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Abstract 

Oxidative stress underlies the mechanisms of many diseases such as Parkinson's disease, heart 

failure, myocardial infarction, Alzheimer's disease, schizophrenia, diabetes, Multiple Sclerosis, 

bipolar disorder, and chronic fatigue syndrome.  Oxidative stress is caused by excessive reactive 

oxygen species (ROS) such as hydrogen peroxide, superoxide, and hydroxyl radicals, which are 

byproducts of oxygen metabolism in aerobic organisms. Environmental factors such as exposure 

to ultraviolet light, chemicals ingested by the diet, ionizing radiation, and cigarette smoke can 

also lead to production of ROS and therefore oxidative stress.  As a result, there is a growing need 

for quantitative and noninvasive methodologies to probe oxidative stress at the single-cell level 

and ultimately in vivo. In this thesis, we examined the potential of natural coenzyme nicotinamide 

adenine dinucleotide (NADH) as a natural biomarker for oxidative stress in C3H 10T1/2 living 

cells in culture. NADH (fluorescent) is a coenzyme that is essential for energy metabolism via 

oxidative phosphorylation pathway in the inner membrane of mitochondria, which is also a major 

source for intrinsic ROS species generated through the electron transport chain. Our experimental 

multiparametric approach combined cell culture with fluorescence microscopy (confocal and two-

photon) and spectroscopy (fluorescence lifetime imaging and time-resolved anisotropy) methods. 

Cultured cells were treated with hydrogen peroxide and rotenone in order to trigger oxidative 

stress. As a point of reference, conventional oxidative stress assays such as MitoSOX Red, JC-1, 

and H2DCFDA were used to optimize the chemical dosage and incubation time needed for 

observable oxidative stress. Our results help in the collective effort to establish cellular NADH 

autofluorescence as a natural biomarker for cellular metabolic health and oxidative stress. 
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Chapter 1: Introduction 

1.1 Reactive Oxygen Species and Oxidative Stress 

Reactive oxygen species (ROS) have garnered much attention in recent years due to their 

role in a myriad of disease states, especially under a compromised antioxidant defense 

system in living cells and tissues [1-3]. These species include hydrogen peroxide, 

superoxide and hydroxyl radicals; all of which are byproducts of oxygen metabolism in 

aerobic organisms.  Mitochondrial-mediated ROS species are generated through the 

electron transport chain in the inner membrane of mitochondria
 
[4]. In addition to the 

ROS generated as a byproduct of routine metabolic pathways, environmental factors such 

as exposure to ultraviolet light, chemicals ingested by the diet, ionizing radiation, and 

cigarette smoke can also lead to production of ROS [5-7]. 

 

Under normal biological conditions, the antioxidant defense system in living cells 

removes the majority of endogenously produced ROS that would otherwise cause 

irreversible cell damage.   When the native antioxidant defense is compromised, the 

concentration of ROS builds up over time and can reach toxic levels, leading to severe 

damage of cellular components and potentially lead to apoptosis.  Oxidative stress occurs 

when the production of ROS exceeds the cells ability to respond to generated free 

radicals using the antioxidant defense system [8], which can cause damage to 

biomolecules such as lipids, proteins, and DNA or RNA. ROS have a similar role to that 

of reactive nitrosative species derived from nitric oxide, which are often overlooked [Fig. 

1.2].  Reactive nitrosative species are also involved in the oxidation-reduction (redox) 
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balance of living cells, such as the important cell messenger nitric oxide, which is beyond 

the scope of this thesis. In vivo oxidative stress underlies the mechanisms of many 

diseases such as Parkinson's disease, heart failure, myocardial infarction, Alzheimer's 

disease, schizophrenia, diabetes, Multiple Sclerosis, bipolar disorder, and chronic fatigue 

syndrome [2, 9, 10]. 

 

 

1.2 Mitochondrial Function and Mitochondria-Mediated Oxidative Stress 

The majority of cellular redox reactions exist in the mitochondrial electron transport 

chain (ETC) as a part of the oxidative phosphorylation, which generates the majority  

(more than 85%) of ATP in living cells (Figure 1.1). In addition to the mitochondria’s 

role as the cellular powerhouse, mitochondria possess their own set of genetic material 

(mitochondrial DNA, or mtDNA) that codes a unique library of proteins.   

 

The high degree of conservation of mtDNA over evolutionary time is interesting, 

considering close proximity to ROS and respirasome free radical generation.  The 

number of mutations, perhaps via interactions with ROS, have been reported to be 

upwards of tenfold higher in mtDNA than in nuclear DNA (nDNA) [11].  Since 

mitochondria have been shown to be the principle source of ROS, an electron transport 

chain biomarker can be used to explore mitochondrial function as well as the cellular 

redox status. A key candidate is the reduced nicotinamide adenine dinucleotide (NADH) 

that triggers the electron transport in the inner membrane of mitochondria (see below).  
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Figure 1.1     Mitochondrial Function and Related Metabolic Pathways. Oxidative phosphorylation 

pathway as unique to the mitochondrial membrane, in addition to glycolysis (cytosol) and Krebs cycle 

(TCA, mitochondrial matrix) [1]. 

 

1.3 The Complexity of ROS Signaling 

During the past decades, ROS have been shown to exert a multitude of biological effects 

covering a wide spectrum of physiological regulatory functions and therefore may lead to 

the pathogenesis associated with a number of diseases [12]. However, metabolism 

requires the generation of ROS as critical intermediates of the electron transport chain in 

mitochondrial membranes. Overall, equilibrium must be reached in cellular oxidative 

pathways and the generation of necessary ROS held at an appropriate level. Figure 1.2 

highlights the role of molecular oxygen and ROS in various metabolic pathways in living 

cells. 
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Figure 1.2:     Molecular oxygen's role in various metabolic pathways.  Molecular O2 has a multitude of 

cellular routes as an electron carrier and signaling molecule [13], with the inherent potential to be 

detrimental to cell viability. 

 

Excessive ROS overwhelms the natural antioxidant defense systems in living cells, 

leading to oxidative stress that in return skews the cellular redox balance. This 

subsequently increases the risk of a long list of pathological conditions associated with 

health problems such as cancer, neurological disorders, atherosclerosis, hypertension, 

ischemia/perfusion, diabetes, acute respiratory distress syndrome, idiopathic pulmonary 

fibrosis, chronic obstructive pulmonary disease, and asthma [14].  Additionally, enzymes 

of the NOX (NADPH oxidase) superfamily that produce nitric oxide (NO) have been 

linked to neuronal cell death in both Parkinson’s (PD) and Alzheimer’s (AD) disease 

amongst many other ROS related pathologies.  Krause and Bedard [15] have written an 
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extensive review on this family of enzymes and their homologs with meticulous depth; 

regarding varying tissue distributions, implications in signaling cascades, and 

experimental models to study this collection of ROS producers. 

 

1.4 Conventional Methods for Probing Oxidative Stress 

Conventional biochemical assays are actively used in basic research to probe oxidative 

stress.  Although commonly used, some of these assays encapsulate only a snapshot of 

the redox state of a cell under oxidative stress.  Drawbacks of conventional assays can 

potentially include poor binding specificity, their affinity to partition in the incorrect 

target region of interest in living cells, and interference with native metabolic pathways. 

 

The enzyme-linked immunosorbent assay (or ELISA) utilizes immunological principles 

to observe an antibody or antigen bound to a molecule of interest.  However, the 

disadvantage of ELISA is that not all antibodies can be used due to the highly specific 

binding nature of antibodies and their specific antigen.  As a result, there is critical need 

for a quantitative, non-invasive assay for monitoring oxidative stress in living cells. 

 

 

1.5 NADH as a Biomarker for Oxidative Stress and Thesis Outline 

Recently, a concerted effort has been devoted towards the use of the intracellular NADH 

coenzyme as a diagnostic, native biomarker for energy metabolism, mitochondrial 

dysfunction, and oxidative stress [16-18]. It is worth noting that the reduced form of this 
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coenzyme (NADH) is fluorescent as compared with the non-fluorescent oxidized 

counterpart (NAD
+
). However, little is known about the interplay between the chemical 

configuration, heterogeneity of local environment, and biochemistry associated with the 

natural NADH during its response to extracellular assaults. In addition, the biomarker 

NADH may also exist in a 2’-phosphorylated form at the ribose moiety to yield yet 

another electron donor, NADPH, which plays varying roles in the biology of cells. For 

example, NADH contributes to the metabolic processes of glycolysis and oxidative 

phosphorylation, whereas NADPH participates in metabolic pathways of reductive 

biosynthesis and regeneration of glutathione [3]. Yet, NADH and NADPH are not 

distinct using spectroscopic methods due to their spectral overlap (in both absorption and 

emission). Specifically, both coenzymatic species in their reduced forms are 

autofluorescent, while NAD
+
 and NADP

+
 are not fluorescent upon oxidative loss of 

electrons and a proton to the local environment.  As a result, the spectroscopic profiles of 

both NADH and NADPH overlap, making them indiscernible in solution or in the cell. 

However, each coenzyme species distribution varies dependent upon the physiological 

tissue or cellular specialization of interest in a given experiment [16].  Each species in 

addition to their unique distribution and lifetimes, are subject to molecular perturbations 

of protein binding [19], viscosity [16], ischemia, and pH fluctuations [20].  Therefore, 

throughout this thesis, we will refer to the coenzymes NADH and NADPH simply as 

NADH. Since NADH is highly subject to changes in its local environment in addition to 

metabolic stressors, we propose to use NADH as a diagnostic biomarker of oxidative 

stress in studying mouse embryonic fibroblast (C3H 10T1/2) cells. 
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1.6 Thesis Research Objectives and Outline 

The objective of this thesis project is to test the hypothesis is that NADH 

autofluorescence can be used to quantify oxidative stress in living cells. The outlined 

experiments in this thesis will also enable us to address the problems inherent to 

quantifying ROS, oxidative stress, and the redox states in living cells using conventional 

biochemical assays, with use of intrinsic NADH autofluorescence as a natural biomarker 

to monitor cellular response to oxidative stress.  The autofluorescence dynamics of the 

natural coenzyme NADH are exploited here in both space (microscopy) and time 

(fluorescence lifetime imaging microscopy, FLIM). In order to avoid the ultraviolet 

exposure of living cells, which causes DNA damage, we will use two-photon excitation 

of intracellular NADH. The non-linear excitation microscopy has an inherent high spatial 

resolution, larger penetration depth due to the use of near-infrared laser pulses (i.e., away 

from water absorption), and much less scattering in turbid biological samples. The effects 

of polarization selectivity in 2P-FLIM measurements were investigated towards the 

development of a quantitative, genuine non-invasive 2P-FLIM of pathophysiological 

changes in living cells. The efficiency of 2P-FLIM cellular autofluorescence for 

monitoring changes in the metabolic and redox states of the cells is compared with 

conventional assays such as MitoSOX Red, JC-1, and Rhodamine-123 that are routinely 

used for oxidative stress studies. Additionally, time resolved anisotropy studies 

complement the autofluorescence dynamics of NADH by honing in on the local 

environment of the coenzyme to study the effect of the changes in molecular 

conformation and enzyme binding. 
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Following this introduction, the materials and methods used in this thesis are outlined in 

Chapter 2. Chapter 3 will highlight the results of conventional fluorescent oxidative stress 

assays in response to oxidative stress agents, which enabled us to optimize the dosage 

and incubation time of our cells with the oxidative stress agents. Chapter 4 focuses on 2P-

FLIM of intracellular NADH and subsequent quantitative comparison of the analysis of 

software fitting parameters and polarization selectivity. This chapter exploits the 

sensitivity of excited state lifetime of NADH to local environments and changes in the 

chemical structure of this coenzyme upon binding with other proteins. Chapter 5 explores 

ultrafast NADH rotational dynamics in order to quantify the effects of oxidative stress on 

the fraction of free and enzyme-bound NADH in their native cell environment using two-

photon time-resolved anisotropy. Finally, the conclusion and future outlook of this 

project are outlined in Chapter 6. Our results help in the collective effort to establish 

cellular autofluorescence as a natural biomarker for biological and biomedical studies. 
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Chapter 2: Materials and Methods 

2.1 Oxidative Stress Agents 

2.1.1 Hydrogen Peroxide 

Hydrogen peroxide (30% w/w, Sigma Aldrich) was used to manipulate both 

mitochondrial activity and membrane potential.  Concentrated stock solutions (50 mM) of 

hydrogen peroxide were diluted using nanopure water and stored according to 

manufacturer’s recommendations. A range of concentrations (50 – 500 M) was initially 

tested following previous studies in literature [21, 22] and we came to the conclusion that 

the H2O2 concentration of 100 M worked well with our cultured C3H10T1/2 cells.   

 

2.1.2 Rotenone 

Rotenone was used to generate intracellular superoxide species by perturbing NADH 

ubiquinone oxidoreductase (or complex I) within the electron transport chain of the inner 

membrane of mitochondria.  Analytical standard of this stress agent was purchased from 

Sigma Aldrich and used without further purification as recommended by the 

manufacturer after being diluted in DMSO.  Stock solutions (10 M) were stored in a 

dark environment at 4
 o
C prior to use. 
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2.2 Conventional Oxidative Stress Assays 

2.2.1 JC-1 

The cationic carbocyanine assay JC-1 (Invitrogen, Carlsbad, CA) was used as a 

mitochondrial marker that is sensitive to the inner membrane potential.  Stock solutions 

(~8 M) of JC-1 were dissolved in reagent grade DMSO and stored in a dark 

environment at 4
 o
C.  The stock JC-1 solution was used to examine the dosage- and time-

dependence of oxidative stress on cultured C3H 10T1/2 cells. 

 

2.2.2 MitoSOX Red 

The MitoSOX Red (Invitrogen) assay was used to examine the mitochondrial superoxide 

level in C3H 10T1/2 cells.  The stock solution of MitoSOX Red (5 M), dissolved in 

DMSO (reagent grade), was stored in a dark environment at 4
 o
C and was used as 

recommended by the manufacturer on the day of experiments. 

 

2.2.3 Rhodamine 123 

FluoroPure grade reagent Rhodamine 123 (Rh123) is a mitochondrial label that was used 

to monitor the effects of oxidative stress on mitochondrial morphology. A stock solution 

of Rh123 in reagent grade DMSO (5 mM) was used as created as recommended by the 

manufacturer (Invitrogen). The solution was stored in a dark environment at 4
 o
C prior to 

usage on the day of the experiments. 
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2.2.4 H2DCFDA 

This reagent is a fluorescein diacetate derivative that has been used in literature for 

reporting on cytosolic oxidative stress upon intracellular cleavage and subsequent 

oxidation [23].  A stock solution of H2DCFDA (5 mM) was used as recommended by the 

manufacturer (Invitrogen) and as previously described [23]. 

 

2.3 Cell Culture and Staining 

2.3.1 Cell Culture 

The mouse embryonic fibroblast cell line (C3H 10T1/2, CCL-226™) was purchased from 

American Type Culture Collection (ATCC) and supplemented with growth media as 

recommended by the manufacturer. The cell line was readily available in our laboratory 

with non-pathogenic characteristics and desirable adherent morphology under resting 

conditions. Cells were grown in Eagle’s Basal Medium (BME) media comprised of 2 

mM L-glutamine, 7.5% w/v% sodium bicarbonate, penicillin (100 U/ mL medium), 

streptomycin (100 mg/ mL medium), and 10% heat inactivated fetal bovine serum. The 

cells were cultured and incubated at 37°C in T-75 flasks (BD Falcon Bioscience) with 

5% CO2 and allowed to reach ~90% confluence before passing cells in petri dishes. For 

long term storage, cells were frozen in BME media with 5% DMSO under liquid 

nitrogen. On the day before an experiment, cells were transferred at a concentration of 

~150,000 cells/mL to glass-bottom Petri dishes (MatTek) and incubated overnight before 

confocal or two photon studies on the ensuing day. The incubated cells in culture media 

were then washed three times using Tyrode’s buffer (2 mL) prior to imaging. Tyrode’s 
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imaging buffer contained 20 mM HEPES, 135 mM NaCl, 5 mM KCl, 1mM MgCl2, 1.8 

mM CaCl2, and 5 mM glucose.  Cell dishes were imaged at room temperature (~22°C, 

~10-20 % relative humidity) for no longer than one hour so as not to induce temperature- 

or nutrient insufficiency- dependent cell stress. 

 

2.3.2 Oxidative Stress Assay Staining 

The agents in the chosen oxidative stress assays JC-1 (7.5 M), MitoSOX Red (5 M), 

H2DCFDA (10 M), and Rh123 (5 M) were introduced into BME media in confluent 

cell dishes following the manufacturer’s suggested protocol for incubation time.  

Confluent cells in the petri dishes were incubated with H2DCFDA and Rh123 for 15 and 

30 minutes, respectively, at 37°C prior to washing three times with Tyrode’s buffer, 

which was also used for imaging at room temperature.  The imaging buffer was used to 

wash adherent cells in the petri dishes three times to remove cell media and to terminate 

the action of oxidative stress agent or assay action prior to confocal imaging. 

 

2.4 DIC and Confocal Fluorescence 

In confocal microscopy, the fluorescence intensity and fluorescence color (i.e., 

wavelength) are the main contrasting observables that depend on the concentration of a 

given fluorophore being imaged. Our laser scanning confocal microscopy and differential 

interference contrast (DIC) imaging setup have been described in detail elsewhere [24, 

25].  Briefly, the confocal microscope consists of an inverted microscope (Olympus, 

IX81) and a laser scanning unit (Olympus, FV300). The excitation lasers consist of an 
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argon ion laser (350, 488, 514, and 625 nm) and two helium-neon laser lines (543 nm and 

633 nm), which allowed us to excite different fluorescent markers.  The laser lines were 

focused on the cultured cells in glass-bottom petri dishes using a 1.2 NA, 60X water 

immersion microscope objective (IX81, Olympus). The epifluorescence signals from 

H2DCFDA, Rh123, and JC-1 monomer fluorescence were detected using a BA510IF 

filter and JC-1 aggregate and MitoSOX Red fluorescence was detected via a 605/60 BP 

filter.  

 

2.5 Two Photon Fluorescence Lifetime Imaging (FLIM) Measurements 

In contrast with confocal microscopy, the fluorescence lifetime is the main contrasting 

observable in two-photon fluorescence lifetime imaging microscopy (FLIM). Under 

conventional conditions, the fluorescence lifetime is independent of the fluorophore 

concentration. In addition, the fluorescence lifetime of a given fluorophore is usually 

sensitive to both the chemical structure and the surrounding environment.  

 

The experimental setup used in our two-photon fluorescence lifetime imaging (2P-FLIM) 

and time-resolved anisotropy is described in detail elsewhere [16, 24, 26] and a sketch of 

the setup is also shown in Figure 2.1. Our confocal system described above was modified 

for integrating the 2P-FLIM system, along with polarization imaging capabilities of 

intracellular NADH in cultured cells as a function of oxidative stress. For two-photon 

excitation, a titanium-sapphire laser (Mira 900-F, Coherent, Santa Clara, CA) was used to 

generate 730 nm femtosecond laser pulses (~120 fs, 76 MHz) that were filtered via both a 

dichroic mirror (790 SP) and Russian Blue BGG22 filters.  For FLIM measurements, 
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two-photon epifluorescence signal was detected at magic-angle (54.7
o
) using a Glan-

Thompson polarizer, with respect to the excitation laser polarization, by a microchannel 

plate photomultiplier tube, or MCP-PMT (R3809U, Hamamatsu, Hamamatsu City, 

Japan) prior to amplification and detection using a SPC-830 module (Becker & Hickl, 

Berlin, Germany).  

 

 

Figure 2.1     A Schematic diagram of the FLIM & TCSPC system used in this project. P – polarizer, 

G – glass, M – mirror, L – lens, ND – neutral density filter, SHG – second harmonic generator, BS – beam 

splitter, AMP – voltage amplifier, PHD – fast photo diode [27]. 

 

For proper control of the fluorescence polarization, the DIC polarizer in the inverted 

microscope was removed during FLIM measurements. The average power of the 

femtosecond laser pulses at the samples were reduced enough (~5 mW) in order to avoid 

cellular photodamage. In each fluorescence lifetime image (256 x 256 pixel image with 
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256 time bins per pixel), the fluorescence decay per pixel, measured at magic-angle, was 

analyzed using SPC Image 4.8 (Becker & Hickl, Berlin, Germany) for a non-linear least 

squares fitting. The intrinsic NADH autofluorescence decays in each pixel (x,y) of the 

acquired FLIM images were described using a biexponential decay model such that: 

Equation 2.1 

      (     )   ∑  (   )        
 

  (   )
 

 

   

  

These autofluorescence decays were acquired using magic-angle detection (54.7
 o
) in 

order to suppress the rotational dynamics of the fluorophore during the excited-state 

lifetime [28]. The fast lifetime component () and the corresponding amplitude () of 

cellular autofluorescence are usually assigned to free NADH (subscript 1) as compared to 

the slow component, which is assigned to enzyme-bound NADH (subscript 2) [29]. It is 

worth noting that the sum of the amplitude fractions of both intracellular NADH species 

(1 and 2) is equal to unity ( +  =1).  The corresponding average fluorescent lifetimes 

〈τfl 〉 per pixel in a given FLIM can be calculated (Equation 2.2): 

Equation 2.2 

〈   〉  ∑       

 

   

   ∑  ⁄  

The frequency-lifetime histogram for each FLIM can be constructed as a means for 

representing a given FLIM image. SPC Image software also allows different means of 

FLIM image presentations such as fast lifetime, slow lifetime, amplitudes as well as the 
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2
 in each pixel. In addition, the contribution (qi) of each fluorescence decay component 

to the overall signal can be calculated as well (Equation 2.3):  

 

Equation 2.3 

                ∑      

  

   

⁄  

To assess the statistical significance of 2P-FLIM as a function of oxidative stress or 

magic-angle polarization detection, we carried out analysis of variance (ANOVA) for 

normally distributed populations using Microsoft Excel and Origin 8.1. Any statistical 

outliers were assessed using a Grubbs test and a maximum of two outlying data points for 

each experimental condition were excluded for ANOVA analysis. The observed 

difference in population variance between resting and stressed conditions was considered 

significant when (ANOVA) reached a value of p < 0.05 (i.e., a confidence level of 95%). 

Finally, a post-hoc Tukey test was used to discern which population means for a given 

analysis parameter were significantly different. 

 

2.6 Two-Photon Time-Resolved Anisotropy Measurements 

Time-resolved fluorescence anisotropy is the technique of choice for differentiating 

between molecules based on their sizes (or hydrodynamic volume); small molecules will 

rotate faster than large molecules [26, 28]. These measurements will complement our 

two-photon FLIM on intracellular NADH by directly reporting on the relative 

populations of free and enzyme-bound NADH in living cells based on their sizes. It is 
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worth noting that the accuracy of using time-resolved anisotropy for determining the 

hydrodynamic volumes of biomolecules is limited by the excited-state fluorescence 

lifetime. This means large molecules will not have enough time to tumble during the 

excited-state lifetime (a few nanoseconds) and, therefore, accurate determination of large 

proteins using this method will be relatively limited; depending on the ratio of the 

rotational time to the fluorescence lifetime of the labeled proteins.  

 

The same experimental setup for two-photon FLIM described above is used for time-

resolved anisotropy measurements of intracellular NADH with the following changes. 

First, the parallel and perpendicular fluorescence polarizations are separated using a 

polarizing beam splitter (420-680 nm, Thorlabs, Newton, New Jersey). Second, each 

fluorescence polarization is detected with MCP-PMT (-2.9 kV), amplified, and then 

recorded with SPC-830 via a router. Third, the near-IR laser pulses are pulse picked to a 

reduced repetition rate (4.7 kHz) such that longer rotational time of enzyme-bound or 

restricted fluorophore can be measured. Finally, the near-IR laser pulses are being 

scanned during these time-resolved anisotropy measurements in order minimize 

photodamage of the live cells. However, the detected fluorescence signal is stored in the 

equivalent of one pixel in the SPC-830 module. In another way, the FluoView scanning 

unit is not synchronized with the pixel-to-pixel registration of the detected fluorescence 

photons as usually done in FLIM.  
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Our experimental setup is routinely calibrated using a small fluorophore with a relatively 

long fluorescence lifetime such as coumarin or rhodamine green (5 μM, Invitrogen) in a 

buffer, which has overlapping emission spectrum with NADH. In these reference 

fluorophores, the rotational time is much faster (~120 ps) than the corresponding 

fluorescence lifetime (~3-4 ns).  The same reference fluorophore is used to determine the 

G-factor using the tail-matching approach [28]. 

 

The simultaneously measured fluorescence intensities of the parallel (I//) and 

perpendicular (I⊥) polarizations, with respect to the excitation laser polarization, are used 

to calculate the corresponding anisotropy, r(t) such that (Equation 2.4) [16]:  

Equation 2.4 

  ( )  
    ( )      ( )

    ( )        ( )
 

The G-factor in Equation 2.4 accounts for potential polarization bias of the detected 

fluorescence signals. It was worth mentioning that the denominator in Equation 2.4 is the 

same as the fluorescence lifetime measured in FLIM at magic-angle detection. 

 

At any given snapshot of the redox state of living cells, it is hypothesized that 

intracellular NADH exists as two equilibrated populations: free and enzyme-bound 

NADH. In addition, the fluorescence lifetime of NADH has been shown to depend on 

enzyme binding such that the bound NADH has a longer fluorescence lifetime than that 

of free NADH [16-18, 30]. With these assumptions in mind, the anisotropy of a mixture 
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of intracellular free and bound NADH can be described as an associated anisotropy such 

that: 

Equation 2.5 

  ( )   
∑          ⁄           ⁄ 

   

∑          ⁄ 
   

  

In addition to the initial anisotropy of the i
th

 species (), this model describes that the 

rotational diffusion time (φ) of a spherical molecule in a given environment. Once again, 

the denominator in Equation 2.5 is measured directly using time-resolved fluorescence 

measured at magic-angle. Nonlinear least-squares fitting of the associated anisotropy 

decays were carried out using Origin 8.1. According to the Stokes-Einstein model, the 

rotational time of a given fluorophore depends on the viscosity (η) of the surrounding 

environment and hydrodynamic volume (V) of the molecule [28]: 

 

Equation 2.6 

   
  

   
  

Furthermore, the associated anisotropy model allows for calculation of the fraction of 

free and bound NADH component via [16]: 

Equation 2.7 

     ( )   
         ⁄

∑          ⁄ 
   

 

Similarly, the fraction of bound NADH may be found by substituting the correct 

subscript in the numerator for the longer decay species.  Using Equation 2.7, it is 
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assumed that NADH exists in two intracellular conformations (free and enzyme-bound), 

and can thus be utilized via in vitro studies with a known concentration of enzyme (i.e., 

lactate dehydrogenase) to calculate the dissociation constant of NADH (Kd), and the 

intracellular concentration of NADH via: 

Equation 2.8 

       
   

      
  

       

            
 

 

The combination of intracellular NADH autofluorescence and controlled studies on 

NADH solutions, as a function of enzyme titration, will ultimately enable quantitative 

interpretation of the underlying biochemistry associated with energy metabolism of living 

cells or tissues in a noninvasive manner. 
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Chapter 3: Conventional Oxidative Stress Assays Revealed by Confocal Microscopy 

 

3.1 Rationale for Conventional Oxidative Stress Assays 

Here, we use conventional assays to assess the oxidative stress induced by selective 

agents such as rotenone and hydrogen peroxide in cultured C3H 10T1/2 cell line. In 

addition, these studies will also allow us to optimize the dosage and incubation time of 

the oxidative stress agents used towards a controlled and reproducible stressed cellular 

state. Importantly, these experiments using conventional assays for oxidative stress will 

serve as a reference point to the NADH-based autofluorescence assay using two-photon 

micro-spectroscopy. Ultimately, these conventional assays will also enable us in the 

future to elucidate the underlying mechanism of oxidative stress using different stressors. 

 

3.2 Hydrogen Peroxide Induced Membrane Potential Perturbations in 

Mitochondria-Labeled JC-1 

Resting C3H 10T1/2 cells in culture were stained with JC-1 (7.5 M, 30 minutes of 

incubation at 37
˚
C) to examine its partitioning inside the cell and the corresponding two-

channel confocal images are shown in Figure 3.1.  The confocal images reveal the 

presence of both green (Figure 3.1A) and red (Figure 3.1B) fluorescence emissions. The 

cell morphology is also shown using DIC imaging (Figure 3.1C). It is worth noting that 

Figure 3.1A also shows the overlapped red and green channels, hence the yellow color. 

The images also show a filamentous mitochondrial network throughout the cell under 

resting conditions, except the nucleus as expected. 
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Figure 3.1:    The response of JC-1-labeled mitochondria to H2O2-induced stress in cultured 

C3H10T1/2 cells as monitored using confcal and DIC microscopy. (Top panel) Confocal imaging of 

cultured cells, labeled with JC-1 (7.5 M), reveals a green emitting JC-1 (presumably a monomeric form) 

in mitochondria (A) under resting conditions (n=17). A red-emitting JC-1 in mitochondria (B) is attributed 

to an aggregate form of the label within the context of mitochondrial morphology, which is revealed by 

DIC image (C) for the same cell. The yellow color reflects an overlap of the green and red emission of both 

conformers of JC-1 (A), which indicates a high degree of polarization of the mitochondrial membrane 

potential that drives the activity for ATP synthesis.  (Lower panel) The red-emitting JC-1 (F) is more 

sensitive to H2O2-induced oxidative stress in cultured C3H 10T1/2 cells (n=12) as compared with the green 

emitting JC-1 (E) within the same mitochondrial morphology (G) for the same cell.  

Once JC-1 staining was optimized under resting conditions, cultured cells were treated 

with hydrogen peroxide (100 M) followed by different incubation times (0, 60, and 120 

A B C 

D E F 
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minutes) with JC-1 as a probe of the mitochondrial inner membrane potential. 

Representative results are shown in Figure 3.2. These confocal images demonstrate that 

the red-emitting JC-1 (presumably an aggregate form, Figure 3.2B) is more sensitive to 

the oxidative stress induced by hydrogen peroxide than that of the green-emitting 

monomeric JC-1 (Figure 3.2 A). It is believed that the reactive H2O2 decomposes into 

superoxide species (O2
.-
) and hydroxyl radicals (HO

.-
) if present at high concentrations 

and if left unchecked by intracellular superoxide dismutase.  More specifically, native 

hydrogen peroxide is not immediately detrimental to the cell, but its breakdown 

component of a hydroxyl radical species is very highly reactive and may generate 

reactive thiols or lipid peroxides [31].  Excessive generation of free radicals by the large 

concentrations of hydrogen peroxide is detrimental to the process of oxidative 

phosphorylation and can be shown by changes in JC-1 fluorescence (Figs. 3.1 – 3.2) over 

a period of two hours of H2O2-induced cell stress. 

 

These results agree with literature studies in different cell lines [32, 33]. JC-1 is believed 

to partition differentially in the inner membrane of mitochondria in both healthy and 

oxidatively stressed mitochondria, depending on the membrane potential.  The 

fluorescence properties and the corresponding chemical structure of JC-1 seem to depend 

on the oxidative environment that influences the inner membrane potential. Under highly 

polarized inner membrane of mitochondria, however, dimeric JC-1 (or J-aggregates) has 

been reported with red fluorescence emission as compared with the monomeric green 

emission [34, 35]. Importantly, these results help us optimize the concentration and 

A C 
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incubation time of cultured cells with hydrogen peroxide in order to induce observable 

oxidative stress in our two-photon microscopy studies. Similar measurements of Rh123-

labeled mitochondria in the same cell line were carried out (data not shown). These 

experimental conditions of H2O2-induced stress will be followed in our NADH-based 

assay using two-photon FLIM. 

 

3.3 Intracellular H2DCFDA Fluorescence Signal Increases under Oxidizing 

Conditions 

In H2DCFDA assay, the internalized 2′,7′-dichlorodihydrofluorescein diacetate (non-

fluorescent) is first deacetylated via native intracellular esterases and subsequently 

oxidized by in vivo ROS that generate the fluorescent species of 2’,7’-dichlorofluoroscein 

[23]. The resulting intracellular fluorescence intensity is usually considered as a measure 

of the degree of oxidative stress in the living cells that is triggered by hydroxyl radicals 

generated via hydrogen peroxide breakdown, cytochrome c oxidation, or by Fenton-type 

redox reactions [36, 37]. Representative confocal and DIC images of resting C3H 10T1/2 

in culture are shown in Figure 3.3. In these experiments, the cells were incubated with 10 

M of H2DCFDA and incubated for 15 minutes. These images indicate that the 

H2DCFDA emission is negligible under resting conditions (i.e., negligible level of 

oxidative stress). Mechanistically, these results also suggest a negligible expression of 

intracellular esterases needed for the deacetylation of the internalized H2DCFDA.  
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Figure 3.2:     H2DCFDA assay for assessing the H2O2-induced stress in cultured C3H 10T1/2 cells. 

C3H 10T1/2 cells assayed with H2DCFDA under resting and hydrogen peroxide stress conditions. (A) 

Under resting conditions, a low concentration of ROS still exists as revealed by low amounts of 

fluorescence that can be tolerated by living cells. (B) DIC imaging again shows cell morphology indicative 

of healthy cell conditions (n=4).  C3H 10T1/2 cells after 2 hours of cell duress induced by hydrogen 

peroxide (500 M). (C) H2DCFDA green fluorescent signal indicates general cytosolic stress, and here is 

delocalized around the nuclear space within the cell.  (D) DIC imaging shows the final stages of cell stress 

morphology, which may lead apoptosis under excess ROS (n=4). 

 

A B B 

C D 
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When the cells were treated with hydrogen peroxide (500 M, 2 hours), the internalized 

H2DCFDA in cultured cells becomes partially deacetylated (i.e., fluorescent) as shown in 

Figure 3.4A. It is worth noting that the H2DCFDA assay is sensitive to oxidative stress 

even though the changes in cell morphology remain negligible (Figure 3.3 B and Figure 

3.4B). In addition, the results show that the generated ROS are localized in the cytoplasm 

and absent from the nucleus.  

 

3.4 MitoSOX Red Fluorescence Increases with Rotenone Treatment 

Resting C3H 10T1/2 cells in culture were stained with MitoSOX Red (5 M) and 

incubated at 37˚C for 10 minutes to explore a specific mitochondrial assay that partitions 

to mitochondrial organelles. Confocal microscopy reveals the absence of red fluorescence 

emission (Figure 3.5A) due to low oxidation of MitoSOX Red assay during basal levels 

of oxidative stress. The cell morphology is also shown using DIC imaging (Figure 3.5B).  

Once an optimized protocol was established for MitoSOX Red-treatment of cells, we 

began exploring oxidative stress created by superoxide, or O2
-
. To explore the specific 

ROS agent, rotenone was used to inhibit complex I of the electron transport chain and the 

superoxide-induced oxidative stress was assessed by MitoSOX Red assay.  In this assay, 

the superoxide-induced cellular oxidative stress will increase the fluorescence signal of 

MitoSOX Red upon oxidation and hydroxylation of its phenanthridine moiety via an as 

yet unknown stoichiometry of superoxide molecules [38].  Again under a time-dependent 

regime, we chose to study C3H 10T1/2 cells perturbed by 10 M rotenone at 1, 2, 4, 12, 

and 24-hour increments to monitor MitoSOX Red fluorescence as a function of time [39].  
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Figure 3.3: Rotenone-induced stress as revealed by MitoSOX Red in cultured C3H 10T1/2 cells.  (A) 

The absence of emission signal indicates a low concentration of intracellular O2
- 
under resting conditions 

along with the corresponding DIC image (B). Following the incubation of cells with rotenone (10 M, 12 

Hours), cells are stressed as revealed by MitoSOX Red (C). (D) The corresponding DIC image also 

indicates a preliminary signs of stressed cells. 24 Hours rotenone stress (10 M) as revealed by MitoSOX 

Red (E).  24 Hours of stress was the maximum time period studied, and revealed the highest stress levels 

within the time study.  The same laser power, confocal pinhole size, and photomultiplier tube voltages were 

applied for each time step in the study.  (B) The cell membrane shows signs of stress, but is not 

differentiable or quantifiable under this assay or DIC imaging alone. 

E F 

C 

B A 
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After a 12-hour period, the fluorescent signal increased in intensity with respect to the 

incubation time period with the stress agent rotenone (Figure 3.6A). The corresponding 

DIC image (Figure 3.6B) does not reveal any significant morphological changes upon 

stress.  After 24 hour incubation with rotenone (Figure 3.7A) punctate fluorescence is 

strongest due to mitochondrial membrane partitioning of MitoSOX Red.  This is 

especially due to local proximity with superoxide species produced by complex I in the 

mitochondrial membrane. 

 

Our results agree with similar literature studies on different cell lines [34, 40]. The 

fluorescence structure of MitoSOX Red partitions to mitochondria and is subject to 

superoxide species generated by the inhibition of complex I in the ETC in the inner 

membrane of mitochondria. These results help us to optimize and establish a future 

protocol for rotenone-induced stress in an NADH-based assay using two-photon FLIM. 

 

3.5 Summary of the Conventional Assays for Oxidative Stress  

Our confocal imaging of conventional assays presented in this chapter helped us to 

optimize the dosage and incubation time for oxidative stress in our cell line. The same 

protocol will be followed as we examine the potential of intracellular NADH as a natural 

biomarker for of observable oxidative stress using two-photon fluorescence lifetime 

imaging (Chapters 4) and time-resolved anisotropy (Chapter 5). Importantly, these 

experiments using conventional assays for oxidative stress will serve as a reference point 

to the NADH-based autofluorescence assay using two-photon micro-spectroscopy. 
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Ultimately, these conventional assays will also enable us in the future to elucidate the 

underlying mechanism of oxidative stress using different stressors. 
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Chapter 4:  Two-Photon Fluorescence Lifetime Imaging of Cellular NADH 

Autofluorescence in Cultured C3H 10T1/2 Cells
1
 

 

4.1 Rationale  

The excitation and detection of biomolecular fluorescence in turbid, biological samples 

(e.g., living cells, tissues, or a small animal) can be challenging due to the scattering of 

both excitation laser and fluorescence emission photons. Such media scattering also 

limits the penetration depth of light photons travelling inside a biological sample. These 

problems can be eliminated by using a two-photon excitation mechanism using near-

infrared femtosecond laser pulses, away from water absorption [41]. Another advantage 

of two-photon excitation microscopy is that NADH can be excited using 730-nm laser 

pulses in order to avoid the illumination of cells and tissues using ultraviolet lasers (~350 

nm), which cause cell photodamage and DNA crosslinking [42]. The distinct separation 

between the two-photon excitation (730 nm) and NADH emission (450 nm) wavelengths 

allows for avoiding the scattered lasers from reaching the fluorescence detector (i.e., 

minimum background noise and therefore maximum signal-to-noise ratio). In 

conventional fluorescence microscopy, the fluorescence intensity is the main observable 

in an array of pixels (spatial information). Such intensity depends on both the 

concentration of the detected fluorophore as well as the intensity of excitation light.  

 

                                                 
1
 Disclosure: This chapter was published, in part, by Alfveby et. al., [43]. 
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In two-photon fluorescence lifetime imaging microscopy (FLIM, or 2P-FLIM), however,  

the main observable is fluorescence lifetime of the fluorophore in each pixel. The main 

advantages of two-photon FLIM are that the fluorescence lifetime is sensitive to changes 

in both the chemical structure of the fluorophore and the surrounding local environment. 

In addition, the fluorescence intensity per pixel can also be deduced from the integrated 

fluorescence decays in each pixel in order to construct a complementary two-photon 

fluorescence intensity image. The fluorescence intensity in two-photon microscopy 

depends on the squared intensity of the excitation laser (i.e., nonlinear excitation), which 

inherently enhances the spatial resolution and therefore undermines the need for the 

confocal pinhole as in confocal microscopy [44, 45]. In this chapter, we investigate 

hydrogen peroxide induced oxidative stress using two-photon FLIM of cellular NADH. 

 

4.2 Towards Minimizing Cellular Laser-Induced Photodamage 

In non-linear excitation microscopy, the excitation photon flux must be very high in order 

to enhance the probability that a molecule will absorb two or more photons 

simultaneously [44, 46]. This is also the motive for using femtosecond laser pulses (730 

nm, 76 MHz, ~120 fs/pulse) here for two-photon FLIM measurements. Care must be 

taken, however, in order to avoid laser-induced photodamage of the biological samples. 

Towards this goal, we optimized the average laser power at the sample by carrying out 

laser intensity-dependence measurements on resting C3H 10T1/2 cells.  
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Figure 4.1     Optimizing two-photon laser power per unit area in order to avoid cellular 

photodamage. C3H 10T1/2 cells were exposed to varying power per unit area of two-photon laser pulses 

(730 nm, 120 fs/pulse, 76 MHz) in scanning mode while assessing the cell viability via DIC and confocal 

microscopy imaging. Different averages of two-photon laser power per unit area were examined and the 

DIC and confocal images of Rh123-labeled cells were recorded. Cell areas were exposed to two-photon 

laser pulses for 120 seconds prior to confocal and DIC imaging. 

 

In these measurements, we combined two-photon laser scanning at variable average 

power (at the sample) while recording both the DIC (for morphological assessment of the 

cells) and the confocal imaging of C3H 10T1/2 cells labeled with a mitochondrial marker 
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(namely, Rh123). In this case, we will be able to assess the laser-induced photodamage at 

730 nm on both the cell and mitochondrial morphologies.  

 

Figure 4.1 shows representative results of DIC and confocal microscopy imaging under 

different average two-photon laser power per unit area at the sample. As a control, the 

DIC and confocal imaging of Rh123-labeled cells show a healthy morphology of both the 

cells in culture as well as the fiber-like mitochondria. At high average power of the 

scanned femtosecond laser pulses (9.6x10
3
 kW/cm

2
), both the cell and mitochondria in 

the scanning region of the two-photon laser are obliterated (Figure 4.1). At moderate 

average power (3.8x10
3
 kW/cm

2
), however, the DIC image reveals an intact cell 

morphology but in the absence of the labeled mitochondria perhaps due to Rh123 

photobleaching. At low average power (<1.5x10
3
 kW/cm

2
), the scanned femtosecond 

laser pulses have no effect on the cell morphology and cell viability according to the 

absence of apparent photodamage. In all two-photon FLIM measurements reported in this 

chapter, we used much lower average laser power than 1.5x10
3
 kW/cm

2
, while staying 

close to the same scanning time used in Figure 4.1. 

 

4.3 Polarization-Dependence of Two-Photon FLIM of Cellular NADH 

Autofluorescence 

For a genuine excited-state dynamics studies, the two-photon fluorescence lifetime 

imaging should be measured under magic-angle detection (~54.7
o
) in order to suppress 

the rotational mobility effects during the fluorescence lifetime.  
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           2P Intensity   2P Lifetime 

 

Figure 4.2:     Polarization-analysis effects on 2P-FLIM images of cellular NADH in cultured C3H 

10T1/2 cells under resting conditions. (Top panel) Two-photon NADH autofluorescence intensity (A) 

and FLIM (B) of live C3H 10T1/2 cells without a magic-angle detection, i.e., no Glan-Thompson polarizer 

(n = 30). (Bottom panel) Two-photon autofluorescence intensity (C) and FLIM (D) of intrinsic NADH in 

cultured cells (n = 19) using magic-angle detection (i.e., a Glan-Thompson polarizer set at 54.7
o
 in front of 

the MCP-PMT).  The difference in color is dependent on the mean of the average fluorescence lifetime (m) 

per pixel, which is fit to a double exponential decay model.  

 

To examine the effect of polarization-selectivity on FLIM measurements, we carried out 

two-photon FLIM on cellular NADH in C3H 10T1/2 cells, under resting conditions, with 

and without magic-angle detection (~54.7
o
). This was achieved in the presence or 

absence of a Glan-Thompson polarizer that was set at magic-angle polarization with 

respect to the excitation laser polarization. Figure 4.2 shows representative two-photon 

B

  A 

C

  A 

D

  A 
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fluorescence intensity and FLIM images of cellular NADH in resting C3H 10T1/2 cells 

with (bottom panel) and without (top panel) magic-angle detection.  

 

The resulting two-photon FLIM images were analyzed using a proprietary software 

analysis tool (SPC Image 4.8, Becker & Hickl) where the NADH autofluorescence decay 

per pixel was best described by a double-exponential decay model and a least-squares 

fitting routine. The goodness of the fit was assessed using the residual and the reduced 


2
–value (1.0-1.4). The fitting parameters are the fluorescence decay time constants of 

the i
th

 species (i) and the corresponding amplitude (i) as described in the equation 2.1 

(Chapter 2).  Using ANOVA and a student’s t-test, these results collectively indicate a 

statistically significant difference between NADH autofluorescence FLIM analysis with 
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Figure 4.3 Statistical analyses of NADH 

autofluorescence lifetimes in vivo show 

significance at the 95% confidence level for 

ANOVA and Student’s t-test for two 

populations assuming unequal variance.  For 

each individual lifetime parameter comparison, 

* p < 0.001.  Error bars are plotted as the 

confidence interval using a student’s t 

distribution. 
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and without magic-angle detection (Figure 4.3). For comparison with insignificant 

parameters found, the remaining parameters (1, 2, q1, q2) returned ANOVA values of, p 

> 0.36. It is worth noting that the Glan-Thompson polarizer, set at the magic-angle, has 

attenuated the autofluorescence signal level by roughly 51% under resting cell conditions. 

This is why researchers using FLIM method in cellular biophysics studies omit magic-

angle detection in order to enhance the signal-to-noise ratio while reducing the cell 

exposure to intense lasers. 

 

As a reminder, magic-angle detection of NADH autofluorescence allows for a direct 

measurement of the excited-state dynamics without the interference of the rotational 

motion of the emitting biomolecule during the excited-state lifetime. In contrast, the 

optical geometry of our experimental setup suggests that the fluorescence decays 

recorded without magic-angle detection has a parallel polarization with respect to the 

excitation laser, which in return depends on both (i) the magic-angle fluorescence decay 

and (ii) the anisotropy decays of the emitting species according to Equation  4.1 [29]: 

Equation 4.1 

   ( )  (  )   ⁄ ( )        ( )  

As we discussed in Chapter 2, the time-resolved anisotropy decay of a fluorophore 

depends on both its hydrodynamic size (e.g., free versus enzyme-bound as in cellular 

NADH) and the viscosity of the surrounding local environment [16, 24, 29]. 
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Accordingly, our results suggest that two-photon FLIM of cellular NADH is best carried 

out using magic-angle detection. Otherwise, the measured fluorescence decays would be 

a combination of excited-state dynamics and the rotational motion of the biomolecule of 

interest. It is not clear, however, whether such polarization-analyzed detection of 

intracellular NADH autofluorescence would be critical if the main objective was to assess 

the changes of cell physiology under the same experimental conditions. In our oxidative 

stress investigation here thereafter, we will address this issues. 

 

4.4 Effects of Oxidative Stress on Intracellular NADH Autofluorescence  

Oxidative stress has been linked with many health problems such as aging, Parkinson's 

disease, heart failure, myocardial infarction, Alzheimer's disease, schizophrenia, diabetes, 

Multiple Sclerosis, bipolar disorder, and chronic fatigue syndrome.  Oxidative stress is 

caused by excessive reactive oxygen species (ROS) such as hydrogen peroxide, 

superoxide, and hydroxyl radicals, which are byproducts of oxygen metabolism in 

aerobic organisms. Environmental factors such as exposure to ultraviolet light, chemicals 

ingested by the diet, ionizing radiation, and cigarette smoke can also lead to production of 

ROS and therefore oxidative stress.  As a result, there is a need for quantitative and 

noninvasive methods to probe oxidative stress at the single-cell level and ultimately in 

vivo.  
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Here, we examined the potential of natural coenzyme NADH as a natural biomarker for 

oxidative stress in cultured C3H 10T1/2 living cells. NADH (fluorescent) is an essential 

coenzyme in energy metabolism via oxidative phosphorylation pathway in the inner 

membrane of mitochondria (IMM), which is also a major source for intrinsic ROS 

species that are generated through the ETC. Below, we investigate the effects of 

hydrogen peroxide induced oxidative stress on intracellular NADH autofluorescence as 

monitored using two-photon FLIM. In addition, we will address whether polarization 

selectivity of cellular autofluorescence introduces any bias in the statistical significance 

of the fitting parameters in these FLIM measurements. 

 

4.4.1 Polarization selectivity (i.e., magic-angle detection) indicates a statistically 

significant effect of oxidative stress on two-photon FLIM of Cellular NADH 

autofluorescence  

To first explore the statistical nature of oxidative stress on the fluorescent lifetime of 

NADH in C3H 10T1/2 cells, we chose to study the effects of excess hydrogen peroxide.  

The concentration of hydrogen peroxide was consistent with that of earlier successful JC-

1 confocal assays.  Cells were plated at 1.0 x 10
5
 cells per dish and subjected to hydrogen 

peroxide (100 M) for 1 and 2 hour studies before being imaged at room temperature 

(~22
o
C) in Tyrode’s imaging buffer for a time no longer than one hour so as not to 

exhaust the glucose in the imaging buffer medium.   
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Figure 4.4 shows representative two-photon autofluorescence intensity (A and C) and 

FLIM (B and D) images of intracellular NADH under resting (A and B) and hydrogen 

peroxide (100 M, 1 and 2 hour incubation times) induced stress (C and D). In order to 

assess the effect of stress on cell morphology, we also measured the DIC images of the 

same cells under different physiological conditions.  

 

                            2P Intensity       2P Lifetime                 DIC 

 
Figure 4.4:     Two-photon FLIM, detected at magic-angle, reveals a statistically significant difference 

under H2O2-induced stress in cultured C3H 10T1/2 cells.  The estimated average fluorescence lifetime is 

different as shown by SPC Image analysis; this was shown to be significant at the 95% confidence level via 

ANOVA analysis (Figure 4.5).  C3H 10T1/2 cells were imaged at ~22
o
C under healthy conditions and 2 

hours of 100 M hydrogen peroxide stress. 

 

These cells were measured at room temperature (~22
o
C) in Tyrode’s imaging buffer for a 

time no longer than one hour outside the incubator. These images exhibit the average 

A B 

C D 
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autofluorescence lifetime per pixel under magic-angle polarization detection in order to 

eliminate the rotational motion of the fluorophore during the excited state lifetime. The 

results indicate apparent differences between the NADH autofluorescence lifetimes as a 

function of hydrogen peroxide treatment of the C3H 10T1/2 cells (cell density ~1.0 x 10
5
 

cells/dish). The average autofluorescence lifetime on cellular NADH of resting C3H 

10T1/2 cells seems shorter than that under oxidative stress condition following H2O2 

treatment.  

 
 

 
 

 

The decay time constants and the corresponding amplitudes of the fluorescence decays 

per pixel were also analyzed using SPC Image software for nonlinear least squares fitting 

analysis. A summary of these fitting parameters and the corresponding standard deviation 
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Figure 4.5:     Statistical analysis of FLIM 

image parameters as a function of H2O2 

treatment. Under magic-angle detection, 

FLIM analysis of free or bound NADH 

fluorescence amplitude, and average 

fluorescence lifetime in oxidatively stressed 

cells shows significant change over 2 hours at 

the 95% confidence level.  For each parameter 

comparison, * p < 0.05.  Error bars are plotted 

as the confidence interval using a student’s t 

statistic at the 95% level. 
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are shown in Figure 4.5. The results reveal a statistically significant (p < 0.05) difference 

between resting and stressed conditions of cells as revealed by  (ANOVA) and post-hoc 

Tukey test for comparison of means (Figure 4.5).  For comparison to significant 

parameters found, the remaining parameters (1, 2) returned ANOVA values of, p > 0.14 

and p > 0.97, respectively. In addition, the relative signal contribution parameters, q1 and 

q2, did yield reach our implemented ANOVA threshold of 95% confidence, but post-hoc 

Tukey analyses revealed that their means from the oxidative stress and resting conditions 

FLIM data under magic-angle detection were not statistically different.  

 

 

4.4.2 The effect of oxidative stress on FLIM of cellular NADH is statistically 

insignificant without polarization selectivity (i.e., no magic-angle detection) of 

autofluorescence 

In cell biophysical studies using FLIM, it is feasible that the relative changes in the 

physiological state of cells or tissues, under different perturbations (e.g., drug treatment, 

mutations, or environmental hazards), may not require the magic-angle detection. To test 

this possibility, we carried out similar measurements as described in Section 4.4.1 with 

the exception of magic-angle detection. Accordingly, the two-photon FLIM of 

intracellular NADH autofluorescence was investigated under resting and hydrogen 

peroxide induced oxidative stress, but without magic-angle detection (i.e., no Glan-

Thompson polarizer in front of the MCP-PMT).  
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We repeated the same experiments mentioned above (section 4.4.1) following the same 

treatment of cells with hydrogen peroxide and experimental conditions with the exception 

of magic-angle detection. Interestingly, the two-photon FLIM of cellular NADH 

autofluorescence of cells, under oxidative stress, reveals statistically insignificant 

differences from the resting conditions.   

2P Intensity      2P Lifetime      DIC 

 

Figure 4.6:     Two-photon FLIM, without magic-angle detection, reveals a statistically insignificant 

difference under H2O2-induced stress in cultured C3H 10T1/2 cells.  Two-photon intensity and 

fluorescence lifetime images without polarized detection of fluorescence emission shows no significant 

difference comparing resting and oxidatively stressed conditions. C3H 10T1/2 cells were imaged at ~22
o
C 

under healthy conditions and 2 hours of 100 M hydrogen peroxide stress. 

 

It is worth noting that we followed the same least-squares fitting analyses of the acquired 

images we did in section 4.4.1.  

C 
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Figure 4.7:  Statistical analysis of FLIM 

image parameters as a function of H2O2 

treatment. Without magic-angle detection, 

FLIM analysis of NADH fluorescence lifetime, 

amplitude, or relative quantum yield in 

oxidatively stressed cells shows no significant 

change over 2 hours at the 95% confidence 

level.  For each parameter comparison, * p > 

0.14.  Error bars are plotted as the (+) 

confidence interval using a student’s t statistic at 

the 95% level. 

* * 

* * 
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All parameters that were extracted from SPC Image were statistically found to not be 

significant at the 95% confidence level using ANOVA and post-hoc Tukey analyses (Fig. 

4.7). For comparison, values for all parameters analyzed yielded values of, p > 0.14. 

 

Representative results are shown in Figure 4.6, which exhibits two-photon 

autofluorescence NADH intensity, FLIM, and DIC under resting (top panel) and stressed 

conditions (lower panel). For a significant comparison with Section 4.4.1, all 

experimental conditions and fitting protocols were kept the same between the two sets of 

experiments with the exception of magic-angle detection. ANOVA analysis of these 

FLIM images indicates that the H2O2-induced oxidative stressed C3H 10T1/2 cells and 

the resting conditions are statistically similar (Figure 4.7). This conclusion seems to hold, 

whether we are using the average fluorescence lifetime per pixel or the detailed fitting 

parameters as described in Figure 4.7. 

 

4.5 Summary of the Effects of H2O2-Induced Oxidative Stress On Energy 

Metabolism and Redox State of Living Cells as Monitored by Intracellular NADH 

Autofluorescence 

The results presented in this chapter suggest a complex cellular response to hydrogen-

peroxide-induced oxidative stress, especially concerning the redox state of the cell as 

monitored by the intrinsic NADH. Such response is likely to include changes of the 

chemical structure of NADH (e.g., free versus enzyme-bound) as well as the 

microviscosity of the surrounding local environment of this coenzyme, which influences 
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both the rotational motion and excited-state dynamics of our biomarker (NADH). Our 

results suggest that research will have a better chance to elucidate the cellular response to 

oxidative stress using two-photon FLIM of intrinsic NADH by separating both the 

rotational motion and excited-state dynamics by employing magic-angle detection.  

 

The inherent loss of autofluorescence signal due to the introduction of Glan-Thompson 

polarizer, set at the 54.7
o
 of the excitation laser polarization, can be balanced out using 

longer scanning time (i.e., data acquisition) and safe laser power to minimize 

photodamage. In addition, understanding the underlying mechanism of mitochondria-

mediated oxidative stress will help identifying the key observables in NADH FLIM that 

are most sensitive to any associated physiological changes. 
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Chapter 5: Examining the Free and Enzyme-Bound Population of Intracellular 

NADH using Two-Photon Time Resolved Anisotropy
2
 

 

5.1 Introduction 

In Chapter 4, we employed time-resolved autofluorescence lifetime imaging to examine 

the effects of hydrogen-peroxide-induced oxidative stress on the chemical structure and 

surrounding local environment of cellular NADH. In contrast to FLIM, time-resolved 

anisotropy is a powerful technique for examining the hydrodynamic volume and the 

surrounding environmental viscosity of a given fluorophore; both noninvasively and 

quantitatively. Dating back to 1926, Perrin first described the depolarization of emitted 

photons by studying fluorescein in buffered solutions [47].  The nanosecond to 

picosecond rotational diffusion relaxation of fluorescent molecules in solution was 

further characterized by Weber [48].  The same approach was employed to understand 

the rotational diffusion of fluorophores conjugated to various proteins [49], which has 

been applied in a wide variety of applications such as protein stability [50]. Recently, 

time-resolved anisotropy measurements of NADH autofluorescent as a biomarker for in 

vivo diagnostics of the metabolic health at the single cell level [16, 24, 51]. 

These, along with studies on autofluorescent molecules (i.e., flavins, tryptophan, 

lipofuscin, melanin), form the foundations that underlie the potential of biological 

                                                 
2
 Disclosure: This chapter was published, in part, by Alfveby et. al., [43]. 
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autofluorescence in basic and applied research. Time-resolved fluorescence and 

anisotropy measurements are uniquely suited for a detailed biophysical description of 

intrinsic fluorophores within the context of physiological and pathological changes in 

living cells or tissues [16, 24]. Consequently multi-parametric autofluorescence detection 

(i.e., intensity, lifetime, and polarization) provides the most complete description of an 

intrinsically fluorescent biomolecules and their role in both the physiology and pathology 

of selected cells or tissues.  

 

In this Chapter, we will test the hypothesis that oxidative stress affects the redox state of 

living cells by changing the fractions of the native free and enzyme-bound NADH. To 

test this hypothesis, we carried out time-resolved anisotropy measurements on 

intracellular NADH autofluorescence. This type of measurement exploits the simple fact 

that small molecules (e.g., NADH) will rotate (tumble) much faster than larger molecules 

(e.g., enzyme-bound NADH). Similar to 2P-FLIM, the same near-infrared, femtosecond 

laser pulses were used to excite NADH to avoid the inherent complications of ultraviolet 

exposure of living cells. Given the thermodynamic importance of free NADH, and the 

emerging evidence that the free/enzyme-bound state is sensitive to cellular metabolism 

and pathological conditions, considerable work has been done to quantify the free/bound 

state of intracellular NADH in intact cells or tissues without losing the morphological 

context [16, 24].  
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5.2 The Associated Anisotropy Model for a Mixture of Fluorophores with 

Different sizes and Fluorescence Lifetimes 

Following an ultrafast, pulsed excitation, the excited fluorophore will continue to rotate 

during its excited-state lifetime, leading to the emission of depolarized fluorescence 

photons [52].  As previously described in Chapter 2 (Materials and Methods), the 

rotational time of a molecule depends on its size and the viscosity of the surrounding 

environment.  Considering the existence of free and enzyme-bound NADH, the 

anisotropy of a mixture of fluorophores with distinct size and fluorescence lifetime would 

be “associated” in nature. This means that the amplitude of each rotational decay 

components associated with each molecular size in the mixture will be “associated” with 

the fluorescence lifetime of that species [16]. The associated anisotropy decay that 

describes such mixture of fluorophores has been described in Chapter 2 and elsewhere 

[16, 28, 53]. 

 

To explore the associated anisotropy model for a mixture of fluorophores further, we 

simulated the associated anisotropy model (Equation 2.5, Chapter 2) using the eight 

parameters (iiii) describing the rotational time and fluorescence lifetime of each 

species in the mixture (Figure 5.1).  In this simulation, we used amplitudes and time 

constants that are in agreement with the experimental values of intrinsic NADH in living 

cells or when titrated with enzymes in a buffered solutions [16]. In addition, we simulated 

the corresponding fluorescence decays of free and enzyme-bound NADH in a buffer 

(Figure 5.1, A). This combination of curves will help us to conceptually understand the 
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observed associated anisotropy curves and their interpretation in terms of the size and 

fluorescence lifetime of the mixture under investigation.  

 

Figure 5.1:     Simulated curves for time-resolved anisotropy curves for a mixture of two 

fluorophores with distinct size and fluorescence lifetime. (A) Simulated fluorescence decays of the free 

(0.45 ns) and enzyme-bound (2.5 ns) NADH using the experimental values. (B-E) The associated 

anisotropy curves depend on the relative value of the fluorescence lifetime (B) and corresponding 

amplitude (C) of the free species. We also show how the relative changes in the rotational time (i.e., the 

molecular size), (D), and the corresponding amplitude (E) influence the shape of the associated anisotropy 

decay of the binary mixture (see Chapter 2, Equation 2.5). 

 

One could conceptualize the associated anisotropy curve of a mixture of biomolecules as 

follows. At early time of the associated anisotropy decay, the majority of the fluorescence 

is originated from the free NADH, which is the smaller species with a much faster 

rotational mobility. At later time, the fluorescence of the free NADH is decayed to almost 
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zero level and the fluorescence of the enzyme-bound species (i.e., longer lifetime) 

dominates. This also explains the distinctively slow rotational mobility of the relatively 

larger bound NADH. Please notice that the fluorescence lifetime of any given 

fluorophore represents the time window during which the rotational mobility is being 

measured using time-resolved anisotropy. This suggests that the enzyme-bound NADH 

does not rotate much significantly during the excited-state lifetime, which also 

undermines (to some extent) the accuracy of time-resolved anisotropy in estimating the 

size of very large proteins accurately [28]. The simulated curves also show how the shape 

of associated anisotropy may vary based on changes in the relative four fitting parameters 

(Figure 5.1, B-E) that were described in Chapter 2 (Equation 2.5). With these in mind, we 

should be able to interpret, even qualitatively, how the hydrogen-peroxide-induced 

oxidative stress may influence the associated anisotropy curves of the intracellular 

NADH mixture. 

 

5.3 Associated Anisotropy of Intracellular NADH in Living Cells Under Resting 

Conditions 

Rhodamine green (PBS, pH 7.4) and coumarin (ethanol) were used as a control 

fluorophores with small molecular size (0.51 kDa and 0.146 kDa, respectively) and long 

fluorescence lifetime (3.9 ns) to calibrate the G-factor (Chapter 2) in our experimental 

setup. Figure 5.2 shows a representative anisotropy decay of rhodamine green with a 

rotational time of 120 ps and initial anisotropy of 0.23, which relative smaller than the 

theoretical value (0.57 for two-photon excitation) due to the high NA microscope 
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objective. Similar anisotropy decay was also observed for coumarin with an estimated G-

factor (Equation 2.4, Chapter 2) of 0.67 using a tail-matching approach [28]. These 

calibrations were carried out both at the beginning and at the end of each day of the 

experiments, under which the same experimental conditions were maintained for cellular 

NADH anisotropy measurements.  
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Figure 5.2:    Time resolved anisotropy of a small molecule (Rhodamine green in PBS, pH7.4 at room 

temperature) exhibits a single-exponential decay. The measured time-resolved anisotropy (black curve) 

of rhodamine green (5 M) was fitted with a single-exponential decay model (red curve) with an estimated 

rotational time of ~120 ps. It is worth noting that the excited state lifetime of rhodamine green in a buffer is 

3.9 ns as measured using TCSPC technique at magic-angle detection. 

 

Under the above-mentioned calibration conditions, the two-photon anisotropy of 

intracellular NADH in resting C3H 10T1/2 cells was measured using pseudo single-point 

time-resolved anisotropy measurements.  As described in Chapter 2 (Materials and 
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Methods), the femtosecond laser pulses (730 nm, 4.2 MHz, 120 fs/pulse) were scanned 

while the parallel and perpendicular polarizations of NADH autofluorescence were 

detected after a polarizing beam-splitter by the MCP-PMTs. Prior to experiments, the 

cells were incubated at 37˚C before being used for experimentation in Tyrode’s buffer for 

no longer than one hour at room temperature (22˚C). Typical two-photon associated 

anisotropy curve of intracellular NADH in resting C3H 10T1/2 cells is shown in Figure 

5.3.  These associated anisotropy curves were satisfactorily described using Equation 2.5 

(Chapter 2) with the assumption of the co-existence of two pools of free and enzyme-

bound NADH populations. The fitting parameters of pseudo single-point time-resolved 

anisotropy of cellular NADH under resting conditions are summarized in Table 5.1.  
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Figure 5.3:     Time-resolved anisotropy of intracellular NADH autofluorescence of resting C3H 

10T1/2 cells reveals associated anisotropy decay (n = 16). The measured time-resolved anisotropy (black 

curve) of intrinsic NADH of cultured cells was fitted with an associated anisotropy decay model (red 

curve) and the fitting parameters are summarized in Table 5.1. It is worth noting that the excited state 

fluorescence decay of intrinsic NADH autofluorescence decays as a biexponential in two-photon FLIM 

mode at magic-angle detection.  
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The denominator in Equation 2.5 was measured directly using magic-angle detection in 

order to independently determine the excited state dynamics of the NADH mixture. This 

will leave us with only four floating fitting parameters that describe the rotational 

motions of the two species in the mixture. 

 

These time-resolved 2P anisotropy results of cellular NADH provide a direct evidence of 

equilibrated populations of free and enzyme-bound NADH during the timescale of these 

experiments and at the single-cell level. These results are in a good agreement with 

previous studies in cultured breast cells [24] as well as brain tissues [16]. Accordingly, 

we conclude that the intrinsic NADH in living cells always exist as free and enzyme-

bound populations, as viewed by time-resolved anisotropy, regardless of cell line. Our 

findings also suggest that cells and tissues find an equilibrium state of the biochemical 

reactions involved in the NADH-related redox state of those cells, on the time scale of 

these experiments. 
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Table 5.1:     Summary of fitting parameters of NADH associated anisotropy model in resting C3H 10T1/2 

cells. Seven parameters were fit, with 2 chosen to be fit via 100% minus the fraction of free species, or 1 

(e.g., 2 = 1 – 1). The number in parenthesis represents the standard deviation of the last digit(s). (n = 16) 

Fit Parameter (units) Values 

1 0.44 (6) 

1 (ns) 0.48 (11) 

2 (ns) 1.21 (5) 

1 (ns) 0.17 (48) 

1 0.44 (9) 

2 (ns) 97 (38) 

2 0.35 (2) 

 

As shown in Table 5.1, the average rotational time of free NADH is 187 ± 7 ps, whereas 

the enzyme-bound NADH rotates (or tumbles) on 97 ± 38 ns time scale under resting 

conditions. These rotational times of intrinsic NADH at the single cell level are in general 

agreement with previous studies on a different cultured cell line [16]. The rotational time 

(187 ± 7 ps) of free NADH (0.67 kDa) in living cells indicate that the local environment 

surrounding this coenzyme in living cells has a viscosity that is not significantly different 

from that of water at the same temperature.  

 

It is true that NADH is a coenzyme for a wide range of enzymes in living cells. However, 

those enzymes are likely large in size (e.g., LDH is 140 kDa, mMDH is 70 kDa) and 

some are membrane bound. With these sound assumptions in mind, time resolved 

anisotropy measurements do not allow for enough information to identify specific 

intracellular enzymes involved with NADH-based biochemical reactions. The only 

conclusion to be stated with confidence is that there is an enzyme-bound NADH species 
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in living cells under resting conditions that has a rotational time of 97 ± 38 ns. As 

mentioned above, these species rotate on a much slower rotational time as compared with 

the excited-state lifetime of 2-4 ns. 

 

Using time-resolved anisotropy of cellular NADH in cultured C3H 10T1/2 cells under 

resting conditions, we estimate that the fraction of free NADH is ~28% as compared with 

~72% of enzyme-bound. These fractions are estimated using the fluorescence decays 

components of each species in the mixture as described in Chapter 2 (Equation 2.8). It is 

also worth mentioning that the likely enzymes that interact with NADH (e.g., LDH and 

mMDH) are dark under 730-nm excitation and 450-nm detection. 

 

Next, we ask whether the associated anisotropy dynamics and the population fractions of 

free and enzyme-bound NADH are sensitive to hydrogen-peroxide-induced oxidative 

stress in cultured C3H 10T1/2 cells.  

 

5.4 Associated Anisotropy of NADH Fluorescence in Living Cells Under 

Hydrogen-Peroxide-Induced Oxidative Stress 

To explore the effects of oxidative stress on NADH rotational mobility, we carried out 

similar pseudo single point time-resolved anisotropy measurements on the NADH 

autofluorescence of C3H 10T1/2 cells as a function of hydrogen-peroxide-induced 

oxidative stress.  Cultured C3H 10T1/2 cells were incubated with H2O2 (at 100 M) for 

either 1 or 2 hours at 37˚C prior to imaging at various time intervals after incubation. 
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Experimentation on these cultured cells outside the incubator and in Tyrode’s buffer was 

completed within about one hour at room temperature (22°C). Prior to imaging, cell 

dishes were washed three times with Tyrode’s buffer (pre-warmed to 37˚C) to arrest the 

H2O2-induced cell stress.  The same experimental conditions and controls were similar to 

those described in Section 5.3 for resting condition studies. Representative anisotropy 

decay for stressed cells (2 hours incubation with 100 M of hydrogen peroxide stress) is 

shown in Figure 5.4 and the corresponding fitting parameters are summarized in Table 

5.2. 
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Figure 5.4:    Time-resolved anisotropy of intracellular NADH autofluorescence of C3H 10T1/2 cells, 

treated with hydrogen peroxide (100 M, 2-hours incubation). Time-resolved two-photo 

autofluorescence of intracellular NADH in cultured C3H 10T1/2 cells, treated with hydrogen peroxide (100 

M, 2-hours incubation), reveals associated anisotropy decay (n = 12). The measured time-resolved 

anisotropy (black curve) of intrinsic NADH of cultured cells was fitted with an associated anisotropy decay 

model (red curve) and the fitting parameters are summarized in Table 5.2.  
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Table 5.2:     Summary of fitting parameters of NADH associated anisotropy modeled for C3H 10T1/2 

cells after experiencing 2 hours of stress oxidative stress (100 M H2O2). Seven parameters were modeled, 

with 2 chosen to be fit via 100% minus the fraction of free species, or 1 (e.g., 2 = 1 – 1). The number in 

parenthesis represents the standard deviation of the last digit(s) 2 hours of stress (n = 12). 

Fit Parameter (units) Values (2 Hr Stress) 

1 0.36 (15) 

1 (ns) 0.44 (14) 

2 (ns) 0.99 (43) 

1 (ns) 0.12 (15) 

1 0.59 (27) 

2 (ns) 110 (88) 

2 0.34 (2) 

 

Under apparently stressed cells (judging from the DIC image of cell morphology), we 

observed an apparent difference in the measured associated anisotropy decays of 

intracellular NADH autofluorescence in resting and H2O2-induced oxidative stress in 

C3H 10T1/2 cells. We also carried out statistical analysis using ANOVA and post-hoc 

Tukey tests on the fitting parameters for a total of 12 (stressed cells) and 16 (resting cells) 

trials of time-resolved anisotropy on intrinsic NADH in cell culture. Those measurements 

were conducted on different cell pools, either the same or different dishes as well as 

different days. These analyses indicate a statistically significant difference in the average 

rotational time of the free species when comparing resting and 2 hours of stress data 

population variance and their means (Figure 5.5). However, the calculated fractions of 

free and enzyme-bound NADH in both resting and stressed C3H 10T1/2 cells were 

statistically similar (Figure 5.6). 
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Figure 5.5:    Statistical comparison of average rotational lifetime of free NADH in resting and H2O2-

induced stress in cultured C3H 10T1/2 cells.  Error bars are plotted as the confidence interval using a 

students’ t statistic at the 90% level. Parameter comparison, * p < 0.1. The estimated average rotational 

diffusion time of free intracellular NADH decreased from 174 ± 48 ps to 127 ± 45 ps. 

 

These results suggest that H2O2-induced oxidative stress cause changes in the viscosity of 

the local environment surrounding the free NADH. This observation can be attributed to 

H2O2-induced mitochondrial swelling which has been reported in hypoxia-induced stress 

in rat brain hippocampal slices [16]. Similar observations were also reported in cultured 

breast cancer cell line [24]. The statistically similar fractions of intrinsic free and 

enzyme-bound NADH in resting or H2O2-induced stress suggest that the C3H 10T1/2 

cells seem to always find a new equilibrium among existing pools of this coenzyme. The 

absolute concentration of both NADH conformations, however, may be sensitive to 

oxidative stress, which is currently under investigation. For comparison, the remaining 

associated anisotropy parameters all gave ANOVA values of, p > 0.1. 

0

0.05

0.1

0.15

0.2

R
o

ta
ti

o
n

al
 D

if
fu

si
o

n
 

C
o

e
ff

ic
ie

n
t 

(n
s)

 

  

Resting n = 16

1 Hr H2O2 n = 12

2 Hr H2O2 n = 12

* 



   59 

 

 

Figure 5.6:    Calculated population fractions of free and enzyme bound NADH in C3H 10T1/2 cells. 
Using Equation 2.8 (Chapter 2), the population of free and enzyme bound NADH was calculated using 

time-resolved associated anisotropy data as a function of H2O2 treatment (100 M H2O2). The sensitivity 

of such population to H2O2-indeced stress is statistically insignificant.  Resting conditions (Physiological: n 

= 17) and stressed conditions (Pathological: n = 12). 

 

The question now is whether the observed associated anisotropy of intracellular NADH 

can be reproduced in a buffer in order to confirm our interpretation and understanding in 

terms of the coexistence of equilibrated populations of free and enzyme-bound species.  

 

5.5 Associated Anisotropy of NADH Titrated with Lactate Dehydrogenase in 

Buffer Mimics that of Intracellular NADH Autofluorescence 

To examine the validity of our interpretation concerning the observed associated 

anisotropy of intrinsic NADH in cultured cells, we carried out time-resolved anisotropy 

experiments on NADH mixture with lactate dehydrogenase (LDH) in a buffered solution 

(PBS, pH 7.4).  Representative results are shown in Figure 5.6 for NADH alone and 

NADH-LDH mixture (16:1). While the time-resolved anisotropy of free NADH (Figure 

5.6, curve A) exhibits an exponential decay, NADH-LDH mixture reveals an associated 
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anisotropy decay (Figure 5.6, curve B) in agreement with previous studies [16]. It is 

worth mentioning that the rotational motion of small molecules takes place on the 

picosecond time scale, which is too fast for translational diffusion of the reactants (e.g., 

NADH and LDH-NADH complex) or the time scale of most biochemical reactions. As a 

result, one can think of these time-resolved anisotropy measurements as a snapshot of an 

equilibrated biochemical reaction, whether in a buffer or in living cells. These control 

experiments in buffer confirm our interpretation of the observed associated anisotropy of 

endogenous NADH in living cells in terms of equilibrated pools of free and enzyme-

bound NADH.  
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Figure 5.7:    Time-resolved anisotropy of NADH-LDH mixture in a buffered solution mimics the 

associated anisotropy of intracellular NADH in cultured C3H 10T1/2 cells. The measured time-

resolved anisotropy (black curve) of NADH-LDH (16:1) in PBS (pH 7.4, room temperature) exhibits 

associated anisotropy decay (Curve A). In contrast, the anisotropy of free NADH (300 M) in a pure PBS 

buffer (curve B) decays as a single exponential decay at room temperature decays. Notice the similarity 

between the rotational time of free NADH in a pure buffer and NADH in the NADH-LDH mixture (around 

the 0.5-ns time scale).  

(A) 

(B) 
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We are also fully aware of the vast differences between cell environment and the 

homogenous buffer due to macromolecular crowding and the numerous enzymes that are 

involved in biochemical redox reactions associated with NADH. As a result, we are 

currently investigating the macromolecular crowding effects on NADH-LDH reaction 

kinetics in control environments.  

 

5.6 Summary  

Time-resolved two-photon anisotropy measurements were carried out on intracellular 

NADH autofluorescence in cultured C3H 10T1/2 cells. These measurements were 

conducted as a function of hydrogen-peroxide-induced oxidative stress. Under resting 

conditions, the intrinsic NADH exists as equilibrated populations of free (~28%) and 

enzyme-bound (~72%) conformations.  

 

Our findings also suggest that cells under oxidative stress find an equilibrium state of the 

biochemical reactions involved in the NADH-related redox state of those cells with 

statistically similar population fractions of free and bound species. However, the 

rotational time of free NADH in stressed cells is significantly slower than that under 

resting conditions, which we attributed to mitochondrial swelling.  

 

While time-resolved anisotropy of free NADH (PBS, pH 7.4) exhibits a mono-

exponential decay, NADH-LDH mixture (16:1) reveals associated anisotropy decay that 
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mimics the observed anisotropy decays of intracellular NADH in living cells. These 

control experiments in buffer confirm our interpretation of the observed associated 

anisotropy of endogenous NADH in living cells in terms of equilibrated pools of free and 

enzyme-bound NADH.  

 

Considering the vast differences between cell environment and biochemical reactions in a 

homogenous buffer, we are currently investigating the NADH-LDH reaction kinetics as a 

function of macromolecular crowding.  
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Chapter 6: Conclusions and Future Outlook 

 

Oxidative stress in living cells is prevalent with aging, a wide range of health problems 

and the environmental hazards. In this thesis, we tested the hypothesis that intrinsic 

NADH autofluorescence serves as a natural biomarker for oxidative stress in living C3H 

10T1/2 mouse embryonic fibroblast cells.   To test this hypothesis, we first optimized our 

protocols for dosage and incubation time with chemically-induced oxidative stress. In so 

doing, we selected a number of conventional assays that available commercially and 

designed for different mechanisms of oxidative stress as monitored by conventional 

confocal microscopy (Chapter 3). However, those assays can potentially suffer from a 

number of disadvantages that include labeling specificity, potential interference with the 

cell biology, and the toxic effects of the fluorescent dyes.  For comparison, intracellular 

NADH is naturally fluorescent in contrast with its oxidized counterpart (NAD
+
). 

Importantly, the fluorescence of NADH is sensitive to its local environment as well as 

changes in the coenzyme chemical structure such as binding. The endogenous NADH is 

also a coenzyme for a wide range of metabolic pathways and biochemical redox reactions 

that are essential to cell function and survival. Finally, by taking advantage of naturally 

existing biomolecules (e.g., NADH) in living cells, we will avoid the disadvantages that 

are inherent with conventional assays.  

 

Using two-photon fluorescence lifetime imaging microscopy, we discovered that magic-

angle detection of intracellular NADH autofluorescence is critical in order to isolate the 
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excited state dynamics from the rotational mobility of the coenzyme during its excited 

state lifetime (Chapter 4).  We also discovered that the intrinsic NADH autofluorescence 

is sensitive to oxidative stress while identifying the different fitting parameters that are 

more sensitive to the associated physiological changes upon exposure to hydrogen 

peroxide. The statistical significance of those changes was assessed using ANOVA at the 

95% confidence level. Finally, two-photon fluorescence lifetime imaging microscopy of 

cellular autofluorescence allowed for high spatial resolution imaging, minimum light 

scattering, a large penetration depth in turbid biological samples, avoiding ultraviolet 

light exposure that induce cell and DNA photodamage, and high sensitivity to changes in 

chemical structure as well as surrounding environment in living cells. We also showed 

that the polarization-dependent nature of the depolarization of fluorescence emission of 

NADH is statistically significant for determining a best fit of the biexponential 

fluorescence decay using SPC Image analysis.  These results are useful because 

polarization dependence is typically overlooked to acquire a better signal-to-noise ratio.  

Thus, we conclude that NADH distribution in metabolism shifts due to the oxidative 

stress placed upon enzymatic complexes present in the ETC of mitochondria in addition 

to cytosolic pathways (i.e., glycolysis).   

 

In order to examine the effects of oxidative stress on the binding kinetics of NADH with 

cellular enzymes, we carried out time-resolved anisotropy measurements on living cells 

(Chapter 5). These measurements also allow us to monitor changes in the local 

environment surrounding NADH upon hydrogen-peroxide-induced oxidative stress. Our 
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results show that two populations of free and enzyme-bound NADH exist at equilibrium 

under resting conditions as revealed by the observed associated anisotropy decays. The 

relative fraction of each population seems indifferent to oxidative stress, which suggests 

that cells adapt to environmental hazards by seeking equilibrium states associated with 

energy metabolism and biochemical redox reactions. In addition, we found that the 

viscosity of the local environment surrounding NADH in living cells increases upon 

hydrogen peroxide treatment, which was attributed to a likely mitochondrial swelling. 

Complementary studies on NADH titrated with lactate dehydrogenase in a controlled 

environment (PBS buffer, pH 7.4) confirm our interpretation of the time-resolved 

anisotropy of cellular NADH in cultured cells. Taken together, our results suggest that 

NADH can effectively be used as an intracellular biomarker for oxidative stress. 

However, care attention should be paid to the experimental observable and fitting 

parameters and experimental designs. Collectively, these studies will prove helpful in 

developing noninvasive and quantitative diagnostic assays for environmental assaults and 

diseases on human health. 

 

Going forward, there are a few possible directions for this project. For example, we are 

planning to explore the response of alternative cell lines to oxidative stress modalities 

prior to generalizing our findings here. We will also extend the same set of experiments 

on rotenone-induced oxidative stress and perhaps other stress agents in order to examine 

the underlying mechanism of NADH sensitivity to cell stress. Finally, we will explore the 
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sensitivity of another intracellular coenzyme, FAD, as a natural biomarker to 

environmentally-induced oxidative stress.  
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