FIBIS 

algorithm for advancing our understanding of mitochondrial function and dynamics. 
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3.3 Material and Methods 

3.3.1 Fluorescence Lifetime Imaging Microscopy (FLIM) 

When electrons of a fluorescent probe or a fluorophore are stimulated from ground state, S0, 

to excited state S1 or S2, the energy which drops back to ground state emits a photon and 

produces the phenomenon called fluorescence. The process of fluorescence could be explained 

by the Jablonski diagram50 (Fig. 3.1). The average time a fluorophore spends in the excited 

state before emitting a photon and returning to the ground state is hence defined as the 

fluorescence lifetime. Fluorescence lifetime is generally within the range from picoseconds to 

hundreds of nanoseconds and is scarcely interfered by environmental or concentration issues 

except for temperature and the presence of fluorescence quenchers. This makes fluorescence 

lifetime a sensitive and accurate method to measure fluorophore property, environmental 

changes, and protein interaction.  
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Figure 3. 1 Jablonski diagram for one-photon and two-photon excitation. Note that two photon 
has a more confined focal region than one photon excitation allowing all fluorescence photon 
generated at the point which benefits the penetration when imaging thick samples. Figure from 
Chen (2012). Reprint with permission from intechopen. 

 

To acquire fluorescence lifetime data, hardware approaches can be separated into two parts, 

time and frequency domain. In the time domain FLIM, fluorophores are excited by an 

extremely narrow pulse of light source in order to prevent other excitation during molecule 

decay. The detectors (photomultiplier tubes or avalanche photodiodes) capture the excited 

photons and then sent to gated recorders (time-correlated single photon counting or fastFLIM 

box) accumulating their arrival times to build up fluorescence decay curve. The distribution of 

curve histogram can be described in the following equation: 

𝐼(𝑡) =  𝐼0𝑒−
𝑡
𝜏 

a

b
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Where 𝐼 is the fluorescence intensity, 𝐼0 is the fluorescence intensity at initial time,  is the 

lifetime, and t is the time delay after excitation pulse. A mono-exponential decay fits the 

fluorescence lifetime of a single fluorophore. However, live cell environments contain of 

various fluorophores which produces multi-exponential decay that is described in the following 

equation: 

𝐼(𝑡) =  ∑ 𝛼𝑖𝑒
−

𝑡

𝜏𝑖                      

Where i is the component index and α is the pre-exponential factor. This requires of heavy 

mathematical deconvolution to resolve number of fluorophore components.  

In the frequency domain FLIM, the excitation light source is sinusoidally modulated at high 

frequencies as in the following equation: 

𝐸(𝑡) =  𝐸0(1 + 𝑀𝑒𝑥sin (𝜔𝑡)) 

Where 𝐸(𝑡) is the excitation intensity at time t, 𝐸0 is the initial excitation intensity, 𝑀𝑒𝑥 is the 

excitation modulation factor, and 𝜔 is the angular modulation frequency of the excitation 

light source. This modulated light source gives emission to the fluorophore and produces 

another modulated emission as described in the following equation: 

𝐹(𝑡) =  𝐹0(1 +  𝑀𝑒𝑚sin (𝜔𝑡 + 𝜑)) 

Where 𝐹(𝑡) is the emission intensity at time t, 𝐹0 is the initial emission intensity, 𝑀𝑒𝑚 is the 

emission modulation factor, 𝜔 is the angular modulation frequency of the excitation light 

source, and 𝜑 is the phase delay of emission sinusoidal wave.  
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Fluorescence lifetime can be determined from both the reduction of emission intensity and 

phase delay as described in the following equation: 

𝑀 =  
1

√1+(𝜔𝜏𝑚)2
  

𝜔 = 𝜏𝑝 tan(𝜑) 

Where M is the amplitude reduction (demodulation), which is the ratio between emission and 

excitation modulation, 𝜔 is the angular modulation frequency of the excitation light source, 

and 𝜑 is the phase delay of emission sinusoidal wave. 𝜏𝑚 and 𝜏𝑝 is the lifetime derived from 

magnitude reduction and phase delay respectively. M is calculated from the AC and DC 

component ratio of their modulation as described in the following equation: 

𝑀 =  
𝑀𝑒𝑚

𝑀𝑒𝑥
 

𝑀𝑒𝑚 =  
𝐴𝐶𝑒𝑚

𝐷𝐶𝑒𝑚
 

𝑀𝑒𝑥 =  
𝐴𝐶𝑒𝑥

𝐷𝐶𝑒𝑥
 

 

Although the approach to acquire lifetime is different between time and frequency domain, the 

data are mathematically equivalent and can be interconverted by Fourier transform. 

 

3.3.2 The Phasor Approach to FLIM 

As mentioned in multiexponential decay for lifetime determination, it takes heavy math to 

curve fit for different fluorophores and is not directly quantifying their individual contribution 
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to the histogram. In order to better visualize and analyze multiple lifetime contribution, the 

phasor approach transforms the fluorescence decay (from time domain) or maps the phase 

delay and modulation (from frequency domain) into a new coordinate system called the phasor 

plot. This allows the determining of fluorophore lifetime free from fitting and also provides 

graphical results making it convenient for quantification. The phasor approach to FLIM was 

first introduced by Weber51 and soon developed into graphical analysis by Jameson52. The 

coordinates of phasor plot were transformed from time domain data using the following 

equations: 

𝑔𝑖,𝑗(𝜔) =  
∫ 𝐼𝑖,𝑗(𝑡) cos(𝜔𝑡) 𝑑𝑡

𝑇

0

∫ 𝐼𝑖,𝑗(𝑡)𝑑𝑡
𝑇

0

 

𝑠𝑖,𝑗(𝜔) =  
∫ 𝐼𝑖,𝑗(𝑡) sin(𝜔𝑡) 𝑑𝑡

𝑇

0

∫ 𝐼𝑖,𝑗(𝑡)𝑑𝑡
𝑇

0

 

Where 𝑔𝑖,𝑗(𝜔) and 𝑠𝑖,𝑗(𝜔) are the phasor coordinates of pixel location (i,j), 𝜔 is the angular 

modular frequency of excitation light source, T is the gating time of fluorescence decay 

histogram, and 𝐼𝑖,𝑗(𝑡) is the intensity of pixel location (i,j) at time t. The coordinates of phasor 

plot that were transformed from frequency domain uses the following equations: 

𝑔𝑖,𝑗(𝜔) = 𝑀𝑖,𝑗 cos(𝜑𝑖,𝑗) 

𝑠𝑖,𝑗(𝜔) = 𝑀𝑖,𝑗 sin(𝜑𝑖,𝑗) 

Where 𝑀𝑖,𝑗 is the modulation and 𝜑𝑖,𝑗  is the phase delay at pixel location (i,j). 
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By the equations mentioned above, the phasor plot is presented as a semi-circle which centers 

at (0.5,0). At a lifetime of zero, the phasor position is at (1,0) and the single exponential lifetime 

decay increases along the semi-circle and lands at (0,0) which stands for infinite lifetime. 

Notably, the phasor plot of multi-components lifetime distributes within the semi-circle which 

is generated by the components’ contribution. This is an important concept to quantify the free 

and bund fraction of NADH being mentioned below, where the distribution of phasors indicates 

the contribution of their individual lifetime and draws out the metabolic trajectory shown in 

Fig. 3.2. 

 

Figure 3. 2 Phasor plot. Photon arrival time forms exponential decay in the time domain 
which are then Fourier transformed into the frequency domain of (G,S) coordinates. Figure 
from 
https://en.wikipedia.org/wiki/Phasor_approach_to_fluorescence_lifetime_and_spectral_imagi
ng 
 

 

G

S

G = M * cos(φ)

S
=

M
 * sin

(φ
)

https://en.wikipedia.org/wiki/Phasor_approach_to_fluorescence_lifetime_and_spectral_imaging
https://en.wikipedia.org/wiki/Phasor_approach_to_fluorescence_lifetime_and_spectral_imaging


29 

 

3.3.3 NADH FLIM 

The reduced form of nicotinamide adenine dinucleotide (NADH) is an important co-factor in 

the cell metabolism pathway53. It is mainly used to manage electron availability in both 

glycolysis and oxidative phosphorylation (OXPHOS). In glycolysis, NAD is reduced to NADH 

during glucose transition to pyruvate and enter the tricarboxylic acid cycle (TCA cycle) in the 

mitochondria. In OXPHOS, NADH is mainly bound to complex I and oxidized back to NAD 

in the electron chain to charge electron gradient between mitochondria matrix and 

intermembrane space for ATP production.  

Current methods use NADH/NAD+ ratio to differentiate between cellular metabolic states in 

the single cell level16. However, utilizing the lifetime characteristic is relatively more stable 

and accurate since it is an intrinsic auto-fluorophore which does not require additional staining 

or labelling. While NADH has a wide emission spectrum from 420 – 550 nm and a relatively 

low quantum yield (0.02), two photon excitation at 720-740 nm wavelength can increase 

fluorescence intensity and the use of bandpass filter 460/80 nm can capture NADH emission 

but avoid shorter peak emission wavelengths of collagen and elastin.  

When binding to proteins, the conformation of NADH changes from the free state. Free state 

NADH presents a closed conformation where part of the excited adenine moiety is transferred 

to the dihydronicotinamide moiety, adding a quenching- based decay component, and 

increasing the overall fluorescence decay lifetime54. In bound state NADH, the molecule 
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unfolds and separates the adenine and dihydronicotinamide moieties, and thus the molecule’s 

fluorescence lifetime is less affected by quenching and increases in decay time. The relatively 

large difference between bound state NADH (~3.4 nsec) and free state NADH (0.4 nsec) 

lifetime makes a linear relation on the phasor plot. The metabolic profiling of single cell or, in 

this work, mitochondria is based on the fraction of the two extreme points.  

 

3.3.4 FLIM intensity-based image segmentation 

Apart from phasor transformation, intensity (I) of NADH was collected depending on photon 

counts into our external photomultiplier tubes (PMT). Yet, the motion blur caused by 

mitochondria movement and unexpected high intensity pixels (Fig. 3.4 a) are the two major 

problems for our image segmentation method. Pixel intensities were auto scaled at current 

frame but eventually summed in one I array. We developed a MATLAB program, FLIM 

intensity-based image segmentation (FIBIS), to overcome difficulties mentioned above in a 

structured function shown in Fig 3.3.  
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Figure 3. 3 Flowchart and MATLAB program structure of FIBIS. a) Images were line scanned 
by two photon laser excitation of 15 frames in total to collect sufficient photon arrival time 
resulting in b) accumulated intensity image. c)  Highlight pixels were z-score normalized which 
amplified artificial laser scanning noise. FIBIS detects artificial noise through histogram 
abnormal peaks and determines optimal frequency smoothing from Fourier transform shift to 
set up threshold level. d) Objects that are larger than predefined size goes through size iteration 
following intensity gradient and ends up in e) final masked image.   
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We first range normalized I and amplified all NADH signature, including artificial frequency 

noise of laser scanning across field of view (Fig. 3.4 b) especially at two ends of image, where 

line scanning starts and ends (Fig. 3.4 f). To identify whether frequency noise was 

overwhelming, we performed local peak detection across the image histogram and found 

numerous peaks at various intensities (Fig. 3.4 d). Once frequency noise damages the histogram 

of I array, we performed Fourier transform shift and set threshold to pick out the frequency 

peak (Fig. 3.4 c) causing the majority of noise. Otsu threshold can then be set after smoothing 

peaks of the image histogram (Fig. 3.4 e) at 0.9 quantile. After initial masking of objects, we 

determine the size of mitochondria by the area property. This step is crucial to 1) clear 

remaining noise pixels and 2) reiterate large blobs for erosion method. Erosion method is 

applied to resolve dense distributed and locally moved mitochondria. Starting from size 8 strel, 

only relatively high intensity pixels were preserved for final masking of selected objects. The 

flow chart of NADH FIBIS method is aimed to create optimized thresholding histogram to 

preserve NADH signature and determine correct mitochondrial size to avoid motion blur 

recognized objects.  
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Figure 3. 4 Image processing of FIBIS. a) Raw intensity image of MCF7 cell where arrow 
pointed is the area of unexpected high intensity area decreasing other NADH signatures of the 
cell. b) Range normalized image which highlights whole frames NADH signature also 
containing of high frequency noise detected in local peaks of histogram d). c) Denoise filtered 
image exhibiting normal distributed histogram for thresholding e). f) Column averaged 
intensity of the 3 intensity images. Original curve showed the largest peak around the high 
intensity area. Normalized curve showed frequency noise across normalized image. HQ 
denoise has smoothed intensity but preserves NADH signature. 

 

3.3.5 Seahorse XF analyzer 

To validate the true metabolic data significance, we applied the Agilent Seahorse XF real-time 

analyzer to measure the flux of oxygen, the oxygen consumption rate (OCR), and the flux of 
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protons, the extracellular acidification rate (ECAR) as they represent the key parameters of cell 

metabolism. Notably, the instrument we use for this work is a Seahorse XFé24 analyzer which 

is customed to 24 well plate measurement. Each well is seeded with 10,000 – 12,000 cell 

density and changed to assay medium before measurement. The catridge was calibrated in a 

non-CO2 incubator with calibrant media (103680-100 Agilent, USA), specifically for ECAR, 

12 hours before measurement. 24 well plate was calibrated in a symmetry pattern for 

background calculation. During glycolysis, ATP production does not require oxygen and 

produces H+ and lactate which is shown in the chemical equation: 

Glucose + 2 ADP + 2 Pi = 2 Lactate + 2 ATP + 2 H2O + 2 H+ 

Where H+ correlates 1:1 with lactate accumulation indicating glycolytic rate. The pH-sensitive 

fluorophores are embedded in the sensor cartridges and are used to measure the changes in pH 

in the medium surrounding the cells. The fluorophore consists of a dye that changes color in 

response to changes in pH. The Seahorse XF analyzer uses light at a specific wavelength to 

excite the dye and measures the intensity of the emitted light at a longer wavelength to 

determine the pH of the medium. The proton efflux is measured at pmol/min unit.  

During OXPHOS, oxygen is taken up in mitochondrial complex IV in part of the electron chain 

transport and turned into H2O. The oxygen-sensitive fluorescence probes are embedded in the 

sensor cartridges and are used to measure the changes in oxygen concentration in the medium 

surrounding the cells. The probe consists of a phosphorescent dye that is excited by light at a 
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specific wavelength and emits light at a longer wavelength when exposed to oxygen. The 

intensity of the emitted light is proportional to the concentration of oxygen in the medium and 

is measured by the instrument's detector. 

 

3.4 Results  

3.4.1 Cellular free and bound fraction NADH by simFCS 

The phasor approach to FLIM is analyzed through a software developed in the Laboratory for 

Fluorescence Dynamics, simFCS55. It calculates the phasor of each pixel from FLIM image 

after calibrated with strong and stable lifetime fluorophores such as Coumarine or Rhodamine. 

Free and bound fraction of NADH was analyzed by placing the cursors on two extreme points 

of the phasor distribution (Fig. 3.5 b) and create a linear scaled pseudo color bar (Fig. 3.5 c). 

In this study, stable expression of mCherry MDA-MB-231s with additional epithelial 

mitochondria (Fig. 3.5 a) was used as the sample group to produce a phasor plot. The results 

indicated a significant increase of bound NADH in the sample group compared to the control 

group (Fig. 3.5 d), confirming our assumption that transferred mitochondria can alter the host 

cancer cells to a more oxidative phosphorylation (OXPHOS) state. Notably, we were able to 

differentiate between exogenous and endogenous mitochondria using the two extreme cursors. 

Only exogenous mitochondria labeled with COX8GFP were highlighted, and none were found 
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in control images. This observation is promising for the development of single mitochondria 

segmentation based on NADH intensity and targeting their phasor signatures. 

 

 
Figure 3. 5 simFCS analysis of single cellular metabolism. a) Stable mCherry MDA-MB-231 
control and mitochondria group containing COX8GFP labeled mitochondria where green 
cursor pixels in b) phasor plot were overlayed with isolated mitochondria. c) Pseudo colored 
FLIM images showing metabolic shift of MDA-MB-231 towards OXPHOS after consuming 
isolated mitochondria and d) student t test of statistical significance. Data are represented as 
mean ± interquartile ranges. p-values are calculated using student t test.  *** indicates p < 
0.0001. N = 20. 
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3.4.2 Single mitochondria recognition by FLIM intensity-based image  

     segmentation (FIBIS) 

While the previous section has demonstrated the quantification of single cell level metabolic 

index, it fails to give information of individual mitochondria. To target only the mitochondrial 

NADH phasors, we developed the FIBIS method. FIBIS is based on the intensity of NADH 

auto-fluorescence to segment highlighted pixels targeting mitochondrial localization. Through 

the frames that are taken to collect sufficient photons for lifetime histogram, FIBIS normalizes 

total pixel intensities and denoise artificial frequencies caused by the laser line scanning 

throughout the field of view. This overcomes the two major problems when acquiring NADH 

FLIM images since 1. fast moving mitochondria have traveled across region of interest where 

the tracks created a motion blur in the final summed image (Fig 3.6 c) and 2. relatively high 

intensity pixels may diminish other NADH signature pixels which makes it difficult to 

determine optimized cutoff for image thresholding. To quantify optimization of FIBIS method, 

raw intensity and FIBIS images were compared with their corresponding Mito7-mRuby 

fluorescent labelled images as reference (Fig. 3.6 b) using Structural similarity (SSIM). The 

emission spectrum of NADH and mRuby were widely separated to prevent signal overlapping. 

FIBIS performed a better structure comparison than raw intensity overall in the 30 trials (Fig. 

3.6 a) bringing a 35% increase in similarity test. In short, FIBIS method helps phasor FLIM 
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users to robustly crop and label individual mitochondria with their fraction index on free to 

bound NADH trajectory. 

 

Figure 3. 6 Structural similarity test. a) FIBIS increased 35% of similarity referenced by b) 
Mito7-mRuby labeled mitochondria images compared to Otsu thresholding of raw intensity 
image. The highlighted area in c) represents mitochondrial motion blur due to scanning frames 
across time and where d) FIBIS was able to differentiate mitochondrial location by highlighting 
strong NADH autofluorescence signal. 

 

3.4.3 Metabolism inhibition studies compared with mitochondria transfer  

Healthy mitochondria transfer is assumed to help regain normal metabolic functions in breast 

cancer cells. To validate the assumption, we induced metabolic inhibitors to breast cancer cells 

and quantified the free and bound fraction NADH of individual mitochondria. The lifetime of 

2.5μM NADH was measured to calibrate the pure population of unbound NADH in 10mM 

NaH2PO4 solution, Fig. S2 shows the single exponential lifetime at 0.4 nsec and ~3.5 nsec with 

pure mitochondria indicating bound NADH on the phasor plot. The free and bound fraction 

Mito7-mRuby  image

Raw NADH intensity FIBIS
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(FB fraction) NADH FLIM analysis revealed an increase in the bound fraction NADH of 42% 

and 20% post 24 hours transferred mitochondria in both MCF7 and MDA-MB-231 cells 

respectively (Fig. 3.6 c,d). The increased bound NADH fraction is identical with BCCs treated 

with the glycolytic inhibitor, 2-deoxyglucose. This suggests that mitochondrial enhancement 

changes cellular respiration towards the OXPHOS state. Oppositely, fraction of bound NADH 

decreases when treated with OXPHOS inhibitor, Rotenone, which shows the ability of cancer 

cells to switch between metabolic states freely to meet self-growth (Fig. 3.6 a). 
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Figure 3. 7 FIBIS analysis of single mitochondria metabolic profiling. a) Segmented 
mitochondria overlaid with pseudocolor referenced from phasor plot free and bound fraction 
NADH. b)  Raw NADH intensity images of BCCs. Scale bars, 10μm. Shown are selected 
images from BCCs under four different conditions.  Scatter plot of segmented mitochondria 
FB fraction. n = 612, 490, 538, and 589 distinct mitochondria in c) MDA-MB-231 control, 
transferred mitochondria, 2-Deoxyglucose, and Rotenone respectively. n = 915, 765, 723, and 
872 distinct mitochondria in d) MCF7 control, transferred mitochondria, 2-Deoxyglucose, and 
Rotenone respectively. p-values are calculated using two sample Kolmogorov-Smirnov test. 
N.S. indicates no significance and **** indicates p < 0.00001. 

 

3.4.4 Measurement of oxygen proton flux: Seahorse XF analyzer 

To compare our imaging results, we utilized the seahorse assay, the gold standard method for 

metabolic investigations, to measure the two breast cancer cell lines transferred with epithelial 

mitochondria. MCF7 with additional transferred mitochondria shows a significant increase in 

OCR and decrease in ECAR, implying the shift of metabolism towards OXPHOS (Fig. 5f,g). 

However, MDA-MB-231 did not show significant changes in either the two measurements. 

This could be explained by their aggressive phenotype, which are triple negative breast cancer 

(TNBC), leading to more reliance on OXPHOS metabolism which was shown to have 

relatively higher OCR in comparison with MCF7 (Fig. 5f). This finding also suggests that the 

Warburg effect does not consequently mean that cancer cells fully rely on glycolysis as energy 

metabolism, but still maintain OXPHOS metabolism and is activated accordingly to cancer 

phenotypes. FIBIS also points out relatively higher bound fraction NADH in MDA-MB-231 

than in MCF7 which verifies our finding using two completely different approaches. 
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Figure 3. 8 Seahorse XF analyzer. Extracellular acidification rate (ECAR) represents glycolysis 
where oxygen consumption rate (OCR) represents OXPHOS. a,b) MDA-MB-231 did not show 
any significant change in both parameters. c,d) Respiration of MCF7 significantly increased 
after consuming epithelial mitochondria and a decrease in ECAR. p-values are calculated using 
two-tail paired Student’s t-test. N = 45. * indicates p < 0.05 and **** indicates p < 0.00001. 
Data are represented as mean ± S.D. ranges. 

 

3.4.5 Mitochondrial membrane potential analysis 

To confirm the continued activity of transferred mitochondria upon entering host cells, we 

utilized Tetramethylrhodamine methyl ester (TMRM), a cell-permeable, cationic dye 

frequently employed to measure mitochondrial membrane potential in live cells, to analyze 

mitochondrial intensity changes. The magnitude of membrane potential directly relates to 
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electron transport efficiency and ATP production, allowing us to infer mitochondrial activity 

levels17,56. Higher membrane potentials correspond to increased active mitochondria and more 

efficient energy production, whereas lower potentials indicate a decline in mitochondrial 

activity and energy production. By targeting previously labeled mitochondria in host cells, we 

measured fluorescence intensity within the 570-590nm wavelength range. Our findings 

demonstrated that transferred mitochondria remained active after entering BCCs (as depicted 

in the figure). Additionally, TMRM intensity levels significantly increased in MCF7s after 

mitochondria transfer (Fig. 2c), implying the enhancement of proton pumps in Complexes I 

and III, which are crucial components during oxidative phosphorylation (OXPHOS). The rise 

in TMRM intensity solely in MCF7s, but not in MDA-MB-231s, correlated with Seahorse XF 

analyzer results, indicating metabolic shifts in MCF while MDA-MB-231 sustained a high 

respiration rate. 
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Figure 3. 9 TMRM membrane potential analysis. a) Automatic Otsu threshold masking of 
TMRM labeled mitochondria in MCF7 with transferred mitochondria segmented by imageJ. b) 
Significant increase was found in MCF7 Mito group indicating enhanced mitochondrial 
activity. N = 9211, 7907, 4185, 5670, 5350, and 6124 for MCF7 control, mitochondria, MDA-
MB-231 control, mitochondria, MCF10A control, and mitochondria respectively. Data are 
represented as mean ± interquartile ranges. p-values are calculated using two sample 
Kolmogorov-Smirnov test. N.S. indicates none significance and **** indicates p < 0.00001. 

 

3.5 Discussion 

In this chapter, we have presented several metabolic assays to elucidate the impact of 

transferred mitochondria on BCCs. Our findings from the Seahorse assay and TMRM analysis 

suggest that MCF7s enhanced their respiration rate, leading to an increase in ATP production, 

while MDA-MB-231s maintained a high oxidative phosphorylation (OXPHOS) metabolic 

state, a hallmark of triple-negative cancer cells. Nevertheless, FIBIS results indicate that MDA-

MB-231s were also affected by transferred mitochondria, as evidenced by an increased fraction 

of bound NADH, indicating an enhancement of respiration beyond their initial state. This effect 

was corroborated by the cell viability assay results presented in Chapter 2, where the 
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proliferation rate of MDA-MB-231s was more significant than that of MCF7s when treated 

with transferred mitochondria. Combining the TMRM analysis of individual mitochondria with 

the gold standard Seahorse assay results, we have demonstrated that FIBIS is a suitable and 

more sensitive method to quantify the metabolic state and dynamics of single mitochondria. 
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CHAPTER 4. DETECTION AND QUANTIFYING OF 

REACTIVE OXYGEN SPECIES 

4.1 Abstract 

Reactive oxygen species (ROS) play a complex role in cancer development and progression17. 

While ROS are natural byproducts of cellular metabolism and are involved in normal 

physiological processes, excessive ROS production can result in oxidative stress, causing DNA 

damage, genomic instability, and cellular dysfunction. However, cancer cells often exhibit 

elevated antioxidant defenses to counteract ROS, allowing them to survive and proliferate 

under oxidative stress conditions. Understanding the delicate balance between ROS and 

antioxidant defenses in cancer cells is crucial for developing targeted therapies that exploit 

their vulnerability to oxidative stress while sparing normal cells. This chapter investigates the 

influence of stimulated ROS from secondary organic aerosols (SOA), a major fraction of fine 

particulate matter, towards normal macrophage cells. Through our cellular imaging techniques 

including the phasor approach to FLIM and third harmonic generation imaging, we show that 

PQN and isoprene SOA activate NADPH oxidase in macrophages to release massive amounts 

of superoxide in a time dependent manner and inflate the cell membrane structure. While higher 

exposures trigger cellular antioxidant response elements, the released ROS induce oxidative 

damage to the cell membrane through lipid peroxidation. Such quantitative understandings 

provide a basis for further elucidation of oxidative stress level in cancer cells.  
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4.2 Introduction 

ROS are chemically reactive molecules that include free radicals57–59, such as superoxide anion 

(O2·-), hydroxyl radical (·OH), and non-radical species like hydrogen peroxide (H2O2). ROS 

are generated as natural byproducts of normal cellular metabolism, primarily in the 

mitochondria, peroxisomes, and cytoplasm. They serve as important signaling molecules 

involved in various cellular processes, including cell proliferation, differentiation, and 

apoptosis. 

While ROS play essential roles in cellular signaling and defense against pathogens, their levels 

must be tightly regulated within cells. When ROS production exceeds the capacity of cellular 

antioxidant systems to neutralize them 60–62, a state of oxidative stress occurs. Oxidative stress 

arises from an imbalance between ROS production and the cell's antioxidant defenses, leading 

to an excessive accumulation of ROS. Excessive ROS levels can have detrimental effects on 

cells. ROS can react with and damage various cellular components, including lipids, proteins, 

and DNA. Such oxidative damage can disrupt cellular function, impair DNA integrity, and 

contribute to genomic instability. Accumulated DNA damage caused by ROS can lead to 

mutations and increase the risk of cancer development. Hence, it is essential for understanding 

oxidative stress-related processes and their impact on cellular health. 
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To address the aforementioned requirements, this chapter explores the mechanism of 

stimulated reactive oxygen species (ROS) production in macrophages when exposed to 

secondary organic aerosols (SOAs). SOAs constitute a significant fraction of particulate matter 

(PM) and are formed through the atmospheric oxidation of volatile organic compounds 

(VOCs)63–65, resulting in the generation of various oxygenated compounds, including 

hydroperoxides and alcohols. Upon inhalation and deposition of PM in the respiratory tract's 

epithelial lining fluid66,67, these compounds come into contact with macrophages, which are 

the initial cellular responders of the innate immune system responsible for safeguarding the 

lungs against infections caused by bacteria, microbes, and pathogens. This defense mechanism 

involves the release of ·O2− through phagocytosis, a process referred to as the "respiratory 

burst"68–70, which transiently consumes oxygen. By employing the phasor approach to 

fluorescence lifetime imaging microscopy (FLIM), we demonstrate a time-sensitive positive 

correlation between the respiratory burst's superoxide production and the activation of NADPH 

oxidase. Notably, the phasor distribution revealed a prolonged lifetime component following 

the peak of superoxide production, indicating the occurrence of lipid peroxidation. Additionally, 

we employed Laurdan fluorescence lifetime imaging and third-harmonic generation (THG) 

microscopy to examine the impact of PQN and isoprene SOAs on cell membrane fluidity and 

lipids, respectively. These cellular imaging techniques provide spatial information on NADPH 

oxidase activity within live cells and enable quantification of the damage inflicted by 
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accumulated ROS levels. Our study represents the first attempt to analyze the free and bound 

fractions of NAD(P)H over a time course, serving as a means to monitor NADPH oxidase 

activity, with findings supported by results obtained from our collaborators in the Chemistry 

department using Electron Paramagnetic Resonance (EPR) Spectroscopy. 

    

4.3 Material and Methods 

4.3.1 Cell culture and Cytotoxity 

Macrophage cells (ATCC® TIB-71™) were obtained and passaged in complete media (DMEM 

media supplemented with 10% FBS and 1% penicillin streptomycin) until >80% confluent. 

Cells were then seeded at a density of 4×104 cells/mL with 200 μL per well into 96-well plates 

(Corning) and incubated at 37 °C and 5 % CO2 in an incubator for about two hours for cells to 

fully adhere to the bottom of the culture plate. Cell density was kept the same for superoxide 

measurements and cell imaging. 

 

4.3.2 NAD(P)H Phasor Approach to FLIM 

The NADPH oxidase complex71 is an important source of ·O2
- in phagocytosis as activated by 

bacterial products and cytokines. The activation of NADPH oxidase generates ·O2
- through the 

reaction: NADPH + 2O2 → NADP+ + H+ + 2·O2
- Here we utilize the auto-fluorescence of 

NADPH measured with FLIM combined with experiments using NADPH oxidase activator 
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PMA72 and inhibitor Apocynin to study the NADPH oxidase activities. It should be noted that 

NADH (nicotinamide adenine dinucleotide) has identical fluorescence properties 

with NADPH73, thus FLIM cannot differentiate NADH and NADPH and we denote the FLIM 

signals as NAD(P)H. Note that NADH reacts with oxygen to produce either water or H 2O2, or 

produces significantly lower ·O2
- than NADPH. NAD(P)H expresses in two forms inside cells, 

bound and free states. Different  Therefore, the relative locations on the trajectory can be used 

to obtain the bound NAD(P)H fractions and the decrease of bound NAD(P)H fractions 

indicates the activation of NADPH oxidase activities.  

For FLIM imaging, cells were seeded at a density of 4×104 cells mL-1 and incubated overnight 

before exposure to PQN and isoprene SOA for imaging. PQN and SOA in media in the absence 

of cells produced low fluorescence background signals. Cells were imaged at 37 ℃ and 5% 

CO2 environment before exposure and at different time points after the addition of samples. 

Since NAD(P)H mainly reside in cell membranes and cytoplasm 62 and that the fluorescence 

lifetimes of nucleus do not change significantly before and after sample exposure, nucleus were 

cropped out, i.e., only the fluorescence signals from the cell membranes and cytoplasm were 

included in calculating the bound NAD(P)H fractions. The bound NAD(P)H fractions from all 

data points for each sample were averaged from multiple cells (N = 12-23) and shown on Fig. 

4.2. PQN exhibited an unusually long fluorescence lifetime distribution and the phasors from 

PQN fall outside of NAD(P)H free-bound trajectory. We conducted hyperspectral imaging to 
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confirm that the long fluorescence lifetime was caused by phosphorescence from triplets of 

PQN74.  To avoid the lifetime of phosphorescence interfering with the NAD(P)H fluorescence 

lifetime, we used PBS buffer to wash cells after 10 minutes of incubation. After replacing with 

fresh incomplete media, cells were loaded back to the FLIM system for imaging. With this 

method, the lifetime phasors of PQN fall onto the NAD(P)H free-bound trajectory as shown in 

Fig. 4.2. 

 

4.3.3 Laurdan Probe Lifetime Analysis 

The FLIM-Laurdan imaging technique was employed to assess changes in cell membrane 

fluidity following sample exposure. To investigate membrane fluidity, a fluorescent membrane 

marker called Laurdan75 (6-Dodecanoyl-2-Dimethylaminonaphthalene) was utilized. Laurdan 

is a solvatochromic probe known for its sensitivity to polarity, allowing it to insert into lipid 

bilayers at various depths and orientations. This enables the detection of hydrophobic 

environments by altering its spectral emission maximum. When located in a hydrophobic 

environment, Laurdan exhibits at least two excited states: the locally excited state, inherent to 

the fluorophore itself, and an internal charge transfer state induced by a larger dipole moment. 

This polar "relaxation" prompts water molecules in more hydrophilic environments to align 

with Laurdan's dipole orientation, resulting in energy loss. Consequently, a spectral red shift in 

its emission is observed. Furthermore, the fluorescence lifetime of Laurdan can be measured 
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and quantified to identify lipid-ordered and disordered phases76. A decrease in Laurdan 

fluorescence lifetime in the blue channel (460/80nm) indicates an increase in membrane 

fluidity caused by lipid peroxidation. To conduct the experiment, cells were seeded in an 8-

well plate, and complete media was replaced with incomplete media. Subsequently, Laurdan 

dye was added to each well, achieving a final concentration of 5 μM. The cells were then 

incubated under their respective cellular conditions for 30 minutes before exposure to control, 

PQN, PMA, and isoprene SOA. After a specified exposure period, the cells (4×104 cells mL-

1) were loaded into the FLIM system for imaging using an 800 nm excitation wavelength. 

In terms of quantification, we image segmented only membrane parts of the macrophage FLIM 

images and used a tau modulation projecting all pixels onto the universal circle giving us 

absolute lifetime values (Fig. 4.1). This modulation was appropriate due to phasors of Laurdan 

lifetime in the blue channel are approximately aligned to the universal circle. Original phasor 

plots are formed within the universal semi-circle (equation 1.) given coordinates (G,S). Tau 

modulation uses a circle of radius ψ (equation 2.) to project pixel coordinates onto universal 

circle giving single exponential lifetime (equation 3.).  

(𝐺 − 0.5)2 + 𝑆2 =0.25 

𝐺2 + 𝑆2= 𝜓 
2
 

𝐺𝑝𝑟𝑜𝑗 = 𝜓 
2
 

𝜏 = √(1 − 𝐺𝑝𝑟𝑜𝑗)/(𝐺𝑝𝑟𝑜𝑗 ∗ 𝜔2)   
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Where 𝐺𝑝𝑟𝑜𝑗 is the projected G coordinate, 𝜔 is the laser modulation frequency, and 𝜏 is the 

single exponential lifetime we acquire.  

 

Figure 4. 1 Laurdan phasor plot. Laurdan in solid-ordered membrane has a relatively longer 
lifetime than liquid disordered membrane. The lifetime change follows mono-exponential 
decay and is simple to calculate using Tau modulation method.  

 

 

4.3.4 Third Harmonic Generation (THG) Imaging 

The THG imaging technique was applied to detect the accumulation of lipids inside the cells 

after exposure to isoprene SOA and PQN. The excitation of THG signal requires laser 

wavelengths of up to ~1000 nm, which conventional tunable Titanium Sapphire lasers could 

not achieve. The THG imaging was carried out in the Deep Imaging Via Emission Recovery 

(DIVER) system from the LFD77, which uses Spectra Physics Insight DS+ femtosecond laser 

tunable in the range of 68 - 1300 nm. The actual focal depth difference was found to be ~0.75 
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mm for different wavelength excitation, where NAD(P)H is 740 nm and THG is 1050 nm. 

THG signal is generated at the interface between media with difference in third order nonlinear 

susceptibility, refractive index and dispersion, and can be used to detect lipids. The THG 

images were taken before and after 10-min exposure to isoprene SOA and PQN. Note that THG 

microscopy is not affected by long lifetime phosphorescence from PQN.  

 

4.4 Results 

4.4.1 Cellular Superoxide Release by NADPH Oxidase Activation 

Cellular imaging techniques were employed to investigate the mechanism of cellular 

superoxide (·O2-) release. Specifically, we used selected doses known to induce substantial 

cellular ·O2- release. Phasor approach to FLIM analysis was performed to examine the 

distribution of cell membrane and cytoplasmic components along a metabolic trajectory 

represented by a line connecting the positions of free and bound NAD(P)H on a phasor plot 

(Fig. 4.2 a). This trajectory was utilized to determine the fractions of bound NAD(P)H. When 

macrophages were exposed to PQN and isoprene SOA, a decrease in the bound NAD(P)H 

fractions compared to controls was observed. This indicates oxidation of the bound state 

NADPH to non-fluorescent NADP+, resulting in the release of superoxide: NADPH + 2O2 → 

NADP+ + H+ + 2·O2-. In contrast, exposure to phorbol 12-myristate 13-acetate (PMA), a 

commonly used inducer to activate NADPH oxidase and increase endogenous ·O2- production, 
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led to a shift from the bound to free state of NAD(P)H. Moreover, the presence of apocynin 

(Apo), a specific NADPH oxidase inhibitor, increased the bound NAD(P)H fractions compared 

to cells without inhibitors. Notably, due to interference from phosphorescence of PQN, 

inhibitor experiments for PQN were not available. Considering the differences in doses and 

exposure times for FLIM imaging, direct comparison of the bound fractions in Fig. 4.2 b for 

PQN and isoprene SOA is not feasible. Furthermore, apocynin significantly reduced 

cellular ·O2- production upon exposure to PQN, isoprene SOA, and PMA (Fig. 4.2 c), strongly 

suggesting that PQN and isoprene SOA primarily trigger cellular ·O2- production by activating 

NADPH oxidase. Interestingly, when apocynin was present in controls, the bound NAD(P)H 

fraction was higher compared to isoprene SOA and PMA with apocynin. This could be 

attributed to an increase in NADH bound fractions resulting from enhanced mitochondrial 

oxidative phosphorylation (OXPHOS). Recent studies have shown that Apo can enhance ATP 

production and mitochondrial membrane potential, which are regulated by OXPHOS. This 

observation implies that exposure to PQN and isoprene SOA may induce a certain level of 

mitochondrial dysfunction, although dedicated studies are needed to further explore this aspect. 
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Figure 4. 2 NADPH oxidase activities. a) NAD(P)H phasor plot of macrophages exposed to 
TOL, ISO, and PMA for 100 minutes. Pseudo colored images show the bound fraction of 
NADPH starting from membrane part of the cell indicating the location of NADPH oxidase. 
Long lifetime component appeared 60 minutes after exposure which is when superoxide 
production rate stops. b) NAD(P)H bound fractions analysis for macrophages treated with the 
control and samples with and without NADPH oxidase inhibitor apocynin (Apo). (C) Effect of 
apocynin on total superoxide production. Bars with error bars represent the average from 
triplicates and the standard deviation. Unpaired t-test, ***p < 0.0001 and **p < 0.001. ISO and 
PMA denote isoprene SOA and phorbol 12- myristate 13-acetate, respectively. 
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4.4.2 Phosphorescence from PQN dominates fluorescence lifetime 

The long lifetime component being discovered in Fig. 4.2 a was similar to lifetime features of 

oxidized lipids mentioned in Datta et al work78 which stands a critical supporting point of lipid 

peroxidation. However, the dynamic change of phasor distribution for PQN was suspected to 

be caused by another contributing factor known as phosphorescence. Phosphorescence is also 

known to emit photons from excited electrons. Unlike fluorescence, which is immediate and 

short-lived, phosphorescent materials store and release energy gradually, resulting in a lifetime 

in milliseconds range. To validate the assumption of strongly contributed long lifetime 

components is caused by phosphorescence, we used lambda mode to collect the emission 

spectrum excited by 740nm two photon laser and found a strong intensity peak being 

accumulated <450nm (Fig. 4.3 b) which matches with phosphorescence spectrum of 9,10-

phenanthrenequinones79. These pixels were also overlapped with the long lifetime phasors (Fig. 

4.3 c) confirming the PQN phosphorescence location. Since phosphorescence interferes with 

fluorescence photon arrival times, we made an effort to wash out PQN using PBS and 

immediately image macrophages undergoing NADPH oxidase. Within 10 minutes, Fig. 4.3 d 

shows that PQN also follows the decreased fraction in bound state NAD(P)H, indicating release 

of superoxide.  
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Figure 4. 3 Phosphorescence detection of PQN. a) Bright field images of macrophages before 

and after 30 minutes induced with PQN indicates the morphology change of cell membrane. b) 

Emission peak at 445nm wavelength was detected after 30 minutes of PQN induction. c) 

Colored cursors imply the increased lifetime accordingly to incubation time.  d) Macrophages 

washed with PBS avoids phosphorescence interference in image pixels and regains 

fluorescence lifetime information of live cells.  
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4.4.3 Oxidative Stress on Cell Membranes 

To assess the impact of PQN and isoprene SOA on cell membranes, we conducted 

measurements of lifetime changes using the solvatochromic probe Laurdan and Third 

Harmonic Generation (THG) imaging after exposure. The FLIM-Laurdan images can be seen 

in Fig. 4.4 c. As Laurdan dye is specifically incorporated into the hydrophobic regions of the 

membrane, only fluorescence signals originating from the cell membranes were selected for 

calculating the fluorescence lifetime. A total of 15 cells were averaged for each sample, and 

the results were presented as violin plots in Fig. 4.4 d. We observed significant decreases in 

the fluorescence lifetimes of Laurdan on cell membranes of macrophages exposed to PQN, 

isoprene SOA, and PMA. This indicates that these samples induce an increase in membrane 

fluidity, an important parameter related to membrane integrity and cell health. Additionally, 

THG microscopy imaging revealed an increase in THG signal surrounding the cell membranes 

upon exposure to PQN and isoprene SOA, suggesting lipid accumulation (Fig. 4.4 a). Bright-

field cell images also suggested the formation of foam cells, where macrophages may have 

taken up oxidized low-density lipoprotein (LDL). This process is known to involve the 

activation of NADPH oxidase, as observed in previous studies. Considering that the doses of 

PQN and isoprene SOA used were 1.74 μg mL-1 and 305 μg mL-1, respectively, and 

cellular ·O2- production dominates over chemical production, it is likely that macrophages 

undergo lipid peroxidation caused by ·O2- or other reactive oxygen species (ROS) generated 
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subsequently. The violin plots provided insight into the decrease in Laurdan lifetime induced 

by SOA molecules. PQN, which produces the highest amount of superoxide, resulted in the 

most severe damage to the cell membrane. The broader tails of the violin plots with even shorter 

lifetimes suggest that internal membranes are also affected by PQN. Furthermore, we observed 

that the magnitude of lifetime decrease is dependent on the concentration of the induced SOA 

molecule. In the case of macrophages treated with isoprene SOA and the addition of manganese 

superoxide dismutase (Mn-SOD), the Laurdan lifetime was relatively higher compared to 

treatment with isoprene SOA alone. This raises the question of whether SODs are capable of 

protecting cell membranes from free radical attacks. In conclusion, the use of tau modulation 

violin plots can serve as a quantitative method to assess the healthiness of cell membranes. 
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Figure 4. 4 Quantification of cell membrane damage. a) THG signal images present increasing 

lipid droplets in the upper panel and in the bottom panel shows cursor derived images 

referenced from b) phasor plot collected from the DIVER system.  c) Laurdan lifetime analysis 

of macrophage cell membranes. PQN and ISO shows decrease of lifetime at the cell membrane 

indicating hydrophobic environment for the macrophages. 

 

4.4.4 Time dependent superoxide production rate 

Diogenes chemiluminescence assay was measured every 3 minutes for a total of 4 hours 

observation time. The superoxide production rate was found to peak at 45 minutes and 50 

minutes post inducement of ISO and PMA. Comparing the results from both chemical and 

fluorescence lifetime approaches, the production rate of superoxide is observed to follow a time 

dependent pattern suggesting the final stage of ROS production and entering oxidized lipid 
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phase. The phasor approach to NAD(P)H FLIM was capable of reflecting subtle changes of 

free to bound fraction NADPH within 10 minutes of data collection time interval.  

 

Figure 4. 5 Time dependent curve of free and bound fraction NAD(P)H. 

 

4.5 Discussion 

In macrophages, exposure to SOAs activates NADPH oxidase, which serves as a defense 

mechanism against xenobiotic particles. However, the macrophages fail to produce an adequate 

number of antioxidants to effectively reduce intracellular ROS levels, particularly superoxide. 

As a result, free radicals are able to attack cellular structures. Our objective was to assess the 

extent of ROS-induced damage to the cell membrane, as the presence of bubble foam 
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components in that region was observed. Analysis of THG images revealed an increase in lipid 

formation in the cell membrane, indicating degradation of the bilipid layer and compromising 

the barrier's integrity. Laurdan lifetime analysis demonstrated a reduction in lifetime after the 

induction of SOAs, indicating disorder within the bilipid layer. NAD(P)H lifetime provided 

information on NADPH oxidase activity and oxidative stress, as longer lifetimes were 

associated with these species. Initially, the presence of PQN super long lifetime interfered with 

the analysis, but we improved our methodology by washing out PQN phosphorescence with 

PBS, resulting in the same phasor distribution as ISO and PMA. Future directions include the 

use of Coherent anti-Stokes Raman spectroscopy (CARS) to verify oxidized lipids exists inside 

macrophage membranes. In conclusion, this chapter emphasizes the significance of 

intracellular ROS levels and their visualization and quantification in non-reversible lipid 

peroxidation and subsequent DNA damage caused by oxidative stress. 
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CHAPTER 5: LIGHTSHEET MICROSCOPY FOR 

MOLECULAR DYNAMICS IN 3D     

5.1 Abstract 

Fluorescence correlation spectroscopy (FCS) is a highly adaptable technique extensively 

employed for quantifying rates of chemical reactions, protein binding, interactions between 

nanoparticles and proteins, as well as biomolecular dynamics in both controlled laboratory 

settings (in vitro) and living organisms (in vivo). FCS is inherently suited for micro-scale 

investigations and can be effectively utilized in high-throughput screening for drug 

development. However, its applicability is often restricted to nanomolar concentrations, 

limiting its potential applications. In this study, we demonstrate how the utilization of 

massively parallel camera-based detection with side illumination significantly expands the 

usable concentration range of FCS by more than 100 times, enabling the measurement of low 

affinity processes. Our proposed approach, known as line-mean square displacement (line-

MSD), is both robust and efficient, with acquisition times as short as 1 second, while 

eliminating the need for reference measurements to determine the size of the observed volume. 

 

5.2 Introduction 

By examining fluctuations in fluorescence caused by the movement of molecules within a 

minuscule observation volume (approximately 1 femtoliter), fluorescence correlation 
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spectroscopy (FCS) enables the measurement of diffusion and reaction kinetics, hydrodynamic 

radius, and particle concentration at the microscopic level80. Consequently, FCS has proven to 

be an exceptionally versatile tool extensively utilized for studying chemical reaction rates, 

protein binding, interactions between nanoparticles and proteins, as well as biomolecular 

dynamics in controlled laboratory settings (in vitro) and living organisms (in vivo)81.Due to its 

inherently microscopic nature, FCS requires minimal sample volumes, rendering it particularly 

suitable for high-throughput screening applications, such as in drug design82.While FCS 

exhibits remarkable sensitivity at low concentrations (picomolar to nanomolar), its application 

has historically been limited to the nanomolar concentration range, which somewhat restricts 

its potential uses. Recently, advancements in nanofabrication, super-resolution microscopy, 

and near-field probing techniques have expanded the usable concentration range of FCS83–86. 

However, the specialized hardware required for these methods hinders their widespread 

adoption. The side-SPIM, originally developed by Dr. Per Niklas Hedde as a light sheet 

microscope, offers additional degrees of freedom for sample manipulation within the system. 

Its perpendicular illumination of the light sheet compensates for noise sources that typically 

impede the application of FCS at high concentrations when using commonly used single point 

detectors. We demonstrate that our easily implementable approach extends the usable 

concentration range of FCS by over 100 times. This allows for the investigation of binding 
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processes in the micromolar concentration range, which can be crucial, particularly in drug 

design. 

At high concentrations, FCS is commonly limited by noise, as the reduced amplitude of 

molecular fluctuations becomes insignificant compared to other sources of fluorescence signal 

variation, such as laser and detector noise. However, as long as the measured molecular 

brightness (i.e., the number of photons detected per molecule per time interval) remains 

constant, the signal-to-noise ratio of an FCS measurement theoretically remains independent 

of the concentration87. However, in practice, highly sensitive single point detectors like 

photomultipliers (PMTs) and avalanche photodiodes (APDs) have a limited count rate at high 

fluorophore concentrations, necessitating a reduction in excitation intensity to avoid detector 

saturation. This reduction in excitation intensity subsequently diminishes the number of 

fluorescence photons emitted per molecule per time interval. Consequently, this limitation in 

the measured molecular brightness decreases the sensitivity of FCS at high concentrations. 

Nanofabrication, super-resolution, and near-field techniques overcome this issue by further 

reducing the observation volume to the femtoliter scale, ensuring that the average number of 

observed molecules remains low even at higher concentrations. However, these approaches 

require specialized nanosized sample containers, specific fluorophores, and/or powerful yet 

expensive pulsed lasers, with only a moderate expansion of the usable concentration range. 

Others have mitigated laser noise by compensating with data from a photodiode monitoring 
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the laser output power and extended the detector saturation limit by splitting the fluorescence 

signal across multiple APDs88, which necessitates substantial technical efforts. 

In contrast, we capitalized on the abundant pixel count available in modern sCMOS cameras 

for parallelized detection across more than 16 lines, each consisting of over 240 pixels, 

recorded at a rate exceeding 10,000 Hz. This massively parallel detection enabled us to handle 

an exceptionally high photon flux while simultaneously compensating for non-molecular signal 

fluctuations using spatial averaging within the lines. To create an axially confined observation 

volume, we employed a thin beam (~1-2 μm diameter) for side illumination of the sample, 

which was subsequently imaged onto an sCMOS camera, resembling the geometries utilized 

in light sheet microscopy 89. Through this line illumination (LIM) approach, we accurately 

determined the diffusion coefficient of a small dye molecule (Atto 488) in aqueous solution at 

concentrations up to 30 μM. In an initial application, we characterized the low-affinity binding 

of fluorescein isothiocyanate (FITC) to bovine serum albumin (BSA). Lastly, we demonstrate 

how the LIM method can be employed to track the motion of fluorescently labeled 

biomolecules within live cells. 
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5.3 Material and Methods 

5.3.1 Line Illumination 

Our setup was based on the sideSPIM as previously described89. The output of a 488-nm laser 

(Omicron-Laserage, Rodgau-Dudenhofen, Germany) was spatially cleaned with a single mode 

fiber, reflected on a 2-axis galvo mirror system (Cambridge Technology, Bedford, MA, USA), 

and passed through a scanning lens (f = 50 mm) and tube lens (f = 180 mm) in a 4f configuration. 

A 4×, NA 0.16 objective lens (Olympus, Center Valley, PA, USA) was used the generate a 

Gaussian illumination beam with a waist size of 1.9 μm and a confocal parameter of 48 μm 

inside our custom sample chamber. Sample fluorescence was collected with a 60×, NA 1.0 

water immersion lens (Olympus), separated from scattered excitation light with a 535/40 nm 

bandpass filter (Chroma, Bellows Falls, VT, USA), and focused via the internal tube lens of an 

inverted microscope body (IX71, Olympus) onto the chip of a sCMOS camera (PCO, Kelheim, 

Germany). The pixel size at the sample was 108 nm. 

 

5.3.2 Single Point FCS 

Single point FCS was measured using Zeiss LSM880 equipped with the FCS module (Carl 

Zeiss, Jena, Germany). Sample fluorescence was excited with a 488-nm Argon laser line 

reflected off the internal dichroic (MBS488) and passed through a 40×, NA 1.2 water 

immersion objective (Zeiss). Fluorescence was focused onto a pinhole of 35 μm diameter (1 
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Airy unit) before detection within a range of 500 nm–600 nm. To calibrate the size of the point 

spread function, a 10 nM solution of Rhodamine 110 was prepared in PBS buffer and the beam 

waist of the resulting data was fitted by fixing the diffusion coefficient at 440 μm2/s 90. For 

fitting of the correlation function, G(τ), as a function of the lag time, τ, we used a free diffusion 

model 

𝐺(𝜏) =  
𝛾

𝑁

1

1 +
4𝐷𝜏
𝜔2

1

√1 + 
4𝐷𝜏
𝑆𝜔2

 

   with N the resulting average number of particles inside the observation volume, γ = 0.35 the 

correction factor for the Gaussian shape of the point spread function, S = 5 the aspect ratio 

(latera to axial extension), ω = 0.20 μm the lateral beam waist, and D the resulting diffusion 

coefficient, which is related to the diffusion time τD = ω2/4D. 

 

5.3.3 Dye and Protein Solutions 

Atto 488 (#41051-1MG-F, Sigma-Aldrich, St. Louis, MO, USA) was dissolved in PBS buffer 

to a stock concentration of 100 μM, determined by measuring the absorption at 490 nm 

(Nanodrop, ThermoFisher, Waltham, MA, USA). Serial dilutions in PBS buffer of 30, 100, 

and 300 nM, as well as 1, 3, 10, 30 and 50 μM were placed in our custom imaging chamber. 

FITC (#1245460250, Sigma-Aldrich) and BSA (#A7906-10G, Sigma-Aldrich) were diluted in 

PBS buffer to generate stock solutions of 74 μM and 3 mM, as determined by absorption 
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measurements at 490 nm and 280 nm, respectively. For both solutions, the pH was adjusted to 

9 by adding 5 N NaOH to increase the fluorescence quantum yield of FITC. 

 

5.3.4 Cell Sample Preparation 

MCF10A (American Type Culture Collection, Manassas, VA, USA) cells were cultured in 

DMEM/F12 with high glucose, sodium pyruvate, and L-glutamine (Thermo Fisher Scientific, 

Waltham, MA, USA) supplemented with 5% horse serum (Thermo Fisher Sci- entific), 20 

ng/mL epidermal growth factor, 0.5 mg/mL Hydrocortisone (Sigma-Aldrich), 100 ng/mL 

cholera toxin (Sigma-Aldrich), 10 μg/mL insulin (Sigma-Aldrich), and 1% Penicillin-

Streptomycin 100× solution (Genesee Scientific, San Diego, CA, USA). Cells were plated in 

35 mm dishes and transfected with plasmid encoding Arc-EGFP using Lipofectamine 3000 

according to the manufacturer’s protocol (Thermo Fisher Scientific). Collagen type I (Corning, 

Corning, NY, USA) gels were prepared at 2 mg/mL concentration by dilution with cell culture 

medium at 7.2 pH followed by polymerization inside sideSPIM imaging chambers89 for 1 h at 

37 ◦C. Cells were subsequently transferred to collagen type I gels and incubated for 12 h before 

imaging to allow for cell attachment to the gel. To visualize the cell nuclei, DNA staining with 

NucBlue (#R37605, ThermoFisher) was performed 15 min before imaging. 
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5.3.5 Measurement Parameters 

Single point FCS data were measured at 1.7 mW laser power with 10 s acquisition times. For 

line-MSD analysis of Atto 488 and FITC binding to BSA, the laser output at the objective lens 

was set to 6 mW and 16 lines of 260 pixels were acquired at 10,246 Hz. A total of 100,000 

frames were imaged for each data set (10 s acquisition time). For LIM analysis of Arc-EGFP 

in MCF10A cells, the laser power was reduced to 0.2 mW to prevent photobleaching. Due to 

the slower diffusion of Arc-EGFP in cells compared to the diffusion of free dye in aqueous 

solution, the camera exposure time was increased to 2 ms (500 Hz) and a total of 5000 frames 

were acquired for each cell. 

 

5.3.6 Data Analysis 

Each data set, I(x, y, t), was reordered, I(x, t, y), with ImageJ 1.53c and loaded into Matlab 

R2019a (Mathworks, Natick, MA, USA) for analysis, with 100,000 frames (t) of 16 lines (y) 

with 260 pixels (x). For each line, the spatial averages, ⟨I(x, t, y)⟩x, and the spatio- temporal 

averages, ⟨I(x, t, y)⟩x,t, were calculated and used to compensate for intensity fluctuations not 

attributed to molecule movement, such as laser fluctuations. The spatial averages represent 

the average intensity of all pixels in each line at any given time point and are therefore an 

intrinsic measure of the laser power. By dividing by the spatial averages and multiplying with 
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the spatio-temporal averages, i.e., the time average of the average intensity of all pixels in 

each line, the data can be normalized for the laser power: 

𝐽(𝑥, 𝑡, 𝑦) =  
𝐼(𝑥, 𝑡, 𝑦)

〈𝐼(𝑥, 𝑡, 𝑦)〉𝑥
. 〈𝐼(𝑥, 𝑡, 𝑦)〉𝑥,𝑡 

Next, the immobile fraction (if present) was removed by subtracting the temporal average in 

each line. To avoid negative values in the resulting data set, the global average was 

subsequently added: 

𝐹(𝑥, 𝑡, 𝑦) = 𝐽(𝑥, 𝑡, 𝑦) − 〈𝐽(𝑥, 𝑡, 𝑦)〉𝑡 +  〈𝐽(𝑥, 𝑡, 𝑦)〉𝑥,𝑡,𝑦 

For each line of the 16 lines × 260 pixels × 100,000 frame data set, Fy(x,t), these data were 

then space-time correlated: 

𝐺𝑦(𝜁, 𝜏) =  
〈𝐹𝑦(𝑥, 𝑡). 𝐹𝑦(𝑥 + 𝜉, 𝑡 + 𝜏)〉

〈𝐹𝑦(𝑥, 𝑡)〉2
− 1 

 To the resulting correlation function, a Gaussian model,  

𝐻𝜏(𝜉) = 𝐴 ⋅ exp (−(
𝐺𝜏(𝜁) − 𝜁0

𝜔
)2) + 𝐵 

was fitted for each lag time, τ, with amplitude, A, offset, B, and width, w. The square of the 

fitted width, w2, which corresponds to the particle mean square displacement, was then 

plotted as a function of the lag time and the slope was determined by linear regression. From 

the slope, the diffusion coefficient was calculated as previously described91. 
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5.4 Results 

5.4.1 Line-MSD Method Validation 

By utilizing Gaussian beam illumination (Fig. 5.1 a), only specific lines of the camera chip 

become relevant for capturing fluorescence emitted from the thin, tubular observation volume. 

In this region of interest, the frame rate of the camera can be increased to over 10,000 Hz, 

resulting in a pixel dwell time of less than 100 μs. Each pixel within each line of the acquired 

space-time (x, t) dataset (Fig. 5.1 b) is then correlated with all other pixels within the same line, 

generating a correlation map in space and time lag (ξ, τ) (Fig 5.1 c). For each line, a Gaussian 

function is fitted to this correlation map (Fig. 5.1 d). By plotting the width of these fitted 

Gaussians as a function of time lag (Fig. 5.1 e), the mean square displacement of the molecules 

can be determined, similar to the principles of image mean square displacement (iMSD) 

analysis91,92. Importantly, only two parameters are required to quantify these data: the pixel 

size at the sample, determined by the effective magnification of the objective, and the time 

interval between frames, determined by the camera's frame rate. In contrast to single point FCS, 

there is no need to calibrate the size of the observation volume to obtain the absolute value of 

the diffusion coefficient. 
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Figure 5. 1 Line excitation principle. a) A thin beam of light is injected into the sample from 
the excitation objective side and fluorescence is collected perpendicular to the beam direction 
with a high numerical aperture lens. A rapid time series of the resulting signal is collected with 
a fast camera. b,c) One or multiple lines are extracted from the this data set followed by 
spatiotemporal correlation of the space-time series. d,e) The correlation function for each lag 
time is fitted with a Gaussian distribution. The width of this distribution corresponds to the 
mean square displacement of the molecules under study and, plotted as a function of the lag 
time, the absolute diffusion coefficient can be determined from the slope. 

 

To validate our approach, we began by measuring the diffusion coefficient of a small dye in an 

aqueous solution, the characteristics of which are well-known. We selected Atto 488 for this 

purpose due to its high water solubility, favorable photophysical parameters (quantum yield = 

0.8, molar extinction coefficient = 90,000 in PBS at pH 7.4), and wide usage in fluorescence 

sensing applications. Atto 488, similar to many other small dyes with a molecular weight of 

around 0.8 kDa, exhibits a diffusion rate of approximately 400 μm²/s in aqueous solution at 

room temperature, necessitating a very high temporal resolution. We diluted the dye in PBS 

buffer at various concentrations ranging from 30 nM to 50 μM. For each concentration, we 

captured ten sets of 10,000 frames, with each set having a 1-second acquisition time. The 

measured diffusion coefficients are presented in Fig. 5.2 a. The insets in the figure depict 

photographs of the sample chamber filled with the Atto 488 solution, excited by 488-nm light. 
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At a dye concentration of 30 nM, the faint green fluorescence trace of the excitation beam/light 

sheet can be observed within the solution. The cyan background visible in the photograph arises 

from scattered 488-nm excitation light. Conversely, at a dye concentration of 50 μM, which 

represents a more than 1000-fold increase, all excitation light is completely absorbed, resulting 

in significantly stronger green fluorescence. Fig. 5.2 b illustrates three example concentrations 

measured using the line-MSD method, along with the corresponding single point FCS data 

fitted with a free diffusion model. Residuals are presented in Fig. 5.2 c and 5.2 d. It is worth 

noting that the low correlation amplitude observed in single point FCS at concentrations 

exceeding 100 nM led to overestimated diffusion coefficients. 

 

Figure 5. 2 Diffusion of Atto 488 in aqueous solution measured by Line-MSD. a) For each 
concentration, 10 measurements of 1 s duration were acquired; lines: averages, boxes: standard 
errors, whiskers: standard deviations. Dashed line: Average diffusion coefficient (386 ± 15 
µm2/s, mean ± SD) of all measurements excluding 50 µM. Insets: Photographs of Atto 488 
fluorescence at 30 nM and 50 µM. b) Example mean square displacement (MSD) of 1 s LIM 
data. c) Exemplary 10 s single point FCS data of the same solutions fitted with a free diffusion 
model and d) corresponding residual plots. At 300 nM, single point FCS overestimates the 
diffusion coefficient and deviates from the free diffusion model (see arrows). 
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5.4.2 Binding at High Concentration 

Subsequently, we conducted a characterization of the weak binding interaction between 

fluorescein and bovine serum albumin (BSA)93. Fluorescein derivatives are widely employed 

for protein labeling purposes, while BSA, as the most abundant soluble protein in blood plasma, 

serves as a substitute for human serum albumin (HSA) in biological studies. BSA exhibits 

binding interactions with various biomolecules, including amino acids, fatty acids, and 

numerous small molecules, including drugs. Crystallography studies have identified three 

structurally similar binding domains (I, II, and III) within BSA94. To explore the interaction 

between fluorescein and BSA at high concentrations, we prepared serial dilutions of BSA 

ranging from 0.10 μM to 1 mM, each containing 4 μM of fluorescein. The resulting diffusion 

coefficients were measured using the LIM method at room temperature, as depicted in Fig. 5.3. 

Across the tested concentration range, a decrease in the diffusion coefficient of fluorescein was 

observed, reducing from 437 μm²/s (no BSA) to 135 μm²/s (1 mM BSA). Fitting the data to a 

simple binding model yielded a KD (dissociation constant) value of 178 ± 93 μM (mean ± SD). 

From the binding curve, the diffusion coefficient of the fluorescein-BSA complexes (with a 

molecular weight of 67 kDa) was estimated to be 68 μm²/s. This represents a 6.4-fold reduction 

in diffusion compared to free fluorescein (0.33 kDa), which is a highly reasonable result. As a 

point of reference, enhanced green fluorescence protein (EGFP), with 40% of the molecular 

weight (or 74% of the hydrodynamic radius) of BSA, was found to diffuse at approximately 
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90 μm²/s91. In principle, for fluorescein-BSA complexes, one would expect a ~5.9-fold 

reduction for a BSA monomer-fluorescein complex and approximately a 7.4-fold reduction for 

a BSA dimer-fluorescein complex relative to free fluorescein. Considering the millimolar 

concentration of BSA required for complete binding, it is expected that most complexes would 

consist of BSA dimers, as the monomer-dimer equilibrium of BSA has been measured with a 

dissociation constant of 10 ± 2 μM at 25°C95. 

 

Figure 5. 3 Diffusion coefficients of fluorescein mixed with BSA at different concentrations. 
When bound to BSA, the diffusion coefficient is much reduced compared to free fluorescein. 
With 4 µM of fluorescein, a KD of 178 ± 93 µM BSA was obtained (mean ± SD). 

 

5.4.3 Live Cells Application 

Lastly, we employed the LIM technique to investigate MCF10A cells that were over-

expressing Arc-EGFP, a protein known as Activity-regulated cytoskeleton-associated protein 

(Arc) or Arg 3.1 (Activity-regulated gene 3.1). Arc plays a crucial role in synaptic plasticity 

and is essential for the formation of long-term memory. It is found not only in the cytoplasm 
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but also accumulates in the nucleus, where it functions as a transcriptional regulator. In a recent 

study using raster image correlation spectroscopy (RICS), we discovered that nuclear Arc 

exhibited higher diffusivity compared to cytoplasmic Arc. However, RICS, similar to single 

point FCS, is limited to nanomolar concentrations unless combined with super-resolution 

techniques96. To validate the application of the LIM method to live cells, we imaged MCF10A 

cells expressing Arc-EGFP in various cellular locations. The cell nucleus was co-stained with 

NucBlue to enable differentiation between nuclear and cytoplasmic Arc-EGFP. An example 

LIM plot is depicted in Fig. 5.4 c, while Fig. 5.4 a and 5.4 b show the corresponding images. 

Our findings revealed an average diffusion coefficient of 3.0 μm²/s for the cytoplasm, whereas 

the nucleus exhibited significantly faster diffusion with an average of 8.8 μm²/s (Fig. 5.4 d). 

These results confirmed the trend we had previously observed using RICS97. Correlation 

methods not only provide insights into particle dynamics but can also estimate average 

concentrations based on the correlation function amplitude and the size of the observation 

volume. However, similar to RICS, the subtraction of the immobile fraction affects the 

correlation function amplitude, making accurate measurements of absolute concentrations 

challenging. Nevertheless, relative concentrations can still be determined, and our results 

indicated that the average Arc-EGFP concentration in the nucleus was approximately 6-fold 

higher than in the cell cytoplasm. It is worth noting that our LIM measurements were conducted 
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on cells cultured in a collagen matrix in a 3D environment, which differs from the conventional 

2D cell plating used in the RICS experiments. 

 
Figure 5. 4 Diffusion coefficients of Arc-EGFP measured in MCF10A cells. Line-MSD applied 
to 3D cultured MCF10A cells expressing Arc-EGFP. a) Example fluorescence image of 
NucBlue nuclear stain and b) Arc-EGFP of a single cell. c) Example LIM data of Arc-EGFP 
diffusion. d) Diffusion coefficients were measured in nucleus and in the cytoplasm. Box plots 
show the median ± interquartile ranges. Significantly faster Arc-EGFP diffusion was found in 
the nucleus compared to the cell cytoplasm (p = 0.0075, unpaired two sample t test, N = 20).  
 

 

5.5 Discussion 

The primary factor enabling Line-MSD to measure highly concentrated samples is the superior 

saturation capacity of a sCMOS sensor in comparison to a PMT. PMTs typically have 

maximum tolerable photon count rates of around 10 MHz. Consequently, when dealing with 

high fluorophore concentrations, the excitation light intensity must be reduced to prevent PMT 

saturation. However, this reduction in excitation intensity leads to a lower photon flux emitted 
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by each observed molecule. On the other hand, typical CMOS camera pixels have a well depth 

of 12 bits, with 11 bits available for analog-to-digital conversion (ADC), offering the ability to 

distinguish approximately 1000 values in a single readout cycle. Thus, when reading just a few 

lines of the sensor at a readout rate of approximately 10,000 Hz, a single camera pixel can 

match the PMT count rate of roughly 10 MHz. By simultaneously exposing and reading over 

100 pixels in a single line, we can leverage much higher excitation intensities at high 

fluorophore concentrations without saturating the detector. Unlike a PMT detector, the 

appropriate utilization of a CMOS camera sensor enables the maintenance of a high photon 

yield per molecule even at high concentrations. This capability ultimately plays a critical role 

in determining the signal-to-noise ratio of the resulting correlation function. 
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CHAPTER 6: SUMMARY AND FUTURE DIRECTIONS 

As like many biomedical engineers, my goal is to create tools to bridge the understanding of 

questions toward the deep biological field that remain unresolved. This dissertation described 

innovative methods to accomplish analyzing various aspects of mitochondria transfer and 

realize the importance of those aspects to other potential applications. To build those methods, 

one needs to start from scratch to get familiar with the background and needs to improve the 

current existing tools. Hence, the majority of this work was enhanced and optimized based on 

methods learned from the Laboratory for Fluorescence Dynamics. 

In Chapter 2, I first shadowed literature review procedures to reveal mitochondria transfer in 

co-culture. However, this ended up to low transfer rate between cells and risk of staining dye 

diffusion across the imaging well. To avoid problems mentioned above, I turned into the use 

of transfection labeling and artificial mitochondria isolation approach. This enabled sufficient 

and stable freshly isolated mitochondria and tracking inside of host cells. By utilizing the 

recently existing tool, MitoMeter, developed by Dr. Austin Lefebvre, I was able to track and 

analyze mitochondrial dynamics to interpret behaviors of newly formed mitochondria which 

suggests increasing activity of mitophagy to selectively clear dysfunction mitochondria. 

Although knowing the dynamics of mitochondria give cue to possible cellular metabolic 

activities, it serves as an indirect finding instead of results from metabolic assays. Notably, 

XTT assays showed that although increasing proliferation rate of BCCs, mitochondria transfer 
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builds up ROS levels caused by boosted respiration rate which surpasses BCC tolerance of 

oxidative stress and collapses defense mechanism against anticancer drugs resulting in 

relatively more sensitive drug dosage response than controls. This finding stands critical in the 

perspective of using mitochondria transfer as potential therapeutic application against cancers.  

In Chapter 3, I started to apply the phasor approach to NADH FLIM and revealed the phasor 

shift from relatively free to bound fraction of NADH in single BCCs with additional 

mitochondria. This finding was supported by other well-known metabolic assays such as 

Seahorse and mitochondrial membrane potential analysis which further confirms the accuracy 

of lifetime imaging. However, the spatial information of FLIM was far more useful than pseudo 

coloring only single cells. I took advantage of the NADH autofluorescence signal to mask out 

single mitochondria in FLIM images by developing an image processing tool, FIBIS. It 

overcomes the disadvantage of frame scanning causing motion blur and saturation performing 

a 35% increase in image similarity referenced by fluorescent labeled images. Metabolic 

profiling of single mitochondria could be achieved and used to measure effects of metabolic 

inhibitors or in this dissertation, newly formed mitochondria. Another experiment by 

combining mitochondria transfer and OXPHOS inhibitors (Rotenone, Antimycin A, or FCCP) 

also showed the restriction of percentage change of bound NADH which clearly confirms the 

direction of metabolism after mitochondria transfer.  In addition, FIBIS is under integration 
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with MitoMeter and can analyze morphology parameters such as length, branching, and 

numbers to acquire measurements all in one application.     

In Chapter 4, the collaboration with Dr. Shiraiwa’s group engages on ROS levels and their 

impact to macrophages. In our work, we demonstrated that gaining superoxide produced from 

NADPH oxidase causes damage to the cell membrane. To verify, we applied the use of THG 

imaging and revealed increasing lipid droplets surfacing from cell membrane and Laurdan 

lifetime analysis to indicate disorder of bilipid layer. Each approach suggests that the cell 

membrane was attacked by free radicals (superoxide) and transformed the cell to a more 

vulnerable condition to water in environment. The phasor approach to NAD(P)H FLIM results 

verify that NADPH oxidase locates at the cell membrane. By measuring the fraction of free 

and bound NAD(P)H in different time points, increase in free fraction NADPH follows a time 

dependent curve which is positively correlated with the superoxide production rate. This was, 

to the best of our knowledge, the first project to demonstrate phasor approach to FLIM 

measuring time sensitive dynamic changes of free and bound fraction NAD(P)H. Further 

investigation was done to reveal potential long lifetime species in the NAD(P)H emission 

spectrum as marker of oxidative stress. In short, the assay we developed provides an insight 

for recognition of lipid peroxidation which benefits the quantification of ROS damage. 

Finally, in Chapter 5, we propose a customized microscopy system to improve the 

measurement of FCS, side-SPIM29 and proved that camera-based detectors were capable of 
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higher pixel saturation to overcome the concentration limits of dyes when measuring 

fluctuation. The line-MSD method designed by Dr. Per Niklas Hedde, is based on observing a 

plane instead of volume from the point spread function in single point FCS which requires to 

be calibrated every time before measurements. The scanning plane requires only the time 

interval of camera exposure time and pixel size of the image to perform STICS calculation. 

One of the other advantages using side-SPIM is the degree of freedom it contains compared to 

regular SPIM setup systems. Magnetic sample holder enables the window chamber to move 

around the platform without risking to damage objectives or make contact with culture media 

and can switch between wells for different sample groups. Side-SPIM was able to measure 

diffusion coefficient of Atto 488 300 folds concentration higher than single point FCS 

measurements around 30µM. The convenience of line-MSD was demonstrated in biological 

applications such as binding efficiency, live cell transportation, and also applied to transferred 

mitochondria tracking in 3D which has been validated to image spheroids cultured in collagen 

type I. Further improvements such as the incubation system is necessitated for longer acquiring 

time. Another improvement needed is the channel switching system since camera detection 

system create channels by filter exchange which is based on Arduino controlled filter wheels. 

Optimization of scanning and exposure time is involved to meetup with 4D time-lapse image 

requirements. 
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Overall, this dissertation has covered the aspects of mitochondria transfer from biological 

assays, microscopy imaging, and software coding. The impact of mitochondria transfer 

includes both positive and negative results which encourages the candidate position for 

therapeutic application.  While significant results were shown in 2D cell culture, 3D culture 

models have just barely begun to be investigated. To respond to that need, mitochondrial 

dynamics in 3D can be acquired by the side-SPIM system discussed in Chapter 5. By fine 

tuning Arduino switch controls of filters and excitation lasers in the MicroManager, we can 

achieve dual channel for host cell and transferred mitochondria targeting and sliced z plane 

timelapse images. Later, MitoMeter will be able to analyze data in 3D mode for comparison 

with 2D models. The side-SPIM system provides not only timelapse images but also our next 

generation of phasor approach to FLIM in 3D. To achieve the goal, we are installing FLIM 

cameras to synchronize with two photon excitation laser frequency reaching at 80MHz. 

Another goal to achieve is to smooth out background noise caused by DC charges of the camera 

where pixel information needs to be maintained as much as possible to perform FIBIS 

algorithm. All advancements mentioned above leads to a multi-function microscopy system 

which can robustly analyze cell or tissue samples of their FLIM or fluorescence related features 

towards either drug screening or metabolic inhibitor studies. 

The application of mitochondria transfer is far from merely focusing on various types of breast 

cancer but many other mitochondrial dysfunction related diseases such as neurodegenerative 
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disorder98,99 (Parkinson’s, Alzheimer’s, or Huntington’s), heart conditions100 (myocardial 

infarction), liver diseases101 (non-alcoholic fatty liver disease), and metabolic disorders102 

(diabetes and obesity). My work has answered only a few questions existing in the biological 

field, but with the tools created, I hope my contribution will shed light towards the many bright 

scientists to develop even more innovative approaches based on FIBIS to understand live cell 

imaging and mitochondria transfer.  
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