
ABSTRACT  
 
 

FLUORESCENT DETERMINATION OF CARDIOLIPIN 
USING 10-N-NONYL ACRIDINE ORANGE 

 
by Pakritsadang Kaewsuya 

 
 
 

 Cardiolipin (CL) plays an essential role as a marker for cell apoptosis. Quantitative 

detection of phospholipids (PLs) by UV absorbance is problematic due to the presence of 

only isolated double bonds in the structure. Although 10-N-nonyl acridine orange (NAO) 

has been utilized for fluorescent detection of liposomes and mitochondria through its 

interaction with CL, specific quantitative determination of CL in solution using NAO is 

uncommon.  In this work, we have developed a fluorescence quenching method for CL 

using NAO. The optimum excitations are 499 and 518 nm at low and high NAO 

concentration, respectively. The optimum emissions are varied from 518 to 530 nm. The 

interaction of sodium n-dodecyl sulfate (SDS), sometimes used for lipid extraction from 

cells, and other PLs such as phosphatidic acid (PA), phosphatidylcholine (PC), 

phosphatidylethnolamine (PE), phosphatidylglycerol (PG), phosphatdiylserine (PS), 

sphingomyelin (SM) and cholesterol, with NAO is investigated. The fluorescence intensity 

of 0.5 µM NAO signal is strongly quenched by SDS below 25% methanol in water. With     

a methanol content above 50%, no quenching of NAO by SDS or the PLs with the exception 

of PG above 8 µM is observed. 

Using 50-50 methanol-water, the fluorescence as a function of reaction time for the 

NAO-CL interaction is quite stable from 3 to at least 15 min. Concentrations of 5, 10, 20, 

and 50 µM NAO are considered and 20 µM NAO provides a linear fluorescence response 

from   0.2 – 10 µM CL. The detection limit is 0.2 µM and the limit of quantification is 0.6 

µM. Acridine orange (AO) and phenosafranin (PSF) dyes are less effective as fluorescent 

probes for CL. CL in whole cell and membrane samples is quantitatively determined by 

standard addition to be in the 0.2-1.5 µM range. The increase of CL as compared to the 

controls is not significantly different in all samples subjected to cell death using 

staurosporine. 



 

 
FLUORESCENT DETERMINATION OF CARDIOLIPIN 

USING 10-N-NONYL ACRIDINE ORANGE 

 
 

A Thesis 
 
 

Submitted to the Faculty of Miami University 
 

in partial fulfillment of  
 

the requirements for the degree of  
 

Master of Science  
 

Department of Chemistry and Biochemistry 
 

by 
 

Pakritsadang Kaewsuya 
 

Miami University 
 

Oxford, Ohio 
 

2007 
 
 
 
 
 
 

Advisor____________________________ 
      Dr. Neil D. Danielson 

 
Reader____________________________ 

Dr. Thomas L. Riechel 
 

Reader____________________________ 
Dr. Shouzhong Zou 

 
Reader____________________________ 

Dr. Richard L. Bretz 



 ii

TABLE OF CONTENTS 

Page 

List of Figures   iii

List of Tables vi

List of Abbreviations and Symbols vii

Dedications ix

Acknowledgements x

Chapter 1         Introduction and Background  1

Section 1.1        Fluorescence Spectroscopy   2

Section 1.2        Fluorescent Probes   6

Section 1.3        Cell Membrane and Phospholipids   10

Section 1.4        Cardiolipin   12

Section 1.5        Purpose   19

References 20

Chapter 2         Fluorescent Determination of Cardiolipin using 10-N-Nonyl           

                          Acridine Orange  

 

 24 

Section 2.1        Introduction   25

Section 2.2        Experimental   27

Section 2.3        Results and Discussion   33

Section 2.4        Conclusions  64

References 65

Appendix 69

 

 

 

 

 

 

 

 

 



 iii

LIST OF FIGURES 

Page 

Figure 1.1 A simple Jablonski diagram. 3

Figure 1.2 Components of a spectrofluorometer. 5

Figure 1.3 Examples of (a) intrinsic probes and (b)-(c) extrinsic covalently 

bound probes. 7

Figure 1.4 Examples of hydrophobic, hydrophilic or amphiphilic probes. 9

Figure 1.5 Biomembrane structure.     10

Figure 1.6 Structure of a typical phospholipid (phosphatidylcholine). 11

Figure 1.7 (a) Phospholipid bilayer and (b) micelle. 12

Figure 1.8 Structure of typical CL with fatty acyl groups (R1, R2, R3, and R4). 13

Figure 1.9 Structure of 1, 1΄, 2, 2΄-tetralinoleoyl cardiolipin (CL, 18:2). 15

Figure 1.10 Structure of 1, 1΄, 2, 2΄-tetraoleoyl cardiolipin (CL, 18:1). 16

Figure 1.11 Structure of a typical mitochondrion.   18

Figure 2.1 Structure of 10-N-nonyl acridine orange (NAO). 27

Figure 2.2 Structures of surfactants. 30

Figure 2.3 Structures of (a) acridine orange (AO) and (b) phenosafranin (PSF). 32

Figure 2.4 Visible absorbance spectra of 0.5-100 µM NAO in 50% methanol. 35

Figure 2.5 (a) Fluorescence excitation and emission spectra of 0.5 µM NAO in 

50% methanol (slit widths = 2.5 nm). 

(b) Fluorescence excitation and emission spectra of 1.0 µM NAO in 

50% methanol (slit widths = 2.5 nm). 

(c) Fluorescence excitation and emission spectra of 10 µM NAO in 

50% methanol (slit widths = 2.5 nm). 

(d) Fluorescence excitation and emission spectra of 20 µM NAO in 

50% methanol (slit widths = 2.5 nm).  

(e) Fluorescence excitation and emission spectra of 50 µM NAO in 

50% methanol (slit widths = 2.5 nm).  

(f) Fluorescence excitation and emission spectra of 100 µM NAO 

in 50% methanol (slit widths = 2.5 nm) 

36

37

38

39

40

41



 iv

 Page

Figure 2.6 The fluorescence intensity of emission at different concentrations of 

NAO in 50% methanol (λexcit. / λemiss. = 450/530 nm, 499/430 nm, 

and 518/530 nm, slit widths = 2.5 nm). 42

Figure 2.7 Effect of methanol contents (25%, 50%, 60%, and 75%) in water on 

the fluorescence interaction between NAO (50 µM) and various 

concentrations CL. (λexcit. / λemiss. = 518/530 nm, slit widths = 2.5 

nm). 43

Figure 2.8 Effect of methanol content (0%, 5%, 10%, and 25%) in water on the 

fluorescence interaction between 0.50 µM NAO and SDS at 

different concentrations. (λexcit. / λemiss. = 499/518 nm, slit widths = 5 

nm). 44

Figure 2.9 Effect of methanol contents (50%, 75%, and 100%) in water on 

interaction between 0.50 µM NAO and SDS at different 

concentrations. (λexcit.. / λemiss. = 499/518 nm, slit widths = 5 nm). 45

Figure 2.10 Fluorescence decay curve of NAO in 50% MeOH at low 

concentrations (0.05 µM, 0.1 µM, 0.2 µM, 0.3 µM, and 0.4 µM, 

λexcit. / λemiss. = 496/518 nm, slit widths = 5 nm). 46

Figure 2.11 Fluorescence decay curve of NAO in 50% MeOH at high 

concentrations (1 µM, λexcit. / λemiss. = 499/518 nm, slit widths = 5 

nm), (20 µM, and 10 µM λexcit. / λemiss. = 518/530 nm, slit widths = 

2.5 nm). 47

Figure 2.12 Fluorescence-reaction time profiles for various ratios of CL to NAO 

concentrations in 50% MeOH (2/1, λexcit. / λemiss. = 496/518 nm, slit 

widths = 5 nm), (2/10, 2/20, 10/20, and 20/20, λexcit. / λemiss. = 

518/530 nm, slit widths = 2.5 nm).  48

Figure 2.13 Fluorescence profiles using a low concentration of NAO (0.1 µM) as 

a function of concentration for various PLs ((PA, 12:0), (PA, 18:0), 

(PC, 18:1), (PG, 18:0), and (PS, 180.5), λexcit. / λemiss. = 499/518 nm, 

slit widths = 5 nm). 50



 v

 Page

Figure 2.14 Fluorescence profiles using a high concentration of NAO (20 µM) 

as a function of concentration for various PLs ((PA, 18:0), (PC, 

18:1), (PG, 18:0), and (PS 18:05), (λexcit./ λemiss. = 518/530 nm, slit 

widths = 2.5 nm). 51

Figure 2.15 Linearity of fluorescence as a function of cardiolipin concentration 

using NAO in 50 % methanol at 5 µM (-ҳ-), 10 µM, (λexcit. / λemiss. = 

499/530 nm, slit widths = 2.5 nm), 20 µM, and 50 µM, (λexcit. / λemiss. 

= 518/530 nm, slit widths = 2.5 nm).  52

Figure 2.16 Fluorescence calibration curve of CL with 20 µM NAO in 50% 

methanol in water, (λexcit. / λemiss. = 518/530 nm, slit widths = 2.5 

nm). 53

Figure 2.17 Visible absorbance curves of various CL concentrations at different 

concentrations of NAO (10 µM and 20 µM) (λabs.= 497 nm) 55

Figure 2.18 Comparison of fluorescence profiles using NAO 20 µM (λexcit/ λemiss 

= 518/530 nm, slit width = 2.5/2.5 nm), AO 20 µM (λexcit/ λemiss = 

499/524 nm, slit width = 2.5/2.5 nm), and PSF 20 µM (λexcit/ λemiss = 

522/570 nm, slit width = 5/5 nm) as the various concentrations of 

CL. 56

Figure 2.19 Predicted interaction of AO and CL. 57

Figure 2.20 Predicted interaction of NAO and CL. 58

Figure 2.21 Predicted interaction of AO and CL. 59

  

 

 

 

 

 

 

 

 



 vi

LIST OF TABLES 

           Page 

Table 1.1 Main molecular species of mammalian cardiolipin. 14

Table 1.2 Phospholipid compositions of organelle membranes from rat liver. 17

Table 2.1 The fluorescence intensity (FI) values of samples spiked with 1 µM 

CL and recovery ratios. 60

Table 2.2  CL concentration in various cell membrane samples. 63

  

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 vii

LIST OF ABBREVIATIONS AND SYMBOLS 

 

AO Acridine Orange 

ADP Adenosine Diphosphate 

ATP Adenosine Triphosphate  

CL Cardiolipin 

Cer ceramides 

DPH 1,6-Diphenyl-1,3-5-hexatriene 

FI Fluorescence intensity 

FRET Fluorescence Resonance Energy Transfer  

FW Formula weight 

Gb glycosphingolipids  

HPLC High Performance Liquid Chromatography 

LC Liquid Chromatography 

k Rate constant 

kr Rate constant for fluorescence 

knr Rate constant for the competing non-radiative route 

µM Micromoles per liter 

MW Molecular Weight 

NADP Nicotinamide Adenine Dinucleotide Phosphate 

NAO 10-N-Nonyl Acridine Orange 

ppm Part per million 

PSF Phenosafranin  

PLs Phospholipids  

PA Phosphatidic acid 

PC Phosphatidylcholine  

PE Phosphatidylethanolamine 

PG Phosphatidylglycerol 

PI Phosphatidylinositol  

PS Phosphatidylserine 

SM Sphingomyelin 



 viii

rpm Revolution per minute 

SDS Sodium n-Dodecyl Sulfate  

TG Triglycerides 

UV Ultraviolet-Visible 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 ix

DEDICATION 

 

To my father, Chim, my mother, Pow, my sisters, Sunee, Ratiya, Kammul and Chayaporn 

and my brothers, Wichan and Korakort. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 x

ACKNOWLEDGEMENT 

 

I would like to express my sincerest gratitude to Dr. Neil D. Danielson, Chairperson 

and thesis advisor, for his professional guidance on my research and for his kindness, 

hospitality, and encouragement.  

I also appreciate my thesis committee, Dr. Thomas L. Riechel, Dr. Shouzhong Zou, 

Dr. Richard L. Bretz and Dr. Gary A. Lorigan for their valuable suggestions.    I have been 

extremely fortunate having them as my committee. Also thanks to Daryoush Ekhterae at the 

Department of Surgery, School of Medicine, University of Pennsylvania, Philadelphia who 

provided the membrane samples. 

Appreciation is extended to my coworkers in the lab, Martin M. Waichigo, Erin 

Myers and all of my friends for their help and friendship, particularly, Nathan P. Grove and 

Joshua D. Miller and Christopher H. Landis who are my lab assistants. Specially, I express 

my thanks to my mother and father for encouraging me to get through everything, and my 

special sister, Sunee Kaewsuya, who passed away in January, 2000; she is the one who 

always supported and encouraged me whenever I felt unconfident and sad, and also thanks 

to my brothers and sisters for their love and encouragement. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 1 

 

INTRODUCTION AND BACKGROUND 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 2

SECTION 1.1: FLUORESCENCE SPECTROSCOPY 

 For microscopy techniques, fluorescence is currently probably the most widely used 

analytical detection technique other than the eye. It enables the molecular composition of the 

structures being observed to be identified through the use of fluorescently-labeled probes of 

high chemical specificity. The reason for the high sensitivity of fluorescence techniques is 

that the emission signal is measured above a low background level due to elimination of 

light source interference. This is inherently more sensitive than comparing two relatively 

large signals as in absorption spectroscopy. The sensitivity of fluorescence techniques is as 

much as 1000 times more sensitive than absorption spectroscopy (1-2). 

 Fluorescence is the result of a three stage process that occurs in molecules of certain 

structure (generally polyaromatic hydrocarbons or heterocycles) called fluorophores or 

fluorescent dyes (3-4). A fluorescent probe is often a fluorescent dye designed to localize 

within a specific area of a biological specimen. The process responsible for fluorescence is 

illustrated by the simple electronic state diagram (Jablonski diagram) shown in Fig. 1.1. 

Stage 1: Excitation 

 In the ground state, the molecule will be in the lowest vibrational energy levels of S0. 

At room temperature the higher vibrational energy level is usually not populated. A photon 

of energy (hνA) supplied by an external UV or visible light source is absorbed by the 

fluorophore, creating an excited electronic singlet state (S1, S2). The magnitude of the 

absorbed energy determines which vibrational level, S1 or S2, becomes populated. This 

process is very fast and happens within 10-15 s. 

Stage 2: Excited-State Lifetime 

 The excited state exists for a finite time which occurs typically for 1–10 

nanoseconds. During this time, the fluorophore undergoes conformational changes and is 

also subject to a multitude of interactions with its molecular environment. These processes 

have two important consequences. First, the energy of S1 is partially dissipated, yielding a 

relaxed singlet excited state (S1) from which fluorescence emission initiates. The second is 

not all of the molecules excited by light absorption return to the ground state (S0) by 

fluorescence emission. A non-radiative route is quite likely. Other processes such as 

collisional quenching and fluorescence resonance energy transfer (FRET) can be affected. 



 3

FRET is non-radiative transfer of energy from an excited donor fluorophore to an acceptor 

fluorophore. FRET results in the excitation of the nearby acceptor fluorophore that emits a 

photon when it returns to the ground state. The fluorescence quantum yield, which is the 

ratio of the number of fluorescence photons emitted to the number of photons absorbed, is a 

measure of the relative extent to which these processes occur. The response of a fluorophore 

will depend on the molar absorptivity and the quantum yield.  

Stage 3: Fluorescence Emission 

 A photon of energy (hνF) is emitted, returning the fluorophore to its ground state S0 

and the fluorescence spectrum is generally independent of the excitation wavelength. The 

energy of this photon is lower because of energy dissipation during the excited-state 

lifetime. Therefore, a longer wavelength is observed in relation to the excitation photon 

(hνA). The difference in energy or wavelength represented by (hνA - hνF) is called the Stokes 

shift (see Fig. 1.1). The Stokes shift is observed because of the energy lost from a higher 

excited state to the lowest excited state due to vibrational relaxation or internal conversion. 

The Stokes shift is a fundamental of the sensitivity of fluorescence techniques because it 

allows emission photons to be detected against a low background which is isolated from 

excitation photons.  

 

Figure 1.1 A simple Jablonski diagram. Electronic singlet states, S0, S1, and S2, and three 

vibrational energy levels are shown (hνA and hνF represent absorption and fluorescence, kr is 

the rate constant for fluorescence, and knr is the rate for the competing non-radiative route). 
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Fluorescence Instrumentation 

 The sensitivity of fluorescence is dependent on both the fluorophore and the 

instrument. Fluorescence instruments are primarily of four types, each of them providing 

particularly different information (2-3).  

 1) Spectrofluorometers and microplate readers measure the average properties of 

bulk samples.  

 2) Fluorescence microscopes resolve fluorescence as a function of spatial 

coordinates in two or three dimensions for microscopic objects. 

 3) Fluorescence scanners, including microarray readers, determine fluorescence as a 

function of spatial coordinates in two dimensions for macroscopic objects such as 

electrophoresis gels, blots, and chromatograms.  

 4) Flow cytometers measure fluorescence per cell in a flowing stream, allowing 

subpopulations within a large sample to be identified and quantitated.  

 A typical component of a fluorometer is composed of four essential elements of 

fluorescence detection systems: 

 1) An excitation source  

 2) A clear four sided quartz cuvette  

 3) Wavelength filters to isolate emission photons from excitation photons and  

 4) A detector  

 

 Molecules in solution are usually excited by UV light. The excitation source is 

usually a deuterium or xenon lamp. Broad-band excitation light from a lamp passes through 

an excitation monochromator, which passes only a selected wavelength. If a laser is used as 

the source, the excitation monochromator is not needed. The fluorescence is dispersed by 

emission monochromator and detected by a photomultiplier tube. Scanning the excitation 

monochromator gives the excitation spectrum, while scanning the emission monochromator 

gives the fluorescence spectrum. A block instrument diagram is shown in Fig. 1. 2.  
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Figure 1.2 Components of a spectrofluorometer. 

 

Fluorescence Signals 

 Fluorescence intensity is quantitatively dependent on the same parameters as 

absorbance which is defined by the Beer–Lambert law as the product of the molar extinction 

coefficient, optical path length, and solute concentration. In dilute solutions, fluorescence 

intensity is linearly proportional to these parameters. When sample absorbance exceeds 

about 0.05 in a 1 cm pathlength, the relationship becomes nonlinear and measurements may 

be distorted by artifacts such as self-absorption and the inner-filter effect (2-3). Because 

fluorescence quantitation is dependent on instrument settings such as slit widths, fluorescent 

reference standards are essential for calibrating measurements made at different times or 

using different instrument configurations.  

 

 

Source Excitation 
monochromator

Sample 
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Emission 
monochromator 

Detector Recorder Amplifier 

       Slit 
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SECTION 1.2: FLUORESCENT PROBES 

 To detect an analyte with a fluorescent detector, the analyte must naturally fluoresce 

or be tagged with a fluorescent dye.  For a molecule giving fluorescence naturally, it must 

meet some structural requirements. The compounds should contain fused ring aromatic 

functional groups with low energy π → π* transition levels such as indole nitrogen 

heterocycles. 

 Fluorophores currently used as fluorescent probes offer sufficient permutations of 

wavelength range, Stokes shift and spectral bandwidth to meet requirements imposed by 

instrumentation. The fluorescence output of a given dye depends on the efficiency of which 

it absorbs and emits photons, and its ability to undergo repeated excitation/emission cycles. 

Absorption and emission efficiencies are most handily quantified in terms of the molar 

extinction coefficient (ε) for absorption and the quantum yield for fluorescence. Both are 

constants under specific environmental conditions. The value of ε is specified at a single 

wavelength which is generally the absorption maximum, whereas the quantum yield is a 

measure of the total photon emission over the entire fluorescence spectral profile. 

Fluorescence intensity per dye molecule is proportional to the product of ε and the quantum 

yield. The range of these parameters among fluorophores of current practical importance is 

roughly 5000 to 200,000 cm-1M-1 for ε and 0.05 to 1.0 for the quantum yield (8).  

 Because of a consequence of the strong influence of the surrounding medium on 

fluorescence emission, fluorescence molecules are currently used as probes for the 

investigation of physicochemical, biochemical, and biological systems. Fluorescent probes 

can offer important information in various fields including biological membranes, proteins, 

nucleic acids, surfactant solutions, polymers, solid surfaces, living cell, and 

fluoroimmunochemistry (6-7).  The fluorescent probes can be classified into three categories 

(8); 

1) Intrinsic probes. They are ideal probes such as tryptophan (Fig. 1.3a) used as a 

fluorescence probe to obtain information about protein tertiary structure in solid 

state on beta-lactoglobulin (βLg) and interferon alpha-2a (IFN) (9). An exciting, 
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new development for biological studies has been the expansion of the use of 

naturally fluorescent proteins as fluorescent probes. 

2) Extrinsic covalently bound probes.  Examples of this type which are attached to 

phospholipids and polystyrene are shown in Fig. 1.3b-c. Liposomes containing   

5 mol % acyl chain labeled 3-palmitoyl-2-(1-pyrenedecanoyl)-L-alpha-

phosphatidylcholine has been used to bind annexin V (proteins that bind to 

membranes). A decrease in the excimer-to-monomer fluorescence ratio was 

observed (10). Polystyrene were studied as a function of molecular weight using 

the fluorescence response of anthracene chemically bonded to the polymer chain 

ends. The fluorescence spectra of the anthracene were collected at 380 and 

600 nm for an excitation and emission, respectively (11). 

 
H
N

NH2HOOC  
(a) tryptophan 

O

O

O

O

O
P

O

O

O

N

 
  (b) 3-palmitoyl-2-(1-pyrenedecanoyl)-L-α-phosphatidylcholine 

 

Figure 1.3 Examples of (a) intrinsic probes and (b)-(c) extrinsic covalently bound probes. 
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  (c) polystyrene labeled with anthracene 

 

Figure 1.3 Examples of (a) intrinsic probes and (b)-(c) extrinsic covalently bound probes. 

(cont.) 

3) Extrinsic noncovalently associating probes. The synthesis of molecules with 

covalently bound specific probes can be difficult so noncovalently associating 

probes have become more important. The specific interactions can be governed 

by their chemical nature. The hydrophobic, hydrophilic, or amphiphilic property 

of this probe is practically significant. Some examples are shown in Fig 1.4. 

Especially, 1,6-diphenyl-1,3-5-hexatriene (DPH) has been widely used as a 

fluorescent probe for post-column detection  for  phosphatidylchlolines (PC), 

triglycerides (TG), glycosphingolipides (Gb) and ceramides (Cer) in microbore-

liquid chromatography (12-14). DPH exhibits weak fluorescence in water but 

enhanced fluorescence in a nonpolar (lipid) environment. Asymmetric 

chromatographic peaks for a PC mixture were observed when the percentage of 

water was optimized at 12.5% in methanol. Solubility of DPH is limited so a 

higher percent water in methanol which would result in a lower fluorescence 

background could not be used. This technique provides a wide range of linear 

response of PC concentrations from 5 ppm to 100 ppm. This detection approach 

generated a linear response with a variety of PLs which is contrast to evaporative 

light scattering detection (ELSD).          1-Pyrenedodecanoic acid (anionic 

membrane probe) has been used to study the uptake of fluorescent fatty acids into 

cultured cells (15). 
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 For some molecules are not fluorescent; indirect fluorometric detection can be 

applied. Fluorescence quenching, one of these indirect methods, is a process which 

decreases the intensity of the fluorescence emission. Fluorescence quenching is the result of 

molecular interactions including possibility of molecular rearrangements, excited-state 

reactions, collisional quenching, energy transfer, and ground state complex formation. A 

novel oligonucleotide probe consists of a fluorophore and an intercalator. Its fluorescence 

was quenched by the intercalator in the absence of a target sequence. The probe emitted 

marked fluorescence due to the interference in quenching by intercalation when having 

hybridization with a target sequence (16).  

 

 

 
 (a) 1,6-diphenyl-1,3-5-hexatriene (DPH) 

 

N+

O3S

 
 (b)  1-(4-trimethylammoniumphenyl)-6-phenyl-1,3-5-hexatriene (TMA-DPH) 

 

OH

O

 
 (c) 1-pyrenedodecanoic acid 

 

Figure 1.4 Examples of hydrophobic, hydrophilic or amphiphilic probes.  
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SECTION 1.3: CELL MEMBRANE AND PHOSPHOLIPIDS 

 Cells are surrounded by membranes composed of proteins and lipids such as 

phospholipids (PLs). The purpose of the membrane is to control what goes in and out of the 

cell and to permit communication with other cells, for example through receptors on the 

surface. Biomembranes are not rigid but exhibit considerable movability. The fluid mosaic 

model of the membrane is shown in Figure 1.5. A membrane or phospholipid bilayer is a 

two-dimensional, spherical shape separating an inside section from an outside section. 

Membranes are barriers for hydrophilic molecules and ions because of the hydrophobic core 

of the phospholipid bilayer. 

 

 
Figure 1.5 Biomembrane structure.   

(http://www.people.virginia.edu/~rjh9u/cellmemb .html) 

 In addition to lipids, a membrane also contains proteins that control the transport of 

hydrophilic and charged, and varied size molecules in and out of the cell and intracellular 

organelles. The importance of the lipid bilayer membrane is its ability to function as an 

electrical capacitor. This enables charge separation and thus the storage of electro-chemical 

energy in the form of ion gradients.  
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 The main structural components of biological membranes are the phospholipids.  A 

phospholipid molecule consists of a hydrophilic polar head group (which points towards the 

outside environment and the cytoplasm) and a hydrophobic tail. The polar head group 

contains one or more phosphate groups. Most phospholipid head groups belong to 

phosphoglycerides, which contain glycerol joining the head and the tail (17-18).  Examples 

of phosphoglycerides include phosphatidylcholine (PC), phosphatidylserine (PS), 

phosphatidylethanolamine (PE), and phosphatidylinositol (PI). The hydrophobic tails, made 

up of fatty acyl chains, repel the water and point in.  The fatty acyl chain in biomembranes 

usually contains an even number of carbon atoms and may be saturated or unsaturated. The 

typical phospholipid is shown in Figure 1.6. 

 The phospholipids are the hydrophilic circles with hydrophobic tails. Since most of 

the cell and area surrounding the cell are made up of water, these fatty acid tails always push 

away from the water. This causes a bilayer as a micelle, which is a single layer circle of 

phospholipids with the tails pointing in shown in Figure 1.7.  

 Since the fatty chains can vary in length and degree of unsaturation, each PLs class 

has numerous molecular species with different chemical and biological properties. Thus 

identification and quantitation of PLs in biological samples has been of great interest. It was 

found that the level of PLs was decreased in blood plasma and increased in erythrocytes of 

sickle cell patients when compared to normal subjects. The tumorous tissue of liver cancer 

contains less PLs than normal tissue (17-18).   

C
O

CH2

O

C
O

CH

O H2C O P

O

O

O
N

Fatty acid

Glycerol

Phosphate

Choline

Hydrophobic tail Hydrophilic polar head group  
Figure 1.6 Structure of a typical phospholipid (phosphatidylcholine). 
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                             (a)                                                                              (b)  

Figure 1.7 (a) Phospholipid bilayer and (b) micelle. 

(http://courses.cm.utexas.edu/jrobertus/ch339k/overheads-2/ch12_lipid-bilayer.jpg) 

 There are 10 different main types of lipids in cell membranes from rat liver. Each 

type of cell will have a differing percentage of each lipid, protein, and carbohydrate. The 

main types of lipids are;  

-cholesterol  

-diphosphatidylglycerol (cardiolipin (CL)) 

-glycolipids 

-phosphatidylethnolamine 

-phosphatidylinositol 

-phosphatidylcholine 

-phosphatidylserine 

-phosphatidylglycerol 

-phosphatidic acid and 

-sphingomyelin 

 

 

SECTION 1.4: CARDIOLIPIN  

 Among PLs, cardiolipin is a unique PL with a dimeric structure, four fatty acid 

chains, and two negative charges linked by a glycerol backbone. The structure is shown in 

Fig. 1.8. Each phosphate group of cardiolipin contains one acidic proton, but these protons 
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have varying acidic properties (pK1 = 2.8 and pK2 > 7.5). The weak acidity of the second 

phosphate is probably due to formation of a stable intramolecular hydrogen bond with the 

central 2’-hydroxy group (19-20).  CLs have been noted for the unique, usually C18 fatty 

acid chains. The data in Table 1.1 shows the different CL forms for the bovine heart and rat 

liver. The diacylglycerol groups in this case compose most of 18:2-18:2, 18:2-18:1, and 18:3 

(21-22).   

 

O P

O

O O

OH

H

O

OR1

P

O

O

O

O

H

O

O

R2
R3

R4

 

 

Figure 1.8 Structure of typical CL with fatty acyl groups (R1, R2, R3, and R4).  

 CL is the most abundant in mammalian hearts from which most commercial 

cardiolipin is obtained. The majority of CL found in bovine heart is the linoleoyl chain (CL-

18:2) as shown in Fig. 1.9, comprising 87% of all aliphatic long chains (23-24).  The oleoyl 

group (Fig. 1.10) is present in about 8% of all fatty acyl chains.  

 CL is not present in all eukaryotic cell membranes and is synthesized in prokaryotes 

as well (20, 25). CL is a considerable component (18%) of the mitochondrial inner 

membrane as shown in Table 1.2 (26). CL is crucial for the functionality of several 

mitochondrial proteins. Its distribution between the inner and outer leaflet of the 

mitochondrial internal membrane is crucial for ATP synthesis (Fig. 1.11).  
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Figure 1.9 Structure of 1, 1΄, 2, 2΄-tetralinoleoyl cardiolipin.  

(* 18 and 2 = no. of carbon and double bond in each fatty acyl chain, respectively) 
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Figure 1.10 Structure of 1, 1΄, 2, 2΄-tetraoleoyl cardiolipin.  
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Figure 1.11 Structure of a typical mitochondrion.   

(http://en.wikipedia.org/wiki/Mitochondrial_membrane#_note-Alberts) 

 

 Mitochondria serve as “cellular power plants" because their primary function is to 

convert organic materials into energy in the form of ATP via the process of oxidative 

phosphorylation. CL as an important constituent of the inner mitochondrial membrane 

serves as an insulator and stabilizes the activity of protein complexes important to the 

electron transport chain. Moreover, the CL level in the mitochondrial membrane is used as a 

marker of many diseases. It was discovered that cytochrome c was released from 

mitochondria and mitochondrial CL level decreased in apoptosis disease (22-23, 28-31). CL 

levels also decreased in other diseases such as thyroid dysfunction (32-33), aging, and 

oxidative stress (34-37). 
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SECTION 1.5: PURPOSE  

  In this study, we have developed a fluorescence quenching method for detection of 

CL using 10-N-nonyl acridine orange (NAO) dye as a fluorescent probe. The phospholipid 

probe DPH discussed previously is not expected to offer specificity for CL. Many previous 

studies have used NAO as a fluorescent probe for CL detection, in vivo, on different models 

of artificial membranes, liposomes, and also extended to mitochondria in different 

respiratory states (38-43). Our overall goal is to investigate fluorescence methods in 

solution, in vitro, for CL and other PLs. Application of method for automation using flow 

injection and possibly liquid chromatography is envisioned. 
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SECTION 2.1: INTRODUCTION  

Cardiolipin (CL) is found almost exclusively in the inner membranes of 

mitochondria. The role of CL in biological membranes is as a proton trap within membranes 

that accomplish oxidative phosphorylation leading to ATP synthesis (1, 2). The reducing 

potential of mitochondrial NADH is used to supply the energy for ATP synthesis via 

oxidative phosphorylation. Oxidation of NADH with phosphorylation of ADP to form ATP 

is supported by the mitochondrial electron transport assembly and ATP synthase. Two 

principal conditions are required to precede an oxidative phosphorylation. First, the inner 

mitochondrial membrane must be physically intact so that protons can only re-enter the 

mitochondrion by a process coupled to ATP synthesis. Secondly, a high concentration of 

protons must be present on the outside of the inner membrane. 

Mitochondria are involved in many types of apoptosis or programmed cell death. 

Apoptosis has been identified recently as a component of much cardiac pathology (3-4). 

Detachment of cytochrome c from the mitochondrial inner membrane is a necessary first 

step for cytochrome c release into the cytosol and initiation of apoptosis (5-9).  A decrease 

of CL in the mitochondrial inner membrane is utilized as a marker for cell apoptosis (10-14). 

Also loss of CL content in mitochondria has been found from rat heart subjected to isomia 

and ischemia-reperfusion (15-16) and in patients with rheumatoid arthritis which is a 

chronic inflammatory disease (17). The CL level is also decreased during the course of 

human-aging (18).  

Quantitative detection of phospholipids (PLs) by UV absorbance is problematic due 

to the lack of chromophores in the structure and few fluorescent methods have been 

developed. Aminophospholipids can be derivatized with 1-dimethylaminonaphthalene-5-

sulfonyl chloride and succinimidyl 2-naphthoxyacetate with fluorescence detection (19). 

Some phospholipids through interaction with fluorescent compounds can change the 

fluorescence emission. For example, 1, 6-diphenyl-1, 3, 5-hexatriene (DPH) has been used 

in conjunction with microbore liquid chromatography as a fluorescent probe for 

phosphatidylcholine (PC) and other phospholipids classes (20-21). The interaction 

phenosafranin (PSF) - (3, 7-diamino-5-phenylphenazinium chloride) with PC was followed 

with fluorescence at 572 nm (22). Both DPH and PSF are not expected to be effective 
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probes for CL detection because DPH is able to bind to many kinds of phospholipids and 

PSF has a phenyl not a long chain alkyl substitutes. 

Recently 10-N-nonyl acridine orange (NAO), structure shown in Fig. 2.1, was mostly 

used as a specific fluorescence probe for CL detection in vivo. The incorporation of NAO in 

inner mitochondrial membranes has been detected as the red fluorescence emitted by 

formation of NAO dimers (23). Increasing amounts of CL in thin-walled vesicles added to 

NAO changed the green fluorescence (525 nm) to red fluorescence (640 nm). Also NAO has 

been utilized for fluorescent detection of liposomes and mitochondria through its interaction 

with CL (24-28). However, specific quantitative determination of CL in solution using NAO 

is still unrevealed.   

NAO has been added to mitochondrial samples isolated from NS1 cell grown for 

determination of cardiolipin. They used capillary electrophoresis detection with laser-

induced fluorescence detection at 495 nm and 525 nm for excitation and emission, 

respectively (29). NAO also can be added to the running electrolyte for visible 

spectrophotometric detection of CL by capillary electrophoresis (CE) (30). A 0.1 mM 

solution of NAO was used for CL absorbance detection at 497 nm in on-line CE but low 

sensitivity and nonlinear calibration curves as sub µM CL levels were limitations (30). The 

0.1 mM NAO concentration was too high for use with conventional flow injection or liquid 

chromatography spectrophotometric detection. 

In this work, we have developed a fluorescence quenching method for CL using 

NAO. The excitation and emission wavelengths were optimized. To ensure specific 

interaction of NAO with CL in the presence of a surfactant or other PLs, the percentage of 

methanol in the solvent was optimized. The optimization of NAO concentration was studied. 

The linearity, detection limit (DL), and limit of quantification (LOQ) were also estimated for 

this method. The sensitivity was compared between fluorescent and UV-visible methods. 

The selectivity of the NAO dye was also compared to other analogous dyes, acridine orange 

(AO) and PSF. CL in spiked cell extract samples was determined with good recovery. 
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Figure 2.1 Structure of 10-N-nonyl acridine orange (NAO). 

 

SECTION 2.2: EXPERIMENTAL 

Chemicals and Materials 

 Cardiolipin, 1, 1’, 2, 2’-tetralinoleoyl cardiolipin, (heart, bovine, CL, 18:2, FW = 

1493.92) was purchased from Avanti Polar Lipids Inc. (Alabaster, AL). Other phospholipids 

such as 1,2-dilauroyl-sn-glycero-3-phosphate (PA, 12:0, FW = 557.65), 1,2-distearoyl-sn-

glycero-3-phosphate (PA, 18:0, FW =725.98), 1,2-dioleoyl-sn-glycero-3-phosphocholine 

(PC, 18:1, FW= 786.15), 1,2-distearoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (PG, 18:0, 

FW= 801.07), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (PE 18:0, FW = 748.08), 

L-α-phosphatidylserine (PS 18:05, FW= 812.05), sphingomyelin (SM) were also purchased 

from Avanti Polar Lipids Inc. (Alabaster, AL). Cholesterol was purchased from Aldrich. All 

structures of biological surfactants and SDS are shown in Fig. 2.2. N-nonyl acridine orange, 

(3, 6-bis (dimethylamino)-10-nonylbromide), (NAO, FW = 472.51) was obtained from 

Molecular Probes, Portland, OR. Acridine orange, 3, 6-bisdimethylaminoacridine, (AO, FW 

= 265.36) was purchased from Aldrich and the structure is shown in Fig. 2.3. Phenosafranin, 

3, 7-diamino-5-phenylphenazinium chloride, (PSF, FW = 322.79) was purchased from 

Sigma-Aldrich; the structure is also shown in Fig. 2.3. Methanol (HPLC grade, 99.9% v/v) 
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and absolute ethanol (HPLC grade) were obtained from Pharmaco Products Inc. Sodium 

dodecyl sulfate (SDS,    FW = 288.38) was from Aldrich. Distilled, deionized, filtered water 

was generated using an E-Pure water treatment system (Barnstead / Thermolyne, Dubuque, 

IA).The whole cell and membrane samples were prepared under the direction of Dr. 

Daryoush Ekhterae at the Department of Surgery, School of Medicine, University of 

Pennsylvania, Philadelphia. 

 

Instrumentation 

 Fluorescence spectra were recorded on a Perkin-Elmer Model LS50B luminescence 

spectrometer with a 1x1x4 cm quartz fluorescence cell. UV-VIS absorbance spectra were 

measured using Agilent 8453 UV-visible spectrophotometer with 1x1x4 cm quartz cell.  

 

Procedure 

 The stock solutions of all PLs and surfactants were prepared in ethanol and stored at 

4 ºC. Dilutions were done in different percentages of methanol in water; a 50-50 mixture 

was optimum. A 3 mL volume of each sample was measured in a 1x1x4 cm quartz cuvette. 

Stock solutions of 100 µM NAO were made in different methanol - water solutions. The 

incubation time of NAO with CL or the PLs was about 15 min. in the darkness. Several PLs 

solutions were diluted to the range 0-100 µM. Biological membrane samples were diluted 

with 3 mL of 50% methanol-50% water. A spiked sample of 1 µM CL was added and 300 

µL of each sample were used. 

 

Preparation of the whole cell and membrane sample extracts (D. Ekhterae, University of 

Pennsylvania) 

 For the whole cell (Neo) samples, a volume of 2 mL of 0.3N NaOH/0.1% SDS was 

placed on a confluent monolayer T-75 culture dish and allowed to sit in the incubator 

overnight. For the membrane samples, cells were suspended in a buffer containing 340 mM 

sucrose, 1 mM EDTA, 10 mM Tris-HCl (pH=7.5), 1 mM diothiothreitol, and 1 x proteases 

inhibitors from Roche Biochemicals, Indianapolis, IN at 4 ºC. The cells were disrupted by 
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passage through a 23 gauge needle 12 times at 4 ºC. The cells were then centrifuged for 5 

minutes at 1000 x g at 4 ºC to remove the unbroken cells. The supernatant were then 

centrifuged for 20 minutes at 12000 rpm at 4 ºC to obtain the pellet (the membrane fraction).  

 The total lipids were extracted from the membrane fraction as described below. For 

lipid extraction, a volume of 800 µL of the prior NaOH/SDS solution was placed it in a 

conical tube for lipid extraction.  After spiking with 5-alpha-cholestane (our internal 

standard used for cholesterol analysis), a 2 mL volume of methanol was added and vortexed 

carefully.  To the same tube, a 1 mL volume of chloroform was added and again carefully 

vortexed.  These processes were repeated one more time for a total volume of chloroform = 

2 mL.  Then 1 ml of deionized water was added and again the mixture vortexed.  After 

centrifugation at 2000 rpm for 15 minutes, the chloroform (the bottom layer) was carefully 

removed and a 1 mL portion was placed into one tube for cholesterol analysis and the 

remaining volume, usually 800 µL into a separate tube for phospholipid analysis.  The 

protein wafer at the interface of the aqueous (top) layer and the chloroform (bottom) layer 

was left undisturbed by tilting the tube slightly.  The aqueous layer which may have entered 

the tip of the Pasteur pipette was released by passing a few bubbles through prior to the 

chloroform uptake. 

 Both tubes of chloroform were placed into a nitrogen evaporator, maintained at      

40 ºC, until brought to dryness.  The tubes were carefully labeled, covered with parafilm and 

placed in the freezer until analysis. 
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SECTION 2.3: RESULTS AND DISCUSSION 

 Visible absorbance spectra of NAO at a concentration in a range of 0.5-100 µM were 

also studied (Fig. 2.4) to anticipate fluorescence excitation wavelengths. It showed that the 

optimum absorbance was relatively constant at 497 nm for all concentrations of NAO in 

50% methanol and also exhibited a shoulder at 460 nm. 

 Using a Perkin-Elmer LS-50 spectrofluorometer with slit widths set at 2.5 nm and 

using a 1x1x4 cm quartz cell, the optimum excitation and emission wavelengths were 

determined as a function of concentration of NAO in 50% methanol. It showed that the 

excitation peak was separated into three peaks, according to Fig. 2.5 (a-f), at 450, 499 and 

518 nm. So these excitation wavelengths were investigated. The excitation and emission 

wavelengths were examined as a function of concentration of NAO (Fig. 2.6). It showed that 

high fluorescence intensity was obtained using 499/530 nm as excitation and emission 

wavelengths at low concentrations of NAO less than 10 µM and 518/530 nm at a 

concentration of NAO more than 10 µM, respectively. So throughout the experiment, the 

optimum excitation and emission wavelengths at 499/530 nm at low concentrations of NAO 

and at 518/530 nm at high concentrations of NAO are selected. Considering the fluorescence 

intensity, the optimum concentration of NAO was selected in the range 20-50 µM because 

this concentration range provided stable and high fluorescence intensity. 

 According to Fig. 2.7, fluorescence quenching of NAO by CL occurred when the 

methanol content was 25% or 50% in water. At 25 and 50 % methanol in water, the 

fluorescence intensity decreased with increasing of CL concentration. At the first point 

without CL, NAO exists only in its monomeric form. The unbound or free NAO in the 

solution was measured by the green fluorescence emission at 530 nm. Upon addition of CL, 

aggregation between the aromatic rings in NAO structure was likely formed with CL so 

fluorescence intensity decreased according to the loss of the monomeric form. According to 

a previous study using NAO binding mitochondria and liposome (23), when NAO interacted 

with CL, the emission wavelength shifted from green fluorescence emission (525 nm) to red 

fluorescence emission (640 nm) because of its aggregation with increased π-π interactions 

between the aromatic rings in NAO structure (1-2). The red fluorescence in our 

experimental condition was not observed because of the difference of a solvent system so 
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the green fluorescence emission was chosen to investigate interaction between NAO and 

PLs. The advantage of the green fluorescence is that it was 14 fold stronger compared to the 

red fluorescence (26). 

 Fluorescence intensity was quenched to the minimum point when the concentration 

of CL reached a value of 25 µM. This implies that the mole ratio of CL to NAO is about 2:1; 

a result in agreement with previous observations for the NAO dye which was used as a 

fluorescent probe with emission at 640 nm for CL determination (1, 25) in which maximum 

formation of a nonfluorescent dimer was observed at the lowest value of fluorescence signal. 

It indicates that two molecules of NAO react with one molecule of CL. In a related previous 

study, when the concentration of SDS was added after the lowest point, the fluorescence 

signal was enhanced because the micelle formation of SDS induced the breaking of AO 

dimer (31). 

 It was concluded that NAO can not completely approach a dimer form at 60% or 

75% methanol content since no significant change in fluorescence intensity with various 

concentrations of CL was observed. The intensity of free NAO at 70% methanol-30% water 

was the highest compared to 60%, 50% and 25% methanol. This implies that NAO is more 

readily soluble in methanol than in water. Moreover, fluorescence intensity was quenched to 

the lowest value of 25 µM CL at 25% methanol because a hydrophobic effect through the 

C9 aliphatic chain in NAO is dominant. 

 To ensure a specific interaction of NAO with CL in the presence of a surfactant, the 

percentage of methanol in the solvent was optimized using sodium n-dodecyl sulfate (SDS) 

which may be present in biological samples. It was found that fluorescence intensities of 

NAO were quenched by the presence of the SDS surfactant in 0%, 5%, 10% or 25% 

methanol. The fluorescence intensity of NAO signal was strongly quenched at 5 µM SDS 

below 25% methanol and at 20 µM SDS with 25% methanol- 75% water as shown in Fig. 

2.8. With a solvent methanol content above 50%, no quenching of NAO even at low 

concentrations of SDS was observed as presented in Fig. 2.9. Similar to CL, the 

hydrophobic interaction between NAO and SDS is apparently weak at a methanol 

percentage of 50% or higher and therefore the 50-50 methanol-H2O solvent ratio was used 

in all further studies. 
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 Because the NAO dye is light sensitive, the fluorescence decay of NAO itself at low 

and high concentration in 50% methanol solvent was investigated. It was observed that 

fluorescence intensity of NAO is stable to at least 15 min as shown in Fig. 2.10 and Fig. 

2.11 for low and high NAO concentrations, respectively. Fluorescence as a function of 

reaction time between the interaction of CL and NAO, as shown in Fig. 2.12, is stable after 3 

min to at least 15 min. To make sure that the reaction is complete, a reaction time of 15 min 

was used. 
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Figure 2.4 Visible absorbance spectra of 0.5-100 µM NAO in 50% methanol. 
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Figure 2.5 (a) Fluorescence excitation and emission spectra of 0.5 µM NAO in 50% 

methanol (slit widths = 2.5 nm). 
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Figure 2.5 (b) Fluorescence excitation and emission spectra of 1.0 µM NAO in 50% 

methanol (slit widths = 2.5 nm). 
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Figure 2.5 (c) Fluorescence excitation and emission spectra of 10 µM NAO in 50% 

methanol (slit widths = 2.5 nm). 
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Figure 2.5 (d) Fluorescence excitation and emission spectra of 20 µM NAO in 50% 

methanol (slit widths = 2.5 nm). 
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Figure 2.5 (e) Fluorescence excitation and emission spectra of 50 µM NAO in 50% 

methanol (slit widths = 2.5 nm). 
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Figure 2.5 (f) Fluorescence excitation and emission spectra of 100 µM NAO in 50% 

methanol (slit widths = 2.5 nm) 
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Figure 2.6 The fluorescence intensity of emission at different concentrations of NAO in 

50% methanol (λexcit. / λemiss. = 450/530 nm (-♦-), 499/530 nm (-■-), and 518/530 nm (-▲-), 

slit widths = 2.5 nm). 
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Figure 2.7 Effect of methanol contents (25% (-▲-), 50% (-■-), 60% (-x-) and 75% (-♦-))  

in water on the fluorescence interaction between NAO (50 µM) and various concentrations 

CL. (λexcit./ λemiss. = 518/530 nm, slit widths = 2.5 nm). 

 

 

 

 

 

 

 



 44

 

 

 

 

 

0.00

100.00

200.00

300.00

400.00

500.00

600.00

700.00

800.00

900.00

1000.00

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00
 SDS (µM)

Fl
uo

re
sc

en
ce

 in
te

ns
ity

 

Figure 2.8 Effect of methanol contents (0% (-●-), 5% (-■-), 10% (-▲-), and 25% (-♦-)) in 

water on the fluorescence interaction between 0.50 µM NAO and SDS at different 

concentrations. (λexcit. / λemiss. = 499/518 nm, slit widths = 5 nm). 
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Figure 2.9 Effect of methanol contents (50% (-♦-), 75% (-■-), and 100% (-▲-)) in water on 

interaction between 0.50 µM NAO and SDS at different concentrations. (λexcit.. / λemiss. = 

499/518 nm, slit widths = 5 nm). 
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Figure 2.10 Fluorescence decay curve of NAO in 50% MeOH at low concentrations (0.05 

µM (-♦-), 0.1 µM (-●-), 0.2 µM (-▲-), 0.3 µM (-■-), and 0.4 µM (-□-), λexcit. / λemiss. = 

496/518 nm, slit widths = 5 nm). 
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Figure 2.11 Fluorescence decay curve of NAO in 50% MeOH at high concentrations            

(1 µM (-♦-), λexcit. / λemiss. = 499/518 nm, slit widths = 5 nm), (20 µM (-▲-), and 10 µM       

(-■-), λexcit. / λemiss. = 518/530 nm, slit widths = 2.5 nm). 
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Figure 2.12 Fluorescence-reaction time profiles for various ratios of CL to NAO 

concentrations in 50% MeOH (2/1(-♦-), λexcit. / λemiss. = 496/518 nm, slit widths = 5 nm), 

(2/10 (-□-), 2/20 (-▲-), 10/20 (-■-), and 20/20 (-●-), λexcit. / λemiss. = 518/530 nm, slit widths 

= 2.5 nm).  
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 To consider the interference from other PLs at both low and high concentrations to 

NAO-CL interaction, other PLs and lipid were selected with a variety of functional groups 

including 1,2-dilauroyl-sn-glycero-3-phosphate, 1,2-distearoyl-sn-glycero-3-phosphate, 1,2-

dioleoyl-sn-glycero-3-phosphocholine,1,2-distearoyl-sn-glycero-3-[phospho-rac-(1-glycerol 

)], and L-α-phosphatidylserine. No significant fluorescence quenching of NAO with a 50% 

methanol solvent by these PLs was noted at low concentration of NAO (0.1 µM), Fig. 2.13. 

At a high concentration of NAO (20 µM), Fig. 2.14., 1,2-distearoyl-sn-glycero-3-[phospho-

rac-(1-glycerol)] did appear to quench the fluorescence signal at concentrations above 8 

µM. In general, PL concentrations in biological samples would be expected to be less than 

this. In addition, no quenching of NAO (20 µM) by three other cell membrane compounds, 

1, 2-distearoyl-sn-glycero-3-phosphoethanolamine, sphingomyelin, and cholesterol, was 

observed in this same CL range. This suggests that PLs are not able to bind to NAO 

according to the previous study (26-27) which mentioned that NAO has a low affinity for 

other anionic PLs and no ability to bind to zwitterionic PLs. 

 The fluorescence response CL was optimized at different NAO concentrations, 5 

µM, 10 µM, 20 µM and 50 µM in 50 % methanol, as presented in Fig. 2.15. It revealed that 

nonlinearity from 0 - 2 µM CL was obtained by using 5 and 10 µM concentrations of NAO. 

Linearity is improved to 10 or 20 µM CLby using either 20 or 50 µM NAO. The sensitivity 

was enhanced slightly at 20 µM NAO.  The upturn in fluorescence above 15 µM CL and 30 

µM CL using 20 and 50 µM NAO respectively was similar to that reported previously (31). 

It was pointed out that the fluorescence intensity would be decreased due to formation of 

aggregation of NAO and then the fluorescence was relatively stable because of the 

interaction of NAO by excess CL. 

 Fig 2.16 shows a calibration curve for CL from 0-10 µM using 20 µM NAO. The 

RSD data (n=3) for 10 points ranged from 1% to 5%. The linear regression equation was F = 

-26.68[CL] + 381.28. The correlation coefficient (R2) of 0.9929 indicated a good linearity of 

this method. The detection limit and limit of quantitation were estimated at 0.20 and 0.60 

µM CL, respectively (see appendix).  

 

 

 



 50

 

 

 

 

 

 

 
Figure 2.13 Fluorescence profiles using a low concentration of NAO (0.1 µM) as a function 

of concentration for various PLs ((PA, 12:0) (-♦-), (PA, 18:0) (-■-), (PC, 18:1) (-▲-), (PG, 

18:0) (-x-), and (PS, 180.5) (-○-), λexcit. / λemiss. = 499/518 nm, slit widths = 5 nm). 

 

            

 

 

 

200.00

250.00

300.00

350.00

400.00

450.00

500.00

0.00 0.20 0.40 0.60 0.80 1.00 1.20
Concentration of PLs (µM)

Fl
uo

re
sc

en
ce

 in
te

ns
ity



 51

 

 

 

 

 

 

 
Figure 2.14 Fluorescence profiles using a high concentration of NAO (20 µM) as a function 

of concentration for various PLs ((PA, 18:0) (-♦-), (PC, 18:1), (-■-), (PG, 18:0) (-▲-), and 

(PS 18:05) (-●-)), (λexcit. / λemiss. = 518/530 nm, slit widths = 2.5 nm). 
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Figure 2.15 Linearity of fluorescence as a function of cardiolipin concentration using NAO 

in 50 % methanol at 5 µM (-ҳ-), 10 µM (-▲-), (λexcit. / λemiss. = 499/530 nm, slit widths = 2.5 

nm), 20 µM (-■-), and 50 µM (-♦-), (λexcit. / λemiss. = 518/530 nm, slit widths = 2.5 nm).  
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Figure 2.16 Fluorescence calibration curve of CL with 20 µM NAO in 50% methanol in 

water, (λexcit. / λemiss. = 518/530 nm, slit widths = 2.5 nm). 
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 Spectrophotometric absorbance at 497 nm using NAO at 10 µM and 20 µM was 

investigated for the determination of CL (Fig. 2.17.). It revealed that CL linearity from    0-8 

µM is poor when using 10 µM concentrations of NAO. Linearity is improved from   0 - 10 

µM by using 20 µM NAO. The RSD data (n=3) for 11 points ranged from 1% to 9%. The 

linear regression equation was A = -0.08[CL] + 1.06 with only a fair correlation coefficient 

(R2) of 0.9898. 

 The AO and PSF dyes at 20 µM as fluorescence indicators for CL were studied for 

comparison to NAO dye at 20 µM (Fig. 2.18). AO provided a non linearity from 0 - 10 µM 

CL. No electrostatic interaction between the AO and the phosphate groups of CL is possible 

as shown in Fig. 2.19 and an interaction between the apolar chromophore of AO and the 

alkyl chain of CL is insufficient to provide linearity. 

 The spectral change due to the NAO and CL interaction was likely because of a 

hydrophobic interaction between the nonyl chain of NAO and linoleoyl chains of CL and 

also an electrostatic interaction between the positively charged NAO and the negatively 

charged CL (Fig. 2.20). Because of the solvent composition, the results suggest that the 

hydrophobic interaction plays a dominant role in binding the NAO to CL. The nonyl chain 

of NAO should be bound to the linoleoyl chains of CL. The decrease in fluorescence 

emission corresponded to the disappearance of monomeric form of NAO. Linearity was 

observed for CL concentrations lower than 10 µM and for higher concentrations, the green 

fluorescence intensity was almost stable. This suggests that the NAO-CL interaction was 

enhanced by the C9 aliphatic tail of the NAO structure.  

 Positive linearity is obtained from 0 – 20 µM by using 20 µM PSF (Fig. 2.18). The 

RSD data (n=3) for 11 points ranged from 0.5% to 2%. The correlation coefficient (R2) was 

0.9913 but this dye also provided a low sensitivity compared to NAO-CL. The linear 

regression equation was F = 4.25[CL] + 267.  As shown in Fig. 2.21, increasing amounts of 

CL may have induced the rigidity of the benzyl substitute group at the quaternary 

ammonium group of PSF leading to increasing of fluorescence intensity. The hydrophobic 

effect involving a phenyl ring is weaker than that of a C9 alkyl chain. Any interaction 

between PSF and CL was weaker than that of AO or NAO with CL because a slit width at 

5/5 nm was needed to better detect fluorescence. 
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Figure 2.17 Visible absorbance curves of various CL concentrations at different 

concentrations of NAO (10 µM (-■-), and 20 µM (-♦-)) (λabs. = 497 nm). 
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Figure 2.18 Comparison of fluorescence profiles using NAO 20 µM (λexcit/ λemiss = 518/530 

nm, slit width = 2.5/2.5 nm, (-▲-)), AO 20 µM (λexcit/ λemiss = 499/524 nm, slit width = 

2.5/2.5 nm, (-■-)) and PSF 20 µM (λexcit/ λemiss = 522/570 nm, slit width = 5/5 nm, (-♦-)) as 

the various concentrations of CL. 
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Figure 2.19 Predicted interaction of AO and CL. 
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Figure 2.20 Predicted interaction of NAO and CL. 
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Figure 2.21 Predicted interaction of PSF and CL. 

 

 

 

 

 



 60

Determination of CL in Whole Cell and Membrane Samples (standard addition) 

 Biological samples are complex and sample matrix interference is likely for an 

analytical method without a separation step. To eliminate this problem, standard addition 

was introduced for detection. Spiking involved adding a known CL (1 µM) to the unknown 

sample before the fluorescence measurement. Results are shown in Table 2.1. 

 

Table 2.1 The fluorescence intensity (FI) values of samples spiked with 1 µM CL and      

       recovery ratio. (*standard deviation in parenthesis - see appendix)  

Sample FI before spike 

with CL  

FI after spike 

with CL  

∆FI[NAO-CL(1µM)]  or 

∆FI[before spike-after spike]

∆FI[NAO-CL (1µM)] / 

∆FI[before spike-after spike] 

NAO 

CL (1 µM) 

374.83 (1.58) 

- 

- 

361.14 (0.79) 

- 

13.69 (1.77) 

- 

- 

A-1 

B-1 

C-1 

D-1 

368.61 (2.92) 

367.01 (3.16) 

371.29 (1.35) 

362.77 (3.47) 

356.79 (3.81) 

356.79 (0.45) 

354.11 (4.15) 

350.95 (2.09) 

11.82 (4.80) 

10.22 (3.19) 

17.18 (4.36) 

11.82 (4.05) 

1.16 (0.49) 

1.34 (0.45) 

0.80 (0.23) 

1.16 (0.42) 

NAO 

CL (1 µM) 

440.58 (4.62) 

- 

- 

404.97 (2.79) 

- 

35.61 (5.40) 

- 

- 

B´-1 

C´-1 

D´-1 

E´-1 

F´-1 

409.71 (3.62) 

411.24 (9.31) 

397.57 (3.38) 

396.86 (11.79) 

406.71 (7.60) 

376.66 (4.12) 

378.03 (6.15) 

365.50 (4.38) 

364.82 (6.42) 

373.87 (4.37) 

33.05 (5.48) 

 33.21 (11.16) 

32.07 (5.53) 

32.04 (13.43) 

32.84 (8.77) 

1.08 (0.24) 

1.07 (0.39) 

1.11 (0.25) 

1.11 (0.49) 

1.11 (0.34) 
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 It was found that the difference between ∆FI [NAO-CL(1µM)]  and  ∆FI [before spike-

after spike]  of each sample is not significantly different by using the t-test at the 95% 

confidence level   (see appendix), because of the ratios of these ∆F values being quite close 

to the expected value of 1 (Table 2.1). 

 

Calculation of CL in samples in standard addition 

1. Based on fluorescence equation (1) 

  obcPkF ε′= 3.2        ……… (1) 

So before spiked sample, the equation is; 

  [ ]ix XkF =        ..…….. (2)   

 where k is constant and Xi is initial concentration of  CL in sample 

And after spiked sample, the equation is; 

  [ ] [ ]( )ffxs XSkF +=+       ………. (3)  

 where k is constant and Sf  and Xf  are final concentration of  known CL  and final 

concentration of CL in sample respectively. 

 Since fluorescence emission is directly proportional to analyte concentration so we 

can derive standard addition equation as; 

  
[ ]

[ ] [ ] xs

x

ff

i

F
F

XS
X

+

=
+

       ………. (4) 

We can not use this equation directly because  

1) CL itself does not fluoresce but NAO does 

2) Standard curve is negative line 

3) Intensity of each sample of signal is proportional to;  

  [NAO] - [CL-sample] - [CL-standard] 

So we have to adjust the equation (4) fitted to this situation as equation (5)-(7)  

For NAO itself     [ ]NAOkF =1    ………. (5) 

Before spiked sample     [ ] [ ]( )iXNAOkF +=2   ……….. (6) 
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After spiked sample with 1.0 µM CL   [ ] [ ] [ ]( )ff SXNAOkF ++=3  ……….. (7) 

 

Where [NAO] is concentration of NAO (µM) 

 [Xi] is initial concentration of CL in sample      

 [Xf] is final concentration of CL in sample 

 [Sf] is concentration of known CL (1.0 µM) 

 

For example, sample B´-1 

 440.58 = k [NAO]       ……….. (8) 

 409.71 = k ([NAO] + [Xi])      ...……… (9) 

 376.66 = k ([NAO] + [Xf] + [Sf])     ..……… (10) 

Subtract (8) from (9) 

 -30.87 = k [Xi]        ..……… (11) 

Subtract (10) with (8) 

 –63.92 =  k([Xf] + [Sf])      ..……… (12) 

 

Divide (12) by (11) 

 
[ ] [ ]

[ ]i

ff

X
XS +

=
87.30
71.61         ..……… (13)                            

So    

 2.071[Xi] = 1 + [Xf],        but in this case ][][ fi XX =  

Therefore  

 1.071[Xi] = 1          

          [Xi] = 0.934   µM 

Or      0.934 x 1493.92 x 10-3 = 1.40   µg/ml 
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 Table 2.2 shows the concentration of CL in µM and µg/ml units for whole cell and 

membrane extract sample prepared by D. Ekhterae and co-workers.  The RSD for CL in the 

whole cell and membrane samples was about 6% and 18%.  Determinations of CL in two 

samples of control mitochondrial membrane, L5 and L24, and the whole cell were based on 

standard addition. When the whole cell and the membrane samples were subjected to cell 

death using staurosporine, the CL concentrations increased but are not significantly different 

from the control samples except the L24c samples and L24c membrane using the t-test (see 

appendix).  

 

Table 2.2 CL concentration in various cell membrane samples (n =3). 

Sample # Description [CL] (µM) [CL] µg/ml 

A-1 

D-1 

D´-1 

B-1 

B´-1 

E´-1 

C-1 

C´-1 

F´-1 

Nc 

N+ST 

N Membrane + ST 

L5c 

L5c Membrane 

L5 Membrane + ST 

L24c 

L24c Membrane 

L24 Membrane + ST 

0.57 ± 0.21 

1.05 ± 0.21 

1.36  ± 0.18 

0.77 ± 0.03 

0.94 ± 0.11 

1.48 ± 0.53 

0.22 ± 0.06 

0.90 ± 0.17 

1.04 ± 0.13 

0.85 ± 0.31 

1.56 ± 0.31 

2.03 ± 0.27 

1.14 ± 0.05 

1.41 ± 0.16 

2.21 ± 0.79 

0.32 ± 0.09 

1.35 ± 0.25 

1.56 ± 0.20 

 

N = Neo 

c = Control 

ST = Staurosporine- 

L5 = One ARC stable clone 

ARC = apotosis repressor caspase 

L24 = Another ARC stable clone 
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SECTION 2.4: CONCLUSIONS 

 The optimum excitation and emission wavelengths are 518 and 530 nm, respectively 

for NAO in the 20 - 60 µM range. The NAO-CL interaction in 50-50% MeOH-H2O solution 

indicated that a hydrophobic effect was likely important due to no significant change in 

NAO fluorescence by CL (18:2) in a solvent above 50% methanol in water. No significant 

effect of biological surfactants (PA, PC, PE, PS, SM and cholesterol) on NAO fluorescence 

in 50-50% MeOH-H2O was noted. PG seemed to interfere above a 8 µM level. The 

interaction of excess NAO with CL is rapid and a stable fluorescence signal results 

providing a linear response to CL. The calibration curve for CL using 20 µM NAO is a 

linear quenching response from 0.2 to 10 µM. The dominant hydrophobic interaction 

between NAO and CL plays a more important role than electrostatic interactions. CL could 

be determined by standard addition in biological samples. In the future, we will synthesize 

n-alkyl acridine orange derivatives with different long chain aliphatic tails (C14 and C18) by 

reaction of     n-alkyl bromide with acridine orange (34-38). Analogous fluorescence studies 

with CL will be made and compared to those found using the NAO dye (C9). The expected 

stronger hydrophobic interaction with the C18 or C14 -acridine orange dye with CL as well 

as use of a microcuvette or flow cell to minimize sample dilution should improve the 

detection limit.  
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APPENDIX 

 

(1) Limit of Detection (LOD) or Detection limit (DL) 

 

  
S
SDDL

−
×

=
3.3  For a negative slope 

 

where:   SD = the standard deviation of the response (blank) 

  S = the slope of the calibration curve 

 

So  
)894.26(

584.13.3
−−
×

=DL = 0.194 µM CL ≈ 0.20 µM CL 

 

(2) Limit of Quantitation (LOQ)  

 

  
S
SDLOQ

−
×

=
10  For a negative slope 

   

 

So  
)894.26(

584.110
−−
×

=LOQ  = 0.589 µM CL ≈ 0.60 µM CL 
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 Example of calculation of standard deviation (s) of ∆FI [before spike-after spike] and 

ratio of ∆FI [NAO-CL (1µM)] / ∆FI [before spike-after spike] of samples A-1  

∆FI [before spike-after spike]   ∆FI [NAO-CL (1µM)] /  

∆FI [before spike-after spike]   

If y = a + b + c, then 

222
cbay ssss ++=  

If y = ab/c 

222







+






+






=

c
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s

a
s

y
s cbay  

( ) ( ) 80.481.392.2 22 =+=ys  y=13.69/11.82=1.158 
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494.0158.1 ×=ys =0.49 
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 Example of calculation of t-test between the difference of ∆FI [NAO-CL(1µM)]  and  

∆FI [before spike-after spike]  of samples A-1 and E΄-1 

Sample A-1 Sample  E´-1 

Degree of freedom = n1 + n2 - 2 = 3 + 3 – 2 = 4 

21

21
21

nn
nn

s

xx
t

pooled
calculated +

−
=  

2
)1()1(

21

2
2
21

2
1

−+
−+−

=
nn

nsnss pooled  

618.3
4

)80.4(2)77.1(2 22

=
+

=pooleds  235.10
4

)43.13(2)40.5(2 22

=
+

=pooleds  

633.0
6
9

618.3
82.1169.13

=
−

=calculatedt  427.0
6
9

235.10
04.3261.35

=
−

=calculatedt  
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t-test between the difference of ∆FI [NAO-CL(1µM)]  and  ∆FI [before spike-after spike]  of 

each sample. 

Sample # Description t-test 

A-1 

B-1 

C-1 

D-1 

B´-1 

C´-1 

D´-1 

E´-1 

F´-1 

Nc 

L5c 

L24c 

N+ST 

L5c Membrane 

L24c Membrane 

N Membrane + ST 

L5 Membrane + ST 

L24 Membrane + ST 

0.633 

1.647 

1.285 

0.733 

0.576 

0.335 

0.793 

0.427 

0.466 

 

ttable = 2.776 since all of  tcalculated < ttable, so there are not significant difference between 

∆FI[NAO-CL(1µM)]  and  ∆FI[before spike-after spike]  at 95 % confidence level. 
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Calculation of t-test between control and the membrane samples subjected to cell death 

using staurosporine. 

Samples B´-1 and E´-1 Samples C´-1 and F´-1 

Degree of freedom = n1 + n2 - 2 = 3 + 3 – 2 = 4 

21
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21

nn
nn

s

xx
t

pooled
calculated +

−
=  

2
)1()1(

21

2
2
21

2
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−+
−+−

=
nn

nsnss pooled  

383.0
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)53.0(2)11.0(2 22

=
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=pooleds  151.0
4

)13.0(2)17.0(2 22

=
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=pooleds  

728.1
6
9

383.0
48.194.0

=
−

=calculatedt  133.1
6
9
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04.190.0

=
−

=calculatedt  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 74

t-test between control and each samples subjected to cell death using staurosporine. 

Sample  Description t-test 

A-1 and D-1 

D-1 and D´-1 

B-1 and B´-1 

B´-1 and E´-1 

C-1 and C´-1 

C´-1 and F´-1 

Nc and N + ST 

N + ST and N Membrane + ST 

L5c + L5c Membrane 

L5c Membrane and L5 Membrane + ST 

L24c + L24c Membrane 

L24c Membrane and L24 Membrane + ST 

2.766 

1.941 

2.583 

1.728 

6.533 

1.133 

 

ttable = 2.776  and since all of  tcalculated < ttable for membrane samples so the difference is not 

significant at 95 % confidence, but  tcalculated > ttable for L24 sample for the whole cell and 

membrane so the difference is significant at 95 % confidence level. 

 

 

 

 

 

 


