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ABSTRACT 

This dissertation focuses on applications of ultra-sensitive fluorescence. It mainly contains two 

parts: applying single molecule Förster resonance energy transfer (SM-FRET) in studies of 

dynamics and topology of looping constructs formed from DNA-protein interaction and 

developing a novel fluorescence correlation spectroscopy (FCS) approach to measure binding 

between drug molecules and different vesicles. 

Förster resonance energy transfer (FRET) is a distance dependent phenomenon that can be used 

to detect and quantify biochemical conformations and interactions in complex samples. With 

ensemble measurements, it is impossible to resolve the information for dynamic heterogeneous 

systems without averaging the result. SM-FRET, achieved by using confocal microscopy, 

measures the signal from a single molecule at a time, thus eliminates ensemble averaging. In this 

case, SM-FRET was used to evaluate conformational dynamics in a model of negative gene 

regulation. Details will be discussed in chapter 1, 3 and 4. 

In FCS measurements, the fluctuations of fluorescence intensity of the sample is correlated to 

determine information from the processes that cause the fluctuations such as molecules diffusing 

in and out of a laser focal observation volume and intersystem crossing. In this dissertation, 

intensity fluctuations caused by intersystem crossing and diffusion are utilized to develop a new 

FCS approach. This FCS approach can further be used to determine the binding of fluorophores 

to larger structures. Details will be discussed in chapter 2, 5, 6 and 7. 

 

 



vii 

 

TABLE OF CONTENTS 

 

Chapter                                                                                                                 Page 

Chapter 1: Single molecule Förster resonance energy transfer…………………..………..…...1 

1.1 Introduction of fluorescence ………………………….………………..…..……....1 

1.2 Förster resonance energy transfer………………………………………....………..3 

1.3 Single molecule Förster resonance energy transfer………………………………...7 

 

Chapter 2 Fluoresce correlation spectroscopy (FCS)…………………………………......…….13 

2.1 Autocorrelation analysis………………………………………….…………....…….13 

2.2 Origin and theory of fluorescence correlation spectroscopy…………………..…….15 

2.3 New approach of FCS…………………………………………………………….....22 

 

Chapter 3 LacI repressor 

3.1. Introduction of DNA loops complexes and lac repressor protein………………......30 

3.2 Lac repressor system ……………………………………………….…………….....30 

 

Chapter 4:  LacI-DNA-IPTG Loops: Equilibria among conformations by  

      Single-Molecule FRET………………………………………………………………36 

4.1 Introduction……………………………………………………………………...…..36  

4.2 Material……………………………………………………………………..……..…40 

4.3 Method…………………………………………………………………….…...…….41 

4.4 Results and discussion……………………………………….………………………45 

4.5 Conclusion……………………………………………………….…………………..61 

 

 



viii 

 

TABLE OF CONTENTS (continued) 

 

Chapter                                                                                                                   Page 

Chapter 5: Catanionic surfactant vesicles………………………………………...…………..67 
 

 5.1 Introduction………………………………………….……..……………..………67 

 5.2 Spontaneous vesicle formation………………………………..………………….68 
 

Chapter 6: Fluorescence correlation spectroscopy (FCS): A quantitative study of pH responsive 

catanionic surfactant vesicles for drug delivery……………………………..…………..…....81 
 

6.1 Introduction………………………………………………………….....…...….…81 

6.2 Material………………………………………………………………….....……..82 

6.3 Method…………………………………………………………… .………….……82 

6.4 Results and discussion…………………………………………….……….………85 

6.5 Conclusion………………………………………………………….…….………..95 

 

Chapter 7: Fluorescence Correlation Spectroscopy (FCS): A Direct Probe for Receptor-

Membrane Binding Introduction…………………………………………………….....………97 

7.1 Introduction…………………………….…………………………..……..…….....97 

7.2 Materials……………………………………………………………….……..……98 

7.3 Methods …………………………………………………………………….……..98 

7.4 Results and discussion……………………………………………………………..100 

7.5 Conclusion……………………………………………………………………...….104 

  



ix 

 

LIST OF TABLES 

 

Table             Page 

Table 4.1……………………………………………………………………….56 

Table 5.1……………………………………………………………………….68 

Table 6.1……………………………………………………………………….90 

Table 6.2……………………………………………………………………….94 

Table 7.1……………………………………………………………………….104 

  



x 

 

LIST OF FIGURES 

            

Figure                  Page 

Figure 1.1…………………………………………………………………….3 

Figure 1.2…………………………………………………………………….4 

Figure 1.3…………………………………………………………………….6 

Figure 1.4…………………………………………………………………….8 

Figure 1.5…………………………………………………………….………10 

Figure 2.1…………………………………………………………….………14 

Figure 2.2…………………………………………………………….………15 

Figure 2.3…………………………………………………………….………16 

Figure 2.4…………………………………………………………….………17 

Figure 2.5…………………………………………………………….………27 

Figure 3.1…………………………………………………………….………31 

Figure 3.2…………………………………………………………….………32 

Figure 3.3…………………………………………………………….………33 

Figure 4.1…………………………………………………………….………39 

Figure 4.2…………………………………………………………….………48 

Figure 4.3…………………………………………………………….……….50 

Figure 4.4…………………………………………………………….……….52 

Figure 4.5…………………………………………………………….……….55 

Figure 4.6…………………………………………………………….……….61 



xi 

 

LIST OF FIGURES (continued) 

 

Figure                  Page 

Figure 5.1……………………………………………………………………74 

Figure 5.2……………………………………………………………………75 

Figure 5.3……………………………………………………………………77 

Figure 5.4……………………………………………………………………78 

Figure 6.1……………………………………………………………………86 

Figure 6.2……………………………………………………………………89 

Figure 6.3……………………………………………………………………92 

Figure 6.4……………………………………………………………………93 

Figure 7.1……………………………………………………………………97 

Figure 7.2……………………………………………………………………102 

Figure 7.3……………………………………………………………………103 

  



xii 

 

LIST OF ABBREVIATIONS 

APD   avalanche photodiode  

bp   base pair  

cac   aggregation concentration 

cmc   critical micelle concentration 

CTAT   cetyltrimethylammonium tosylate 

CTAB   cetyltrimethylammonium bromide 

DiIC18   1,1’-dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine perchlorate 

DLS   dynamic light scattering 

DNA   deoxyribonucleic acid 

DOX   doxorubicin  

FCS   fluorescence correlation spectroscopy 

IPTG   isopropyl-β,D-thiogalactoside 

PCR   polymerase chain reaction 

PE   1,2-distearoyl-sn-glycero-3-phosphoethanolamine 

PG   1, 2-distearoyl-sn-glycero-3-phospho-(1'-rac-glycerol) 

R6G   rhodamine 6G  

SDBS   sodium dodecylbenzenesulfonate 

SEC   size-exclusion chromatography 

SM-FRET  single molecule fluorescence resonance energy transfer 

Triton X-100  polyethylene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ether



1 

 

Chapter 1: Single molecule Förster resonance energy transfer 

 
1.1 Introduction to fluorescence 

 

In the middle of the 19th century, fluorescence was first studied and documented by John 

Frederic and William Herschel.1 Fluorescence is defined as emission of a photon via the 

transition of electrons from an excited state (S1) to the ground state (S0) of an atom or molecule.2 

Because this transition is spin allowed, the returning process of the electron from excited state to 

ground state occurs rapidly. Typically the emission rate is 10-8 s-1 which means the fluorescence 

lifetime is around 10 ns. As it is shown in Figure 1.1, the processes involved in fluorescence can 

be visualized by a Jablonski diagram. The Jablonski diagram shows the singlet ground state S0, 

singlet excited state S1 and excited triplet state T1 of a fluorophore.  

 

Each electronic state contains vibrational substates, i.e. vibronic energy levels labeled V0 or V1 

in Figure 1.1. A fluorophore is usually excited to some higher vibrational level. The probabilities 

for these transitions are described by the Franck-Condon principle. Typically molecules can 

relax to the lowest vibronic energy levels of S1 rapidly. This process is called internal conversion 

which usually takes 10-12 s. Compare to the lifetime of fluorescence (10-8 s) the internal 

conversion occurs very fast which indicates the internal conversion is generally complete prior to 

the emission (Kasha’s Rule). Therefore, fluorescence emission is typically generated by 

transition from the lowest vibrational state to ground state. Because of the negligible mass of the 

electron compared to the mass of the nuclei; the electronic transitions are fast compared to the 

movement of the nuclei. The positions of the nuclei can be considered as a constant during the 

electronic transition (Born-Oppenheimer approximation). These features result in several 
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important characteristics of typical fluorescence absorption and emission spectra: The emission 

spectra always have longer wavelength (red shifts) than absorption spectra; because the transition 

always originates from the lowest vibrational level of S1 state to the S0 state. In most situations, 

the emission spectrum of a fluorophore is independent of the excitation wavelength (Kasha’s 

rule). Since the vibrational levels of the S0 and S1 states have a similar structure, the absorption 

spectra are usually a mirror image of emission spectra (mirror image rule).  

 

The fluorescence quantum yield is used to describe how much energy absorbed by the 

fluorophore is released as radiation of photons. The quantum yield is defined as the ratio of the 

number of photons emitted to the number of photons absorbed. 

 

              
                         

                          
 

  

      
   (1.1)    

 

where 𝛟 is quantum yield.    is the emissive rate of the fluorophore and     is the rate of all 

non-radiative processes. As it is shown in Figure 1.1, there exist non-radiative pathways from the 

excited state S1 to the ground state S0. Therefore, not all the photons absorbed by the fluorophore 

results in emission of photons. These non-radiative pathways decrease fluorescence intensity. 

There also exist substances which can decrease the intensity of the fluorophores’ emission. These 

substances are called quencher and these processes are called quenching. Quenching can occur 

by variety of mechanisms such as collisional quenching, forming non-fluorescent complexes, 

excited state reactions or energy transfer.   
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1.2 Förster resonance energy transfer 

 

Förster resonance energy transfer (FRET), discovered by Förster in 1948, is a form of quenching 

which occurs from the excited state of the fluorophore (donor).3 In this process, the donor 

fluorophore in its excited state (D*) transfers its excited-state energy to an acceptor fluorophre 

which is in its ground state (A). The acceptor molecule will then undergo the conventional 

excited state processes.   These processes are illustrated schematically below.   

D* + A  D  +  A*  

A*  A + h  

The process of excited-state energy transfer in the Förster limit takes place through dipole-dipole 

interactions. This process occurs when the emission spectrum of the donor is resonant with the 

excitation spectrum of the acceptor4 as it is shown in Figure 1.2. 

 

Figure 1.1: Jablonski diagram of a dye molecule. The 
energy levels of a dye molecule and the possible 
transitions between the different states are shown. 
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The energy transfer rate kET is strongly dependent on the distance between the donor and 

acceptor. This energy transfer rate is given by equation 1.2: 

  

        (1.2) 

 

where  is the lifetime of the donor in the absence of energy transfer. R is distance between 

donor and acceptor, R0 is Förster distance which is given by equation 1.5, The FRET efficiency E 

is defined as the ratio of the energy transfer rate (kET) to the sum of all the decay rates. 

6
01 









R
R

k
D

ET


D

Figure 1.2: Excitation and emission spectra of donor Alexa Fluor® 
555 (donor, green) and acceptor Alexa Fluor 647 (acceptor, red). The 
solid lines represent excitation spectra and the dash lines represent the 
emission spectra. 
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                  (1.3)             

 

Combining equation 1.2 and 1.3, gives equation 1.4: 
 

         (1.4) 

 
where IA is fluorescence intensity of acceptor, and ID is fluorescence intensity of donor. Förster 
distance R0 is given by: 
 

           (1.5) 

 

where к2 is dipole orientation factor, n is the refractive index QD is fluorescence quantum yield of 

donor in absence of acceptor. J(λ) is the spectral overlap integral which can be calculated as 

equation 1.6: 

 

          (1.6) 

 

where  is the normalized emission spectrum of donor,  is molar extinction 

coefficient of the acceptor. The dipole orientation factor к2 is given by equation 1.6: 

 

к2
 = (cosθT-3cosθDcosθA) 2          (1.7) 

 

In this equation, θT is the angle between the emission transition dipole of the donor, and the 
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absorption transition dipole of acceptor, θD and θA are the angles between these dipoles and the 

vector joining the donor and the acceptor (Figure 1.3). Therefore, к2 is dependent on the relative 

orientation of donor and acceptor. This dipole orientation factor к2 is in the range from 0 to 4. If 

the dipoles are oriented perpendicular to each other, к2
 = 0, if the dipoles are collinear and 

parallel to each other, к2 = 4, if the dipoles are parallel to each other, к2 = 1. In most of cases, к2
 

is assumed as 2/3.  Because the variation of к2 is from 1 to 4 and sixth root of к2 is used in 

calculating the distance, it only caused a 26% change in the distance.  With the value к2 = 2/3 the 

error in calculated distance is no more than 35% unless the dipoles are oriented perpendicular to 

each other which means к2 = 0. The detail discussion is shown in Dale et al.5-7 

                                                            

Figure 1.3: Dependence of the 
orientation factor к2 on the 
directions of the emission dipole of 
the donor and the absorption dipole 
of the acceptor. 
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FRET has been used to measure distance between two fluorophores, donor and acceptor. By 

measuring the distance, FRET has applied to detect molecular interactions in different systems of 

biology and chemistry.2 FRET has been used to determine protein conformations by measuring 

the distance between different domains in a single protein.8 By measuring the distance between 

the donor and acceptor labeled in different protein, FRET can also be used to detect interactions 

between different proteins.9 Lipid rafts in cell membranes have been studied by using FRET.10 

FRET has been applied in vivo to discover the location and interactions of genes and cellular 

structures such as membrane proteins and integrin.11 FRET can also be applied to discover the 

information of signaling or metabolic pathways.12   

 
 
1.3 Single molecule Förster resonance energy transfer 

 

Ensemble measurements are able to resolve correct information for a homogeneous system 

(Figure 1.4A). However, for samples containing different subpopulations the ensemble 

measurement can only provide the average value for the system (Figure 1.4B). This limitation of 

the ensemble measurements makes it impossible to resolve the information for dynamic 

heterogeneous systems such as the dynamic switching of proteins or the dynamic interactions 

between DNA and DNA binding proteins.  
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In order to solve the problem mentioned above, the single molecule measurements were 

developed.  In 1961, Rotman reported the first experiment where fluorescence was used to detect 

the presence of single molecules. In Rotman’s experiment, fluorescence from single enzymes 

encapsulated in separated droplets was detected.13 In 1976, Hirschfeld reported the first 

experiment where labeled single molecules (antibodies labeled with fluorophores) were 

detected.14 In 1990, Shera and her coworker reported the first detection of a single fluorophore in 

a biological environment.15 Six years later, the first detection of FRET between a single pair of 

fluorophores was detected by Ha and his coworker in 1996.16 There are two major steps leading 

to the detection of single fluorophores: development of detectors with increased sensitivity and 

reduction of the detection volume by using confocal or total internal reflection fluorescence 

microscopy. The confocal microscopy focuses the laser light by an objective which collects the 

fluorescence. The fluorescence is then refocused onto a pinhole to eliminate background 

fluorescence originating outside of the focal volume. This approach creates a very small 

detection volume (~1fL) The total internal reflection fluorescence microscopies can create a thin 

layer detection volume with ~100 nm thickness by using an evanescent wave. In this dissertation, 

the confocal microscopy approach was used to perform the single molecule FRET (SM-FRET). 

Figure 1.4: A. Ensemble measurements of homogenous samples yield the 
correct result. B. Ensemble measurements of heterogeneous samples 
results in an average value. 
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Figure 1.5 shows a schematic of the experimental setup for the SM-FRET performed here. Single 

molecule studies were performed with an oil immersion objective inverted microscope (Fluar, 

100X, N.A. =1.3, Carl Zeiss, Oberkochen, Germany). Excitation at 514 nm was from an argon 

ion laser focused 10 μm into the sample from the glass-liquid interface. The objective collects 

the fluorescent burst data as the molecules travel through the beam, and it is then directed 

through a long pass filter (LP01-514RS, Semrock, Rochester, NY) to remove the excitation 

wavelength of the laser. The emitted light is subsequently split between two avalanche 

photodiode single photon counting modules (SPCM-AQR-15, PerkinElmer Optoelectronics, 

Vaudreuil, Quebec) using a dichroic beam splitter (625DCLP, Chroma, Rockingham, VT). The 

photon counts are recorded on separate channels of a counter/timer board (PCI 6602, National 

Instruments, Austin, TX) with 100 µs time bins using Labview 8.5 (National Instruments) 

software. The data was then calculated off-line using routines written with Igor Pro 6.22 to 

generated efficiency histogram (Detailed study is shown is chapter 4). 
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Figure 1.5: Microscope setup for SM-FRET.  
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Chapter 2: Fluoresce correlation spectroscopy (FCS) 

 

2.1 Autocorrelation analysis 

 

Autocorrelation refers to a correlation of a time series with its own past and future values. To 

illustrate how an autocorrelation function is calculated, a square or tophat, function is used.  

Figure 2.1 illustrates the process of calculating the autocorrelation function G(τ). Here the signal 

(red curves) is a simple square pulse between 0 and 1. To perform the autocorrelation analysis, a 

replica of the function is created and it is shifted relative to the original function by an amount, 

τ(blue curve).  The product of the original function and its shifted replicate form the integrand 

that is evaluated over all time. 

 

  ( )  
 

 
∫  ( ) (   )

 

 
. 

 

Values depicted as curve in the right plot will be generated, and this is the autocorrelation 

function. It can easily be seen that the width of the triangle in G (τ) corresponds to the width of 

the pulse. 
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In FCS, the fluctuations of fluorescence intensity of the sample is auto correlated to determine 

information from the processes that cause the fluctuations such as molecules diffusing in and out 

of a laser focal observation volume and fluorescent molecules undergoing intersystem crossing. 

The fluctuations of fluorescence intensity  are processed by autocorrelation analysis according to 

the following equation:   

 

dttFtF
TtF

tFtFG

tFtFtF
T

 







0
2 )()(1

)(
)()()(

)()()(








                                                (2.1) 

Where δF(t) is function of fluorescence intensity fluctuations. τ is lag time.<F(t)> is average of 

the fluoresence intensity. F(t) is function of fluorescence intensity. 

 

 

Figure.2.1: Examples of autocorrelation functions and the process of its calculation. 
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2.2 Origin and theory of fluorescence correlation spectroscopy 

The fluorescence correlation spectroscopy (FCS) was developed from the theory of dynamic 

light scattering (DLS) in the early 1970s by Elson and Madge.1-3 In DLS measurements the 

fluctuations of signals are collected from light scattered by the sample, as is shown in Figure 2.2, 

and then are correlated to determine the diffusion coefficient of the sample in solution.  2 

 

 

In FCS measurements the fluctuations of fluorescence intensity of the sample is correlated to 

determine information from the processes that cause the fluctuations such as molecules diffusing 

in and out of a laser focal observation volume and intersystem crossing. Compared to the 

scattering intensities measured using DLS fluorescence intensities collected in FCS are much 

larger, therefore FCS can be used with low concentrations such that deviations from ideality will 

be small and fluctuations in fluorescence intensities will be significant. So in the FCS 

measurement much smaller sample volumes can be used as well as much smaller concentrations 

in contrast to DLS.  

Figure 2.2: Basic schematic of DLS experimental setup. The laser 
hits the sample and the intensity of scattered light is measured at a 
certain angle from the incident light. 
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FCS can be used to monitor reactions at equilibrium by measuring fluorescence intensity 

fluctuations of molecules diffusing in and out of a laser focal volume in solution, and can also be 

used to measure diffusion coefficients of chemical species in solution.2 The first FCS experiment 

was carried out to measure the kinetics of the binding of a fluorescent molecule (ethidium 

bromide) to DNA.3 Figure 2.3 shows the experimental set up for the first FCS experiment. The 

laser was focused into the solution using a focusing lens and a focal volume with a width on the 

order of micrometers was produced.2,3  

 

For measuring the fluorescence intensity fluctuations of the sample, the laser beam is focused in 

solution. The focused laser beam has a Gaussian beam profile as shown in Figure 2.4. Figure 2.4 

also shows the conceptual basis of FCS and presents two examples for the possible origin of 

fluctuations in the fluorescent signal. First, fluorescence intensity fluctuations caused by 

diffusion of fluorescent molecules in and out of the observation volume. Second, fluctuations in 

the fluorescence caused by transitions between singlet and triplet states while the molecule 

traverses the observation volume. 

Figure 2.3: Initial setup of FCS experiments. The laser is focused into 
the sample and the fluorescence is detected at a 90° angle 
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The development of FCS was soon followed by the first experiments. In the early work, the 

mobility of fluorescent molecules in cell membranes was examined as well as several in-vitro 

and in-vivo applications.3-8 These first FCS experiments suffered from poor signal quality (low 

signal to noise ratio), which arises from a low photon detection efficiency. In addition, 

background noise suppression and the large ensemble of molecules impaired the quality of 

signals. The smaller the number of molecules is in the observation volume the better fluctuations 

can be resolved; hence FCS experiments should be carried out on the single-molecule level. In 

the 1990s, the goal was reached with the development of lasers as efficient light sources and 

highly-efficient and fast avalanche photodiodes for the detection of the fluorescence. Koppel et 

al. first suggested confocal microscopy geometry to minimize the observation volume.4,6 In this 

experiment set up a laser beam is focused by an objective with high numerical aperture (NA > 

0.9) to a diffraction-limited focus which is of the order of the wavelength in size as shown in 

Figure 2.6 (in this case r0 and z0 is much smaller than the observation volume generated from the 

old setup shown in Figure 2.4). Only fluorescent molecules inside the observation volume emit 

Figure 2.4: Gaussian beam profiles. 
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enough photons to give a contribution to the fluorescent signal. The size of the observation 

volume perpendicular to the optical axis (r0) is of the order of the wavelength. The axial 

dimension (z0) of the focus is about one order of magnitude larger. This resolution can be 

improved by placing a field aperture (pinhole) in the image plane of the objective. This 

observation volume of the motion of fluorescent molecules is around 1 fL. The first to use this 

geometry in FCS experiments and avalanche photo diodes in the experimental setup for single 

molecule detection were Rigler and Eigen.9,10  

 

The distribution of the molecules in the observation volume can be described by a Poissonian 

distribution.11,12 According to Poissonian distribution the root mean square fluctuation of the 

particle number N was given by: 

  












NN
NN

N
N 1)()( 22                                                        (2.2)                                                                

The relative fluctuations of fluorescence intensity increase with a decreasing average number of 

particles <N> in the observation volume. Therefore, minimization of the average number of 

fluorescent molecules that is in the observation volume is crucial for an effective detection of 

fluctuations. This goal can be reached by decreasing the concentration of fluorescent molecules 

in the solution or by minimizing the observation volume. Schwille claimed 0.1 to 1000 

fluorescent particles in the observation volume to be the ideal number for FCS experiments.  

In the observation volume, molecules emit fluorescence where the excitation power is constant; 

the fluctuations of the fluorescence intensity are defined as the deviations from the temporal 

average of the signal (Equation 2.1). If all fluctuations of fluorescence intensity are generated 
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from changes of the local concentration δC within the effective observation volume V, the 

variations can be written as: 

                                                         (2.3) 

where, δF(t) is intensity fluctuation, Iex(r) is the intensity of the incident laser beam, the intensity 

function of the incident laser beam has the maximum amplitude I0, S(r) is optical transfer 

function of the objective-pinhole combination which determines the spatial collection efficiency 

of the setup,12 k is detection efficiency factor,  δ(σ•q•C(r,t)) is dynamics of the fluorescent 

particle in the observation volume. Equation 2.3 can be simplified by combining Iex(r) with S(r) 

and k with σ and q to generate molecule detection function W(r) and the number of photon 

counts η: 

                                                                                                (2.4) 

η= σ•q•k•I 

                                                               (2.5) 

The molecule detection function W(r) is commonly approximated by a three-dimensional 

Gaussian intensity distribution .13 This distribution is characterized by the distances where the 

initial intensity I0 drops to 1/e2 in the direction of the beam the distance z0 and perpendicular to 

the optical axis the waist radius r0. The equation 2.4 can be change to equation 2.6:

                                                                    (2.6) 
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In this case, all the fluorescence intensity fluctuations come from changes in the local 

concentration of the particles in the observation volume, so δη will be 0. The particles are also 

freely diffusing in the 3D observation volume which has diffusion constant D.  

                                      (2.7) 

 

where τ is lag time.13 

The observation volume was defined as: 
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                                  (2.8)                   

The diffusion time of the particles perpendicular to the optical axis (r0) is given by: 

                                                                                        (2.9) 

 A combination of equation 2.1, 2.5, 2.6, 2.7, 2.8 and 2.9 leads to a physical model of the fluorescent 

particle freely diffusing in the observation volume: 
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In equation 2.10, the diffusion time for fluorescent particle is ,  and is the radial and 

axial axes of the three dimensional observation volume, N is number of fluorescent particles in 

the observation volume.  

How moving particles influence the autocorrelation function has been discussed. In addition to 

diffusion other fluctuations in the fluorescence intensity F(t) may be generated by "switching" 

dyes on and off. There are several possible mechanisms that lead to the described behavior. The 

most important of these are singlet-triplet transition processes. Here the dye undergoes 

intersystem crossing from its excited state S1 into a long-lived (microseconds) triplet state T1 

(Figure. 1.1). From there it relaxes down to the ground state after an average lifetime τt. This 

leads to a fluctuation of fluorescence intensity (switching off of the dye) on a characteristic 

timescale τt. 

                                             

Triplet dynamics leads to an additional factor in the correlation function. If it is described by 

simple on-off dynamics, this additional factor is exponential: 
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In equation 2.11, is fluorophore triplet relaxation time,  and is the radial and axial 

axes of the three dimensional observation volume, N is number of fluorescent particles in the 

observation volume. The quantity A is a factor proportional to the rate constant of fluorescent 

particles from singlet state (bright) to triplet state(dark) over rate constant of fluorescent particles 

from triplet state to singlet state. 

2.3 New approach to FCS 

FCS has been developed and used for many different purposes including measuring kinetics, 11,14 

photophysical properties including the relaxation time of conformational or chemical fluctuations 

(τR), diffusion coefficient (D), equilibrium constant of the physical and chemical processes 

(K),15,16 and pH sensitivity.17 Significant focus has been placed on biological systems as well,4 

and FCS has been performed at or near bilayers and cell surfaces.18 The binding of proteins to 

larger structures such as vesicles,19 model bilayers,20 and nanospheres21 has also been 

investigated using FCS. To accurately study the binding of molecules to each large structure is 

still difficult for most current techniques on an ensemble level. Single-molecule assays, such as 

the surface-immobilized single-molecule8 and single-molecule trapping22 approaches, can be 

used to count the photo bleaching steps of fluorescent probes tagged to the on-cargo molecules. 

Other single molecular methods, such as photon counting histograms (PCH),23,24 can also address 

this issue through the brightness analysis of each large structure that carries multiple 

fluorophores. Yin described how FCS deciphers the number of fluorophores that diffuse together 

with their cargo molecule.25 However, how FCS utilizes intersystem crossing and diffusion to 

determine the binding and diffusion of fluorophores to large structure system a have not been 

studied yet. 

triplet 0r 0z
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In this section, a theoretical expression for the FCS function describing free and bound 

fluorescent molecules diffusing that includes intersystem crossing was developed, on which 

number N individual fluorescent probes are employed. Assume there are N probes in the 

observation volume, n of the probes are on the large structure and m probes are free. Fi(t) is the 

fluorescence intensity from the ith probe. 
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where Gii(τ) is the bounded fluorophores autocorrelation function, G0
ii(τ) is the autocorrelation 

function for unbounded fluorophores which freely diffuse in the solution and Gij(τ) is the cross-

correlation function between different fluorophores bound to the large structure. The 

autocorrelation function of the ith probe. Gii(τ) = GD(τ)GT(τ), G0
ii(τ) = G0

D(τ)GT(τ) :

, 

  

 

where C1 is inversely proportional to the number of the large structures in the observation 

volume, C2 is inversely proportional to the number of fluorophore in the observation volume. 

The diffusion times for the large structure and probe are and ,  is fluorophore triplet 

relaxation time.  The values of  and  describe the the radial and axial axes of the three 

dimensional observation volume, N is number of fluorophore in the observation volume. The 

quantity A is a factor proportional to rate constant of a fluorophore crossing from singlet 

manifold (bright) to the triplet manifold (dark) over rate constant of fluorophore from triplet back 

to singlet. However, since the probes fluoresce independently but diffuse together with the cargo 

molecule the cross-correlation between the ith and jth probe should be Gij(τ) = GD(τ). 
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In this method, fluctuations from intersystem crossing were utilized with fluctuations from 

diffusion of free and bounded fluorophore in and out of the observation volume to evaluate the 

amount of fluorophore that are bound to the large structure as well as other thermodynamic, 

kinetic, and dynamic information in a complex system .  

 

Figure 2.6 shows experiment setup for the FCS performed here. FCS was performed with an 

instrument consisting of an air cooled argon ion laser (532-AP-A01, Melles Griot, Carlsbad, CA), 

an inverted microscope (Axiovert 200, Carl Zeiss, Göttingen, Germany) and a single photon 

counting avalanche photodiode (SPCM-AQR-15, Perkin Elmer, Vaudreuil, QC, Canada).  The 

circularly polarized excitation beam (λ= 514 nm) was delivered by a single mode optical fiber 

and focused into the sample solution approximately 10 μm from the coverslip surface using a 

100X, 1.30 N.A. oil immersion objective (Fluar, Carl Zeiss). This resulted in a nearly diffraction 

limited spot with a lateral radius of r0~310 nm and axial axes of z0~1500 nm. The laser power 

was maintained at 10 µW. The emitted fluorescence was collected by the same objective and 

separated from excitation light via a dichroic mirror (Chroma Technology Corp, Bellows Falls, 

VT) and a long pass filter (λ=514.4 nm, Semrock, Rochester, NY). The fluorescence was 
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refocused onto a 50 µm pinhole (Throlabs, Newton, NJ) to eliminate background fluorescence 

originating outside of the focal volume. Output of the photodiode was fed to a counter timer 

board (PCI-6602, National Instruments, Austin, TX) operating in time-tagged photon counting 

mode using home written software in LabVIEW (National Instruments, Austin, TX.). In time-

tagged mode, each detected photon is assigned a number corresponding to the elapsed time from 

the previous detection event. These “time-tags” were then used to construct the autocorrelation 

curve. Temporal resolution for timed tagged data is limited by the on-board clock of the 

counter/timer board (80 MHz) which leads to a time interval of 12.5 ns. The time tagged data as 

auto correlated off-line using routines written with Igor Pro 6.22.  
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Figure 2.5: Microscope setup for FCS. The laser light is directed through an interference 
filter and reflected off a dichroic mirror into the objective where it is then focused in the 
sample solution. The resulting fluorescence is collected through the objective where it 
then passes through the dichroic mirror, through a long pass filter, through a 50µm 
pinhole, and then reflected onto the avalanche photodiode (APD). 
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Chapter 3: Lac Repressor Protein 

 

3.1. Introduction of DNA loop complexes and lac repressor protein.  

 

Physical properties of DNA are linked to genes’ regulation and cellular behavior; therefore it is 

important to have detailed studies of the geometry of DNA and DNA-protein interactions. 

Looping structure formed from binding between DNA and proteins is important. In vivo, various 

DNA-protein looping geometry indicate various intrinsic properties. In this dissertation, the lac 

operon which forms a looping complex with lac repressor protein (LacI) was quantitatively 

studied as a model of looping structures formed from interaction between DNA and protein.  

 

3.2. Lac repressor system. 

 

 3.2.1 Lac operon 

In 1960s Jacob and Monod first reported the control of the lac operon in E. coli by lac repressor 

(LacI) which is a classic example of negative gene regulation.2 The lac operon works as a control 

mechanism in which gene transcription can only be carried out when dissociation of LacI occurs. 

In order to repress gene transcription of lac operon, this lac repressor protein first binds to a 

primary promoter-proximal operator, O1, and to one of two auxiliary operators, O2 or O3. The 

operator sequence of the lac operon contains ~ 20 bp which is symmetric in the center and at its 

ends.3 The lac operon contains a primary operator sequence adjacent to the promoter at position 

+11 bp, which is accompanied by two secondary operators with similar sequences; one located 

401 bp downstream and the other located 92 bp upstream.4,5 As is shown in Figure 3.1 the 



31 

 

existence of O2 or O3 is critical for repression at low concentration levels of LacI. In 1990 Oehler 

and his coworker reported removing one of the auxiliary operators causes reduction in repression. 

However, removing both auxiliary operators or the primary operator causes failure in repression 

(Figure 3.1). LacI molecule binds to these operators causing DNA to form a looping structure 

which leads to repression.6 This lac operon system is initialized in the presence of lactose and in 

the absence of glucose. This process is achieved through binding of the inducer (lactose) to LacI 

which causes a conformation change of LacI. This binding process reduces the affinity of LacI to 

DNA. In this dissertation, Isopropyl β-D-1-thiogalactopyranoside (IPTG) (Figure 3.2) which 

performs very similarly to lactose7 was used as inducer of lac operon. 

 

 

 

Figure 3.1: Resultant DNA loops from Lac repressor binding in the lac operon. (A) Possible DNA 
loops obtained from binding a primary promoter-proximal operator, O1, and one of two auxiliary 
operators, O2 and O3, in order to repress transcription of the lac operon. (B) Maximum repression of 
the lac genes is observed when all three operator sites are present and is at a minimum when one or 
none of the operator sites are present. Figure 3.1 was adapted form reference 2 and 5. 
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3.2.2 Lac repressor protein 

Lac repressor protein consists of a dimer of dimmers. LacI has ability to bind simultaneously 

with two of three operators in lac operon.7,8 As is shown in Figure 3.3, LacI is a V-shape 

tetramer protein which is defined by its four structure regions: the head DNA binding domain, 

the -NH2 terminal domain, the –COOH terminal domain and the tetramerization domain.9,10 

Between the DNA binding domain and the –NH2 terminal domain is a flexible linker which may 

play an important role in allowing the LacI bind to two operators simultaneously under different 

conditions stabilizing different looping structures. Inducers bind to the region between the –NH2 

terminal domain and –COOH terminal domain (Figure 3.3) causing distinct structure change.11 

This structure change includes clamping and rotation of the –NH2 domain causing disruptions of 

not only interactions between the –NH2 terminal and –COOH terminal domains, but also the two 

–NH2 subdomains.7,9,12 These changes in the –NH2 terminal and –COOH terminal domains 

increase the distance of the two dimers in the DNA binding domain decreasing the binding 

Figure 3.2: Structure of Isopropyl β-
D-1thiogalactopyranoside (IPTG) 
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affinity of the DNA binding domain to DNA operators.9,13 Detailed studies of DNA-LacI and the 

IPTG system using single molecule Förster resonance energy transfer are shown in chapter 4. 

 

 

 

  

Figure 3.3: The crystal structure of a LacI tetramer-DNA ‘‘sandwich’’ complex with and 
without IPTG. Figure adapt from reference 6,7 and 1. 
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Chapter 4:  LacI-DNA-IPTG Loops: Equilibria among Conformations by 

Single-Molecule FRET 

 

4.1 Introduction 

The control of the lac operon in E. coli by Lac repressor (LacI) is a classic example of negative 

gene regulation 1. The LacI homotetramer, a dimer of dimers, has the ability to bind two operator 

sites simultaneously, forming a DNA loop 2,3. In part, the biological function of looping is that 

binding of one dimer to its operator increases the effective local concentration of the other 

operator around the other dimer, leading to increased occupancy of the second operator 4. 

Characterizing this “hydrogen atom of gene regulation” has been of increasing recent interest 

because the prevalence of looping in prokaryotes and eukaryotes has been recognized 5, 6. 

 

Probing the role of inducers, anti-inducers, and other allosteric effectors is important in 

understanding the regulation of protein-DNA looped complex shape and stability 7. In the 

presence of the artificial inducer isopropyl-,D-thiogalactoside (IPTG), there is about a 1000-

fold decrease in the affinity of LacI for the operator 8. One IPTG molecule binds to the core 

domain of one monomer of LacI with a KD ~ 5.0 x 10-6 M 8-10. The reorientation of the core 

domain increases the distance between DNA binding headpieces in a dimer, destabilizing the 

strong interactions between the headpiece and the DNA operator 11,12. Von Hippel and coworkers 

explained derepression as the redistribution of IPTG-bound LacI onto non-specific DNA 13.  
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Early in vivo studies of LacI interaction with the lac operators demonstrated a sigmoidal curve 

for derepression as a function of IPTG concentration. This led to belief in either a cooperative or 

a two-step mechanism, requiring two molecules of inducer to dissociate LacI from the operator 

14,15. Oehler et al. 16 showed that if IPTG binding decreases DNA binding by one dimer, the 

sigmoidal curve can be explained by stabilization of binding to the primary operator via binding 

of an auxiliary operator through DNA looping 8. In vivo experiments confirmed incomplete IPTG 

induction of the operon and demonstrated that the efficiency of induced transcription varies 

periodically with DNA spacing, diagnostic of loop formation 7,17. Structurally it has been 

demonstrated that changes in the monomer-monomer interface of LacI result in increased 

thermodynamic stability of the protein while decreasing affinity for inducer and operator binding 

18. Studies on heterodimeric LacI in which one monomer has a disrupted IPTG binding pocket 

led to the explicit formulation of LacI as being in an equilibrium between R and R* 

conformations, where inducer shifts the equilibrium toward the low-affinity R* form 19. 

Considering intermediate ligation states, R and R* conformations, DNA binding states including 

single-bound, doubly-bound, and loops, multiple loop shapes, and possible nonspecific LacI-

DNA interactions there are potentially hundreds of LacI-DNA-IPTG species. Our interest is in 

mutual interactions among inducer binding, DNA site selection, and DNA loop stability, and 

therefore we focus here on conditions where inducer is saturating, the DNA is designed to form 

exceptionally stable loops, and the protein: DNA ratio is ~1. A complete quantitative 

understanding of the lac operon, and by extension all genes regulated by ligand-responsive DNA 

looping proteins, will require confronting a more complete structural and thermodynamic 

characterization of all of the possible protein-DNA-effector complexes.  
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Loop geometry and stability is modulated by DNA bending strain, protein flexibility, and 

specific vs. non-specific protein-DNA interactions. In addition, Adhya and coworkers 20 have 

shown that both parallel and antiparallel trajectories for DNA loops must be considered, and the 

choice between loop topologies can be dictated by sequence-directed DNA bending 21,22. Some 

of the early indications of the importance of DNA bending strain came from the work of the 

Matthews and Müller-Hill labs where it was shown that LacI binding was stabilized by negative 

DNA supercoiling 23,24. Evidence for multiple conformations of the lac repressor has been 

provided by x-ray scattering and electron microscopy, which suggested that LacI could open up 

from its closed V-shape in solution 25,26. Tethered particle microscopy (TPM) experiments 

monitoring the effective length of DNA upon looping by LacI have shown distinct loop states 

ascribed to multiple conformations of lac repressor 27.  
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Our introduction of hyperstable LacI-DNA looped complexes whose shape and stability depend 

on DNA sequence allows the study of alternative loop geometries, DNA binding topologies, and 

protein conformational changes 28. The hyperstable DNA constructs contain a sequence directed 

A-tract bend 29 positioned between two operators (Figure 4.1). The operator axis dyads are 

helically phased by changing the length of the two DNA linkers. The two DNA constructs that 

have been most carefully characterized are denoted 9C14 and 11C12. The dyads face outward 

for 9C14 and inward for 11C12 relative to the center of curvature of the A-tract bend 28. The 

topologies of minicircle products in DNA ring-closure experiments suggested that 9C14 and 

11C12 prefer closed-form and open-form LacI-DNA looped complexes, respectively 22,28. Bulk 

Figure 4.1: DNA Looping Construct 9C14 and Models for LacI-DNA Loops. (A) Schematic 
of the dual fluorophore 9C14 construct, which is the same as in previous work 28,30,31 except 
for the use of Alexa Fluor® 555 and Alexa Fluor® 647 fluorophores. The sequence induced 
A-tract bend is flanked by symmetrical operator binding sites. (B) Model for the lowest-
energy structure of unbound 9C14 based on the junction model for A-tract DNA bending 49, 
assuming a DNA helical repeat of 10.45 bp per turn outside the A tracts. The thick rods 
indicate the dyad axes of the lac operators and hence the LacI dimers within the tetramer. The 
structure of LacI bound to operator DNA is from PDB file 1LBG 3, shown approximately to 
scale. (C) Proposed conversion of the uniform LacI-DNA loop to a set of possible looped 
complexes upon binding inducer. LacI may change conformation and/or bind DNA non-
specifically resulting in the formation of various different loops. Possible single-bound 
complexes are not shown. 
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and single molecule fluorescence resonance energy transfer (SM-FRET) studies verified that 

9C14 does exist in a closed form. Very low FRET efficiencies from 11C12 are consistent with an 

open LacI-DNA looped complex 30,31. Evidence from our cyclization 28, bulk FRET, and SM-

FRET experiments lead us believe that open (and closed) loop forms exist based on opening of 

the lac tetramer. However, subsequent studies from the Perkins laboratory through elastic rod 

mechanics have shown that our experimental results may be explained with a V-shaped lac 

repressor 21. They reveal the importance of synthesis of bent sequences for the extension of 

experimental studies. 

 

Here we discuss the use of the hyperstable looping constructs to investigate the effects of IPTG 

on LacI-DNA looped complexes. SM-FRET on freely diffusing LacI-DNA loops allows us to 

analyze population distributions directly as opposed to the average properties measured in a bulk 

experiment, and the efficiency of energy transfer should be highly sensitive to changes in loop 

geometry. The studies presented below confirm that LacI, even at saturating levels of IPTG, 

forms stable DNA loops. We suggest that the IPTG-bound loops adopt at least two different 

conformations, one of which is indistinguishable from the loop without IPTG. We speculate that 

the other form requires either a conformational change in the LacI protein that moves the 

operators apart or else looping between operator and non-specific DNA.  

 

4.2 Material 

Restriction enzymes and the Phusion™ High-Fidelity PCR kit were from New England Biolabs 

and used as directed except as indicated. dNTPs were from USB and [α-32P]dATP was from 

Perkin Elmer. Alexa Fluor® labeling kits were from Molecular Probes/Invitrogen and were used 
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as directed. DNA oligonucleotides were purchased from IDT. LacI buffer is 25 mM Bis-Tris pH 

7.9, 5 mM MgCl2, 100 mM KCl, 2 mM DTT, 0.02% IGEPAL CA-630 (Sigma; replaces 

nonionic detergent Nonidet P-40), and 50 μg/mL acetylated BSA. IPTG was from Fisher 

Scientific. The concentration of LacI is expressed as active tetramer throughout, as determined 

by EMSA titration against excess DNA. LacI protein expression and purification derived from 

published methods32,33 as well as the determination of specific activity are described in detailed 

in our recent work. 34  

 

4.3 Method 

4.3.1 Synthesis of 
32

P-labeled 9C14 DNA 

A ~420 bp PCR template was prepared by digesting plasmid pRM9C14 28 with BstN I overnight. 

The fragment was purified on a 7.5 % polyacrylamide (40:1 acrylamide: bis-acrylamide), native 

gel and stained with ethidium bromide. The DNA template was excised, eluted overnight into 

50 mM NaOAc (pH 7.0) and 1 mM EDTA, phenol-chloroform extracted, ethanol precipitated, 

and stored in TE buffer. The labeled 9C14 DNA looping construct was synthesized using the 

Phusion™ High-Fidelity PCR System using primers 5′-

GCAGGTCAGTCTAGTTAATTGTGAGCGC-3′ and 5′-

GCTTTACCACAATGAATTGTGAGCGC-3′, where underlining indicates overlap with the lac 

operator. PCR reactions (50 μL) contained 40 picograms of template, 250 μM of each dNTP, 

1 μM of each primer above, 1X Phusion™ HF Reaction Buffer, 50 µCi of [α-32P]dATP and 2 

units of Phusion™ High-Fidelity DNA Polymerase. PCR cycling conditions were the following: 

95 °C for 1 min, 63 °C for 30 s, 72 °C for 1 min, with the cycle repeated 35 times. The body-



42 

 

labeled PCR product was isolated on an acrylamide gel and the DNA was extracted from the 

desired band as above. The purified DNA was resuspended in TE buffer and the concentrations 

were calculated based on the incorporation of radiolabel into the final product determined by 

scintillation counting. 

4.3.2 Fluorescently labeled 9C14 

Fluorescently labeled oligonucleotides 56 nucleotides in length were used as PCR primers for 

synthesis of the 9C14 DNA with Alexa Fluor® 555 (donor) and Alexa Fluor® 647 (acceptor) 

fluorophores. Fluorophores were conjugated to oligonucleotides synthesized with an amino dT 

C-6 internal modification (T* below: iAmMC6T). Fluorescently labeled oligonucleotides were 

purified on a 12% polyacrylamide (40:1 acrylamide: bis-acrylamide), 8 M urea gel. The primers 

were excised, eluted, phenol-chloroform extracted and ethanol precipitated. The PCR primers are 

5′-

CTGCAGGTCAGTCTAGGTAATTGTGAGCGCTCACAATTAT*ATCTCAATTCGTACGG-

3′ and 5′-

CAAGCTTTACCATCAACGAATTGTGAGCGCTCACAATTAT*CTAGCTTCGATTCTAG-

3′, with the lac operator underlined. Dual fluorophore labeled DNA constructs were synthesized 

using the Phusion™ High-Fidelity PCR System with the template described above. PCR 

reactions (50 μL) contained 40 picograms of template, 200 μM of each dNTP, 1 μM each labeled 

primer, 1X Phusion HF Reaction Buffer, and 2 units of Phusion™ High-Fidelity DNA 

Polymerase. PCR cycling conditions were the following: 94.0°C for 1 min, 55.0°C for 30 s, 

60.0°C for 30 s, 72°C for 1 min, for 35 cycles. Purification was carried out as described for the 

radiolabeled DNA. 
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4.3.3 Fluorophore labeling efficiencies 

Labeling efficiencies for Alexa Fluor® 555 and Alexa Fluor® 647 fluorophore labeled primers 

were determined by measuring the ratio of dye concentration to DNA concentration, using the 

dye extinction coefficients reported by Invitrogen: Alexa555(555 nm) = 150,000 M−1 cm−1 and 

Alea647(647 nm) = 239,000 M−1 cm−1. The dye contribution to absorption at 260 nm was 

calculated based on their concentrations and their correction factor at 260 nm (CF260). The Alexa 

Fluor® 555 CF260 = 0.04 and Alexa Fluor® 647 has no contribution at 260 nm. The absorbance 

of the dye at 260 nm was subtracted, and the concentration of DNA in each sample was then 

determined using extinction coefficients calculated for single stranded DNA (33 μg/OD260 unit).  

4.3.4 Bulk FRET studies on 9C14  

Acceptor and donor labeled 9C14 constructs at 2 nM were incubated for 2 min with 0 and 2 nM 

LacI in LacI buffer. The emission was collected from 550 to 750 nm, with excitation at 514 nm, 

using a Varian Cary Eclipse Fluorescence Spectrophotometer with a 10 nm slit width. Following 

incubation and scanning, 5 mM IPTG was added, allowed incubating for 2 min, and the emission 

spectrum was acquired. Additional LacI was added to 8 nM and the spectrum was acquired 

again. 

4.3.5 SM-FRET measurements 

Single-molecule FRET was done as described previously 31. Initial LacI titration experiments 

were used to determine the optimum concentration of LacI to be used. SM-FRET IPTG 

measurements were conducted at 1 nM 9C14 and 1-1.5 nM LacI in LacI buffer. IPTG was added 

at various concentrations and stages as described in the text. Samples were allowed to equilibrate 

at room temperature (20°C) for at least 5 min Because of the photostability of the Alexa-labeled 
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DNA, it was not necessary to use an oxygen scavenging or photoprotection system. In addition, 

we did not observe power-dependence effects previously noted with Cy3-Cy5 that were ascribed 

to triplet state conversion or blinking 31. 

 

Single molecule studies were performed with an oil immersion objective inverted microscope 

(Fluar, 100X, N.A.=1.3, Carl Zeiss, Oberkochen, Germany) with standard methods 35-37. 

Excitation at 514 nm was from an argon ion laser focused 10 μm into the sample from the glass-

liquid interface. The objective collects the fluorescent burst data as the molecules travel through 

the beam, and it is then directed through a long pass filter (LP01-514RS, Semrock, Rochester, 

NY) to remove the excitation wavelength of the laser. The emitted light is subsequently split 

between two avalanche photodiode single photon counting modules (SPCM-AQR-15, 

PerkinElmer Optoelectronics, Vaudreuil, Quebec) using a dichroic beam splitter (625DCLP, 

Chroma, Rockingham, VT). The photon counts are recorded on separate channels of a 

counter/timer board (PCI 6602, National Instruments, Austin, TX) with 100 µs time bins using 

Labview 8.5 (National Instruments) software.  

4.3.6 SM-FRET data analysis 

The fluorescence intensities were corrected for background, and bursts that exceeded a threshold 

total (donor plus acceptor) intensity were selected; the threshold value was chosen in a range 

where the resulting histogram did not vary significantly with small changes in the threshold and 

was typically about 30 photons per 100 s. The apparent FRET efficiency of bursts above the 

defined threshold is calculated using equation (3.1): 

                                              
  

     
                                                                (4.1) 
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where  and  are the background-corrected intensities of the acceptor and donor channels. To 

minimize peak broadening and to retain sensitivity to low-efficiency FRET we chose not to 

perform leakthrough correction, which adds to the noise. Without the leakthrough correction, the 

peak apparent FRET efficiency for the zero ET population is 25%. Leakthrough correction has 

very little effect on the measured efficiency for the high-efficiency FRET peak. The probability 

of observing bursts as a function of the apparent FRET efficiency is binned and displayed as in 

Figures 4 and 5.  

 

To evaluate the effects of added inducer on LacI-DNA loop stability, a fluctuation analysis was 

conducted using FRET transients acquired with 100 s time bins in which the instantaneous 

FRET change, Eff, was calculated from sequential points during prolonged bursts from single 

LacI-DNA loops: 

                                                            (    )     ( )                    (4.2) 

Eff values were determined for each pair of sequential bins in all bursts that persisted for greater 

than 300 s. The Eff values were sorted according to the value of each Eff(t) and used to 

construct histograms for high-efficiency (Eff(t)>0.5) and low-efficiency (Eff(t)<0.5) initial 

observed efficiencies. Figure 6 shows Eff histograms in the presence and absence of IPTG. 

 

4.4 Results and discussion  

Recent in vivo studies have shown that LacI-DNA-IPTG loops are capable of repressing 

transcription 7, but they have provided little insight into the geometry of the induced loop. Bulk 
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FRET studies on LacI-induced DNA loops showed that addition of IPTG resulted in lower 

observed FRET efficiency, but population distributions could not be obtained 30. Previous SM-

FRET work investigated uninduced loops only and revealed the formation of a closed form loop 

supporting efficient energy transfer 31. The analysis of loop population distributions for LacI-

DNA-IPTG is the purpose of the current work. We use bulk and SM-FRET experiments to 

investigate conformational changes caused by the addition of IPTG to pre-looped LacI-induced 

DNA complexes.  

4.4.1 Bulk FRET studies  

FRET studies on Alexa Fluor® 555 and Alexa Fluor® 647 fluorophore double-labeled 9C14 

DNA with LacI and IPTG (Figure 4.2.) show that addition of saturating inducer to a LacI:DNA 

loop decreases the sensitized emission of the acceptor to approximately 40% of its original value. 

DNA labeled with the Alexa dyes behaves similarly to the fluorescein/TAMRA and Cy3/Cy5 

pairs used in previous bulk 30 and single-molecule FRET 31. Control experiments (not shown) 

confirm that maximal sensitized emission of the acceptor observed at approximately equimolar 

active LacI and DNA (as in Figure 4.2) and decreases at higher [LacI]. This decrease may be 

attributed to specific-nonspecific looping or conversion to doubly bound complexes. The 

decrease in FRET upon IPTG binding indicates that either a new equilibrium among looped and 

unlooped states is established, or the transfer efficiency of a stable loop is perturbed. Since FRET 

does not disappear completely, at least a portion of the DNA must still be bound by protein. To 

test whether any free 9C14 DNA is present, the LacI concentration was quadrupled at saturating 

IPTG. The additional LacI should re-bind and loop any free 9C14, increasing the energy transfer 

efficiency, but no such effect was observed, suggesting that IPTG had not caused the dissociation 

of the original LacI-9C14 complexes. Additionally, any single-bound, unlooped, DNA should 
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have been converted to doubly-bound upon addition of excess LacI, pulling the equilibrium to 

unlooped forms and thereby decreasing FRET efficiency; no such decrease was observed. All of 

these observations suggest that the LacI-9C14-IPTG complex exists as a stable loop. However, 

the initial drop in FRET efficiency with IPTG addition suggests that a structural rearrangement 

does take place. To identify this structural rearrangement, single-molecule FRET studies were 

pursued. 
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Figure 4.2: Bulk FRET of LacI-9C14 complexes in the presence and absence 
of IPTG. Samples were prepared with 2 nM doubly-labeled DNA and 0 or 2 
nM LacI. After 2 min, IPTG was added to 5 mM final concentration when 
used, and after a further 2 min, LacI was added to 8 nM to one sample. The 
sample was excited at 514 nm and the emission spectrum was scanned from 
550-750 nm. The enhanced emission of the Alexa Fluor® 647 acceptor at 670 
nm is due to DNA looping. The enhancement is decreased ~2-fold in the 
presence of IPTG. Excess LacI has no further effect, suggesting that there is 
no free DNA released during the initial incubation with IPTG. Control 
experiments (not shown) confirm that 5 mM IPTG is saturating. 
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4.4.2 Single-molecule LacI-9C14 FRET results upon titration with IPTG 

The 9C14 DNA bound to LacI exists substantially in a closed loop form. Based on the inter-

fluorophore distance estimated from the known attachment sites and the LacI-DNA co-crystal 

structure 3, the closed loop has an expected FRET efficiency of 0.9 31. Control histograms 

(Figures 4.3A and 4.4A) show that 9C14 alone exhibits no FRET. Addition of IPTG to the free 

DNA has no effect on the FRET histogram (not shown). Single-molecule FRET for LacI-9C14 

complexes confirms a peak at 90 % efficiency (Figure 4.3). As IPTG is added to the LacI-9C14 

loop, the high-efficiency FRET peak decreases in amplitude, but the maximum of the peak does 

not shift, and significant high-efficiency FRET remains at saturating IPTG concentrations 

(Panels 4B-4F). After the addition of as little as 0.15 mM IPTG there is no further change at 

concentrations up to 30 mM IPTG. IPTG binding is expected to be less favorable when it is 

coupled to disruption of a very stable loop, but this effect should simply increase the apparent 

dissociation constant for IPTG, and the data show that saturation has been reached. The 

persistence of the high-efficiency FRET peak indicates that some of the LacI-DNA-IPTG still 

exists as a closed form loop, presumably with geometry similar to the original LacI-9C14 loop.  
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Figure 4.3: Single-molecule 
fluorescence experiments on freely 
diffusing LacI-9C14-IPTG 
complexes. LacI was incubated 
with DNA and then IPTG was 
added to give the indicated final 
concentrations. The histograms are 
normalized distributions of FRET 
efficiencies calculated from 
fluorescence collected in donor 
and acceptor channels upon 514 
nm laser excitation of Alexa 
Fluor® 555 and Alexa Fluor® 647 
dual-labeled samples. (A) Control 
showing no FRET in freely 
diffusing 9C14 DNA alone. (B) 
LacI-9C14 looped complexes 
show a population with high 
FRET. (C-F) Histograms obtained 
from LacI-9C14 complexes with 
the indicated concentrations of 
IPTG, ranging from 0.15 – 30 mM. 
The amplitude of the high-
efficiency peak is decreased but 
not eliminated at saturating IPTG. 
As discussed in the text, the zero-
efficiency peak includes LacI-
DNA-IPTG loops that are not 
FRET active. Conventional error 
analysis suggests that the 
intermediate FRET efficiencies 
seen here and in Figure 4.4 are not 
due to intermediate loop 
populations as discussed in the 
main text and Supporting 
Materials.  
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As the amplitude of the high-FRET peak decreases, the amplitude of the zero-FRET peak 

increases, but in agreement with the bulk results, the addition of more LacI does not change its 

amplitude further (not shown). This confirms that the molecules that do not support FRET are 

still looped. Other studies on 9C14 suggest that, in fact, some of the molecules that contribute to 

the zero-FRET peak even in the absence of IPTG are stable loops with alternative topologies 21,34. 

The FRET results presented here do not directly bear on the population of zero-FRET loops in 

the absence of IPTG. The histograms also show bins that depend on LacI and show intermediate 

apparent FRET. However, a detailed analysis that includes the photon counting statistics 

underlying the histograms suggests that these values do not reflect possible alternative looped 

complexes with intermediate FRET efficiencies; rather, the intermediate values may be due to 

transient switching between high- and low-efficiency populations or to photophysical effects 

such as acceptor bleaching. 

 

The fluorophore labeling efficiency of these molecules, based on absorbance measurements of 

primers before PCR, is about 100%. Our other work using the same primers demonstrated that 

the energy transfer efficiency of 9C14 is not as high as the efficiency of related constructs made 

from the same primers.34 These observations confirm that the zero-transfer peak here cannot be 

entirely due to molecules with bleached acceptors. This is at odds with our previous single-

molecule FRET studies on 9C14;31 that work used Cy3-Cy5 fluorophores that were subject to 

blinking,38 and the data analysis was not as sophisticated as the current work. 

4.4.4 Single-molecule 9C14/LacI FRET results with LacI pre-incubated with IPTG 

To confirm that the results above reflect equilibrium loop distributions, we carried out parallel 

studies in which LacI was mixed with IPTG before addition of DNA, with the results shown in  
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Figure 4.4. The same high-FRET and low-FRET peaks are still present at similar amplitudes, 

Figure 4.4: Single-molecule 
fluorescence experiments on freely 
diffusing LacI-9C14-IPTG 
complexes in which LacI was pre-
incubated with IPTG. The 
experiments were otherwise done 
as in Figure 4.3, and the similarity 
of the results demonstrates that the 
LacI-DNA-IPTG complexes 
observed are at equilibrium. (A) 
FRET histogram of 9C14 DNA 
alone. (B) LacI-9C14 complexes. 
(C-F) FRET histograms obtained 
at 1, 5, 10, and 30 mM IPTG. As 
in Figure 4.3, IPTG-bound looped 
complexes show a persistent high-
efficiency peak. The origin of the 
low-amplitude intermediate 
apparent FRET efficiencies is 
discussed in the main text and 
Supporting Material. 
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confirming that the essential results are independent of order of addition. The intermediate-

efficiency apparent FRET values are more prominent here, but the analysis suggests that this 

reflects different counting statistics in the two sets of experiments.  

 

In other experiments similar to those of Figures 4.3 and 4.4 (i.e. with or without preincubation 

with IPTG), histograms obtained at 0.5 µM and 5 µM IPTG are similar to those from the 

uninduced LacI-9C14 controls (data not shown). Measurements at 50-300 µM IPTG are usually 

indistinguishable from the results shown in Figures. 4.3 and 4.4, which are for ≥ 1 mM IPTG. 

We have occasionally observed distributions with intermediate amplitudes for the high-FRET 

peak, but given the variation apparent in Figures 4.3 and 4.4 these cannot be confidently assigned 

to actual mixtures of loops with and without IPTG. However, we have never observed a 

substantial shift in the position of the high-FRET peak. The transition between induced and 

uninduced loops would be expected to be quite sharp upon binding of inducer due to stabilization 

of the induced conformation of the repressor 
19

. The observed variability in the midpoint 

concentration of IPTG might also be due to variable adsorption of IPTG in the sample cell. 

4.4.5 Fluctuation analysis of FRET transients 

In order to investigate the effects of IPTG on loop stability and to evaluate whether 

interconversion between the equilibrium loop geometries can be observed, we extracted the 

amplitudes and signs of rapid fluctuations in FRET efficiency in 9C14-LacI loops, using data 

obtained with 100 s acquisition times. The fluctuations Eff originating from low- and high-

efficiency FRET states were evaluated separately. Fluctuation histograms in the presence and 

absence of IPTG are shown in Figure 4.5. The results are interpreted in terms of pseudo two-state 

equilibrium: 



54 

 

[    ]  [      ]    (4.3) 

in which the two states, open and closed, each represent a collection of possible loop geometries. 

Transitions from low-FRET-efficiency “Open” geometries to high-efficiency “Closed” 

geometries are apparent as small peaks with large positive Eff originating from low-efficiency 

states in Figure 4.5A. Similarly, negative Eff originating from high-efficiency states in Figure 

4.5B represent Closed to Open transitions. The values of [Open] and [Closed] were determined 

by integrating the FRET efficiency histograms over ranges below and above Eff = 0.5, 

respectively, and the closed loop population changed from 31% to 14% upon addition of IPTG. 

An increase in the probability of conversion from Closed to Open forms and a decrease in the 

Open to Closed probability are observed when IPTG is added. In order to address these 

observations more quantitatively, the population fraction for a given state can be multiplied by 

the probability of exiting that state. At equilibrium the two products should be equal: 

[    ]       [      ]        (4.4) 

The values of Pclose and Popen were estimated by assuming that the negative portion of Figure 

4.5A and the positive portion of 6B are due to statistical fluctuations from photon-counting and 

loop motions. Assuming that these fluctuations are symmetric and contribute equally to each side 

of the distributions in Figure 4.5, Pclose and Popen can be estimated by: 

          ∑  (    )       (4.5) 

         ∑  (    )      

where the indices are the values from the abscissae in Figure 4.5 from which the respective 

P(Eff) values were taken. Using this approach the values in Table 4.1 were obtained. In the 
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presence of  

 

 

 

IPTG Popen increases, as does the total probability (Popen + Pclosed) of transitions that switch from 

one looped state to another, consistent with a model in which interconversion increases in the 

presence of the inducer. Considering the assumptions, limitations in temporal and spectral 

resolution of the measurements, and the inability of FRET to accurately report populations in 

complex systems, the values shown in Table 4.1 have remarkable consistency with the two state 

model of open and closed loops. 

Figure 4.5:  Fluctuation distribution histograms of Eff for the low-efficiency FRET (A) and high-
efficiency FRET (B) populations in the presence and absence of IPTG.  Details of conditions and 
calculations are given in the text. 
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Table 4.1.  Equilibrium fluctuation analysis results. E = FRET efficiency. [Open] and [Closed] 

are the fraction of the total population in each loop state. PClose and POpen are the probabilities that 

a transition will convert from Open to Closed or Closed to Open respectively. 

 

 9C14+LacI 9C14+LacI+IPTG 

[    ] (     ) 0.69 0.86 

[      ] (     ) 0.31 0.14 

       0.15 0.11 

      0.30 0.58 

[    ]         0.10 0.094 

[      ]        0.093 0.082 

 

 

Evaluating the first moment of the distributions <Eff> for low- and high-efficiency states in the 

presence and absence of IPTG confirms that IPTG increases the rate of interconversion and the 

preference for Closed to Open transitions: in Figure 4.5A, <Eff> originating from low-

efficiency states decreases from 0.054 in the absence of IPTG to 0.012 at 5 mM. In Figure 4.5B, 

this effect is reversed for the closed-loop geometries: the first moment is–0.079 in the absence of 

IPTG and to –0.13 in its presence, due to an increased probability for the large decreases in 

transfer efficiency that accompany the conversion of closed loops to open loops. 



57 

 

 

The fluctuation analysis proves to be a useful method for evaluating population interconversion 

for the LacI-DNA system.  As stated previously, the error analysis based on standard error 

propagation techniques shows that the FRET histogram widths and intermediate values observed 

in Figures 4.3 and 4.4 are not sufficient to support an argument for conformational switching 

between looped populations. Evaluating fluctuations for large and statistically rare events 

facilitated by 100 s time resolution provides a method for evaluating loop conformational 

interchange and not merely photophysical artifacts.   

 

In summary, bulk and single-molecule FRET measurements suggest that LacI-9C14-IPTG exists 

as at least two populations. One has a closed-form, high-efficiency FRET loop geometry similar 

to the uninduced LacI-9C14 loop. The other, which does not support FRET, could include loop 

states with more open LacI protein (moving the dyes apart), different loop topologies, and/or 

specific-nonspecific loops. The fluctuation analysis presented in Table 4.1 strongly supports the 

notion that conformational switching dynamics are altered by the addition of IPTG, leading to a 

diversity of loop shapes but not the breaking of loops.  

 

Effector molecules and architectural DNA binding proteins regulate loop shape and stability 39-41. 

Here, we apply SM-FRET to investigate the modulation of LacI-DNA looping by IPTG in vitro, 

using a previously characterized pre-bent DNA looping substrate (9C14) that supports 

hyperstable loops. Inducer-bound Lac repressor undergoes a conformational change that 

allosterically shifts the headpiece and core domains of the structure3, resulting in dramatically 

decreased affinity for DNA. Previous in vitro and in vivo evidence does indicate that the IPTG-
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bound LacI is still capable of forming looped complexes. Here, a looped species with the same 

electrophoretic mobility is observed in the presence and absence of IPTG, presumably 

corresponding to the closed, parallel form of the LacI-9C14 loop 31. Consistent with these results, 

in single-molecule diffusing FRET experiments at saturating IPTG, the position but not the 

amplitude of a high-efficiency FRET peak is maintained. In the single molecule FRET studies 

the addition of excess LacI to the LacI-9C14-IPTG complexes neither increased nor decreased 

the looped population, suggesting that the initial LacI-9C14-IPTG complexes that do not show 

FRET are also stable loops. The high-FRET LacI-9C14-IPTG loop presumably has the same 

closed geometry as the uninduced loop. The stable loops that do not show FRET could include 

an open form of the LacI protein, a different DNA loop topology 20,21,34 or looping between an 

operator and a non-specific DNA binding site.  

 

The DNA bending in 9C14 appears to be important to the stability of the induced loop (tethered 

particle microscopy shows that IPTG breaks loops that lack DNA bending 42). We suggest that 

the bending mimics the supercoiled DNA environment of an E. coli cell, in which the high local 

concentration of the operators allows the formation of LacI-DNA loops despite saturating [IPTG] 

43. DNA supercoiling could stabilize a variety of loop shapes and sizes. For example, LacI 

binding to plectonemic DNA form loops with the same V-shaped LacI seen in the high-FRET 

9C14 loops but an open form LacI could bridge operators in apical loops 43. We suggest that all 

of the looped forms are likely to be linked to at least one operator, since they are still observed to 

repress transcription to some extent. We propose that these inducer-bound LacI-DNA looped 

complexes may control the kinetics of induction and re-repression of the operon. The single 

molecule fluctuation analysis (Figure 4.5 and Table 4.1) does indeed show that inducer–bound 
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LacI is responsible for shifting the equilibrium of loop geometries by increasing the probability 

of open-loop geometry.  The presence of IPTG also slows the rate of conversion from open to 

close but not by a large factor, suggesting that LacI does remain localized near an operator.   

 

Any actual or proposed role for looping should be compared to the regulation that could be 

carried out by a single-site protein 44. Looping can confer at least two potential advantages. First, 

it allows for multiple simultaneous inputs from separate DNA binding sites, which may be 

essential for regulation of genes with complex responses to the environment, as in development 

or homeostasis. Furthermore, detailed experiments on the lac system suggest that induction 

increases the apparent torsional rigidity of loop DNA, indicating that the induced loop is more 

sensitive to poor alignment of operator sites 7. The control of loop stability by changes in DNA 

shape and supercoiling is an additional mechanism for modulation of gene regulation 24,39,45,46. 

The other unique function of looping is that local concentration effects confer rapid on/off rates 

even at high affinity. In contrast, a single-site protein with a larger binding surface would tend to 

require slow on/off rates for high affinity. Leibler has pointed out that looping is therefore useful 

to the cell because the low level of transcription initiation that escapes repression occurs at a 

relatively uniform rate instead of in stochastic bursts 47. Here we extend this idea to the induced 

state: loops in which one headpiece of the repressor is bound to nonspecific DNA instead of to 

the proximal operator would presumably allow induction, but the induced repressor would be 

retained in the DNA neighborhood through the other headpiece, able to respond rapidly to the 

disappearance of allolactose. 
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Figure 4.7 illustrates this model for the biological consequences of alternative looping. The left 

half of the figure illustrates the advantage of fast on/off rates in the repressed state. The right half 

illustrates that continued localization of the repressor even during induction should accelerate re-

repression when the inducer concentration drops. In addition, persistent looping during induction 

should suppress variability in rates of re-repression that would otherwise be caused by loss of 

LacI from the local DNA environment. The proposal that induced LacI will remain localized is 

testable with in vivo single molecule studies, but existing data do not address it because they 

have used dimeric repressors 48. Quantitative models for DNA strain and bending used to explore 

DNA geometry in gene regulation must be extended to include IPTG-bound loops. Only when 

this is done will it be possible for systems biology models to fully reflect the relevance of 

changes in looping cooperativity as well as simple binding affinity.  
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4.5 Conclusion 

This work has demonstrated the use of bulk and single molecule methods to investigate the 

IPTG-induced changes in LacI-DNA loop geometries.  SM-FRET confirmed that the high-FRET 

LacI-9C14 loop is only partially destabilized by saturating IPTG. LacI titration experiments and 

FRET fluctuation analysis suggest that the addition of IPTG induces loop conformational 

Figure 4.6: Stochastic model for the functions of alternative DNA loops during repression, induction, and 
re-repression. Regulation carried out by the Lac repressor, with its proposed ability to form stable 
specific-nonspecific loops, is compared to regulation by a putative non-looping protein with the same 
binding affinity for its (longer) operator site. Equal affinity is indicated in the figure by equal ratios of 
on/off times for the two proteins. The on rate for a single-site protein is necessarily slower than that of a 
looping protein because it cannot locate its operator through direct transfer 50 and hence the off-rate is 
also slower at constant affinity. Upon induction, if the non-looping protein leaves its site there is no 
mechanism for retaining it nearby, whereas a specific-nonspecific loop allows for induction while 
maintaining nearby LacI. This is most critical to regulatory efficiency when the inducer is removed. The 
looping protein, being continually localized, can reoccupy its operator very rapidly, whereas the non-
looping protein must diffuse back to the site from elsewhere in the cell. Hence, re-repression is 
accelerated by the proposed specific-nonspecific looping mechanism, and it also occurs at a more 
consistent rate. 
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dynamics and re-equilibration between loop population distributions that include a mixture of 

looped states that do not exhibit high-efficiency FRET. The results show that repression by 

looping even at saturating IPTG should be considered in models for regulation of the operon. We 

propose that persistent DNA loops near the operator function biologically to accelerate re-

repression upon exhaustion of inducer. 
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Chapter 5: Catanionic Surfactant Vesicles 
 
 

5.1. Introduction. 

 
Surfactants, or surface active agents, are amphiphilic molecules composed of a polar head group 

region and a nonpolar hydrophobic tail region. Surfactants have many uses in detergents, paints, 

cosmetics, pharmaceuticals, and in the oil industry.1 Micelles and vesicles can be formed from 

aggregation of the surfactants which have many uses in the areas above and in some new areas 

such as applications where phospholipids vesicles have traditionally been utilized.2,3 Surfactants 

can be characterized based on the charge of the polar head group.  Cationic, surfactants have a 

positive charge such as a tertiary amine.  Anionic surfactants have polar head groups carrying a 

negative charge, for instance a phosphate group or a sulfate group.  Zwitterionic and neutral 

surfactants have a head group that carries a net charge of zero；Zwitterioinic head groups 

contain both positive and negative charges.  Neutral or nonionic surfactants, such as octyl phenol 

ethoxylate, exhibit surfactant properties. Table 5.1 shows examples of surfactants with different 

polar head groups. By now, various types of surfactant vesicles have been discovered and 

classified. Niosomes will be formed if non-ionic surfactants such as polyglyceryl alkyl ethers are 

used as building blocks to make vesicles.4,5 Catanionic vesicles are formed from mixtures of 

cationic and anionic surfactants in aqueous solution at certain mole ratios. A feature of 

catanionic vesicles that is of particular importance to this work is the net charge on the bilayer 

due to a molar excess of either the cationic or anionic surfactant.  
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Table 5.1. Examples of surfactant molecules. 
 Name Structure 
Cationic Cetyltrimethylammonium 

Bromide (CTAB) 

 
Anionic Sodium- dodecylbenzenesulfonate 

(SDBS) 

 
Zwitterionic Phosphatidylethanolamine (PE) 

 
Nonionic Octyl phenol ethoxylate (Triton X-100)  

 
 
5.2. Spontaneous vesicle formation 

  

5.2.1 Thermodynamics of self-assembly  

Due to the amphiphilic nature of surfactants, there exist different interactions that affect the 

thermodynamics of the surfactants in the solution. These include the hydrophobic effect, 

hydration effect and head group repulsion. However, for amphiphile self-assembly in water, the 

hydrophobic effect plays the main role. The surfactants’ hydrophobic tail group transfer from a 

polar environment to a non-polar environment to a reduce the free energy.1 There are two 

situations to consider when the thermodynamics of the surfactants in solution are discussed: 

whether the surfactant concentration is below or above the critical micelles concentration (cmc). 

If the surfactant concentration is below the cmc, surfactant assembly at the surface of the 

solution needs to be considered. If the surfactant concentration is above the cmc, the aggregation 
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of the surfactant in solution must also be considered as well. 

 

The phase separation model can be used to describe the surfactant in the solution at equilibrium. 

In this model, the surfactant aggregates (micelles or vesicles) are considered as a separated phase 

and the chemical potential of the surfactant is the same in all of the environments, because the 

system is at the equilibrium condition. The chemical potential of the molecule can be described 

as: 

 

                 (5.1) 

 

where    is chemical potential of the molecule in the standard state, and   is the activity of the 

molecule in the solution, the activity of the molecule can be defined as C•b or f•b, where b is 

activity coefficient, C and f are the concentration and mole fraction. If the solution is assumed to 

be an ideal solution, the activity coefficient b is equal to 1 and   is equal to the concentration or 

mole fraction of molecule in the solution. Thus, if the concentration of the surfactant is below 

cmc the chemical potential can be described as: 

 

                             (5.2) 

 

where          is chemical potential of the surfactant,           is the chemical potential of 

the molecule in the standard state, and   is the concentration of the monomer in solution. If the 

concentration of the surfactant is above the cmc and the solution is assumed to be an ideal 

solution, the chemical potential of the surfactant in the solution can be decribed as: 
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                                                                (5.3) 

 

where    is the cmc of the surfactant. The free energy change for the surfactant transferring from 

solution to the aggregates is given by: 

 

 𝐺  𝐺      𝐺                                            (5.4) 

If the system is at the equilibrium, 𝐺    , thus: 

 

                     

                                                         (5.5) 

Combining equations 5.2 and 5.3 gives equation 5.6: 

 

                                       (5.6) 

 

Because the chemical potential of the surfactant is assumed to be the same in all of the 

environments, equation 5.6 can be simplified to give equation 5.7 which connect the surfactant 

monomer concentration with the cmc of the surfactant solution: 

 

                                                          (5.7) 

where    is the activity of the surfactant in the aggregates, in the ideal solution(b = 1), with only 

one type of the surfactant(f = 1),     ; so the concentration of the monmer in the solution is 

equal to the cmc. 
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Many surfactant solutions do not behave ideally, due to the electrostatic interactions, so a regular 

solution theory is discussed below. 

 

In a non-ideal solution containing different surfactants, the monomer concentration needs to be 

calculated separately by the equation 5.8: 

 

                   (5.8) 

 

where     is cmc of the surfactant i.   , and  𝑖 are the mole fraction and activity coefficient of 

surfactant i in the aggregates . 

 

The cmc of this mixed system is different from the cmc of the ideal solution containing only one 

surfactant species. Equation 5.9 describes the relationship between the mixed cmc and 

concentration of different species: 

 

                                                    (5.9) 

 

where       is the mixed cmc. Combining equation 5.8 and 5.9, generates equation 5.10 which 

describes the connection between the cmc of the mixture and cmc of the individual components: 

 

                            (5.10) 
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where the mole fraction fi for the surfactant from one specie in the aggregate can be given by: 

 

   
        

      
                                            (5.11) 

 

The sum of the mole fraction of the surfactants is equal to 1 and for a two component system, it 

can be described as: 

 

      
        

      
 

        

      
                           (5.12) 

 

which and be simplified as: 

 

 

     
 

  

      
 

  

      
       (5.13) 

 

The activity coefficient b is given by: 

     (    )                                              (5.14) 

       
 
                                                            (5.15) 

 

where   is the interaction parameter between two surfactants’ species. For the ideal solution the 

activity coefficient   is equal to 0, hence b is equal to 1. In the mixture system, as the attractions 

between the two surfactants’ species increase, the value of   becomes more negative.  The more 

negative value of   indicates a lower activity coefficient b which leads to a smaller cmc of 

mixture. The cmc of mixture is also called as critical aggregation concentration (cac).  
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5.2.2 Critical packing parameter 

The aggregates formed from different amphiphilic molecules have different structures such as 

spherical micelles, cylindrical micelles, and reverse micelles. Figure 5.1 shows the examples of 

different types of aggregates. The type of aggregate that forms can be predicted based on the 

shape of the amphiphilic molecules and their packing properties.  This concept is captured by the 

packing coefficient, P. In 1976, Israelachvili first developed the idea of packing coefficient, P 

which is the ratio of the volume of the hydrophobic tail of the amphiphilic molecule, v, to the 

chain length of the hydrophobic tail, lc, and the cross-sectional area of the hydrophilic head 

group, ao.6,7 

       
 

    
                                                (5.16) 

where the volume and length of hydrophobic tail can be calculated by equation v=27.4+26.9n 

(Å3) and lc= 1.5+1.265n (Å); n is the number of carbon atoms in the hydrophobic tail.6 The 

cross-sectional area of the hydrophilic head group can be determined by using the Langmuir 

trough.8 Figure 5.1 shows possible aggregate structures related to the various ranges of the 

packing parameter, P which range from smaller than 1/3 to bigger than 1. 
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 5.2.3 Spontaneous formation of catanionic vesicles   

In 1973 Gebicki and Hicks reported that vesicles can spontaneously form from deprotonated 

unsaturated fatty acids.9 An important role in the formation is played by partially ionized acids. 

The partially ionized acids also affect the stability of such systems which is different from the 

formation mechanism of liposome. Based on this discovery, many surfactant vesicle systems 

have been developed.10,11 The formation mechanism of these catanionic vesicles has been 

discussed.12-14 Catanionic vesicles form spontaneously from mixtures of two types of single-

Figure 5.1: Packing parameter values and aggregates formed. Possible packing parameter 
values, the shape of the surfactant associated with that packing coefficient and the 
structure most likely to form are shown for each value. Figure is adapted from reference 8. 
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tailed and oppositely charged surfactants. The spontaneous vesicle formation requires an excess 

of one surfactant over another surfactant and therefore catanionic vesicles are always charged. 

The charge can be either positive or negative.3 Because of their spontaneous formation, they are 

also commonly referred as equilibrium vesicles (this is still under debate whether they are a truly 

equilibrium system).15,16 In 1989 Kaler and coworkers developed several catanionic vesicle 

systems that form from common surfactants. These catanionic vesicles are extremely stable and 

can even exist over years.3  The low cost and simple methods for forming these types of vesicles 

make them extremely attractive for industrial applications and for liposome substitutions.3  

Surfactant preparations in drug delivery and DNA delivery to cells also have been studied.2  

 

In this dissertation, catanionic vesicles formed from CTAT and SDBS will be the primary focus. 

As shown in Figure 5.2, CTAT and SDBS are single tailed surfactants. CTAT has a positive 

charge head group while SDBS has a negative charge head group. CTAT and SDBS have a 

strong interaction, the interaction parameter   has a value -24.17 Thus, the cac of a mixtue of 

CTAT and SDBS (2.5 µM) is much lower than the cmc of each CTAT (0.3 mM) and SDBS (3 

mM). 

 

 

 

 

Cetyltrimethylammonium tosylate (CTAT) Sodium dodecylbenzenesulfonate (SDBS) 

Figure 5.2: Structures of CTAT and SDBS. 
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Vesicles form spontaneously from mixtures of CTAT and SDBS in aquaeous solution. By 

changing the ratio between the positive charge surfactant CTAT and negative charge surfactant 

SDBS, vesicles with positive charge or vesicles with negative charge can be generated. In 1989 

Kaler, et al. constructed a ternary phase diagram for the CTAT and SDBS system.3 Figure 5.3 

shows the water rich part of the ternary phase diagram at room temperature with composition 

based on weight percentage. As it is shown in Figure 5.3, the area labeled V+ and V- indicate 

mixtures where the positive charge and negative charge vesicles form. Since vesicles only form 

when one of the components is in molar excess, the catanionic vesicles are always charged The 

2-phase region on the left consists of micelles and vesicles in coexistence, and the 2-phase region 

on the right consists of a lamellar phase in coexistence with vesicles. The micelle region on the 

left consists of worm-like CTAT micelles and the micelle region on the right consists of SDBS 

spherical micelles. Along the equal molar line, the system precipitates as a lamellar solid. 
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The mechanism of this CTAT and SDBS catanionic vesicles formation is believed to be based on 

the formation of surfactant ion pairs due to electrostatic and hydrophobic interactions.18 The 

structure of this ion pair has a neutralized head group and double hydrophobic tail which is 

similar as lipids (shown in Figure 5.3) with the packing coefficient P~1. This formation 

corresponds to the planar bilayer. Since for these CTAT and SDBS catanionic vesicles, one of 

the surfactant in excess has a packing coefficient P~1/3 tends to form micelles in the aqueous 

solution. Combining this packing coefficient, a lamellar structure with a curvature of a vesicle 

will be resulted. Since more of the excess surfactants (which indicate excess charges) are in the 

outer leaflet and repel each other, it increases the distance between the head group and causes the 

Figure 5.3: Ternary phase diagram for CTAT/SDBS solutions 

Figure 5.3 was adapted from reference 14. 
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curvature.14 A pH responsive surfactant vesicle prepared based on this CTAT/SDBS system as a 

drug delivery system will be discussed in chapter 6   

 

 

 

 

  

Figure 5.4: Ion pair formation 



79 

 

References: 

 (1) Bangham, A. D.; Horne, R. W.: Negative staining of phospholipids and their 
structural modification by-surface active agents as observed in electron microscope. J. Mol. Biol. 
1964, 8, 660-668. 

 (2) Bramer, T.; Dew, N.; Edsman, K.: Pharmaceutical applications for catanionic 
mixtures. J Pharm Pharmacol 2007, 59, 1319-1334. 

 (3) Kaler, E. W.; Murthy, A. K.; Rodriguez, B. E.; Zasadzinski, J. A. N.: Spontaneous 
Vesicle Formation in Aqueous Mixtures of Single-Tailed Surfactants. Science 1989, 245, 1371-
1374. 

 (4) Baillie, A. J.; Florence, A. T.; Hume, L. R.; Muirhead, G. T.; Rogerson, A.: The 
Preparation and Properties of Niosomes Non-Ionic Surfactant Vesicles. J Pharm Pharmacol 
1985, 37, 863-868. 

 (5) Schreier, H.; Bouwstra, J.: Liposomes and Niosomes as Topical Drug Carriers - 
Dermal and Transdermal Drug-Delivery. J Control Release 1994, 30, 1-15. 

 (6) Israelachvili, J. N.; Mitchell, D. J.; Ninham, B. W.: Theory of Self-Assembly of 
Hydrocarbon Amphiphiles into Micelles and Bilayers. J Chem Soc Faraday T 2 1976, 72, 1525-
1568. 

 (7) Israelachvili, J. N.; Sornette, D.: The Interdependence of Intra-Aggregate and 
Inter-Aggregate Forces. J Phys-Paris 1985, 46, 2125-2136. 

 (8) Pashley, R. M.; Karaman, M. E.; Applied colloid and surface chemistry John 
Wiley and Sons, Ltd York , 2004. 

 (9) Gebicki, J. M.; Hicks, M.: Ufasomes are stable particles surrounded by 
unsaturated fatty acid membranes. Nature 1973, 243, 232-4. 

 (10) Fendler, J. H.: Surfactant Vesicles as Membrane Mimetic Agents - 
Characterization and Utilization. Accounts Chem Res 1980, 13, 7-13. 

 (11) Hargreaves, W. R.; Deamer, D. W.: Liposomes from Ionic, Single-Chain 
Amphiphiles. Biochemistry  1978, 17, 3759-3768. 

 (12) Helfrich, W.: Elastic properties of lipid bilayers: theory and possible experiments 
Z. Naturforsch. C: Biosci. 1973, 28, 693-703. 

 (13) Lasic, D. D.: Novel applications of liposomes. Trends Biotechnol 1998, 16, 307-
321.  

(14) Safran, S. A.; Pincus, P.; Andelman, D.: Theory of Spontaneous Vesicle 
Formation in Surfactant Mixtures. Science 1990, 248, 354-356. 



80 

 

 (15) Almgren, M.; Rangelov, S.: Spontaneously formed nonequilibrium vesicles of 
cetyltrimethylammonium bromide and sodium octyl sulfate in aqueous dispersions. Langmuir 
2004, 20, 6611-6618. 

 (16) Laughlin, R. G.: Equilibrium vesicles: fact or fiction? Colloids Surf., A 1997, 128, 
27-38. 

 (17) Chiruvolu, S.; Israelachvili, J. N.; Naranjo, E.; Xu, Z.; Zasadzinski, J. A.; Kaler, E. 
W.; Herrington, K. L.: Measurement of Forces between Spontaneous Vesicle-Forming Bilayers. 
Langmuir 1995, 11, 4256-4266. 

 (18) Tondre, C.; Caillet, C.: Properties of the amphiphilic films in mixed 
cationic/anionic vesicles: a comprehensive view from a literature analysis. Adv. Colloid Interface 
Sci. 2001, 93, 115-134. 

 

 

  



81 

 

Chapter 6: Fluorescence correlation spectroscopy: A quantitative study of pH 

responsive catanionic surfactant vesicles for drug delivery 

 

6.1 Introduction 

Catanionic surfactant vesicles were used to develop a pH responsive  drug carrier. Catanionic 

surfactant vesicles form spontaneously from mixtures of single-tailed cationic and anionic 

surfactants. Catanionic vesicles can be formed from inexpensive components and are more stable 

than conventional liposomes formed from phospholipids.1 Catanionic vesicles are stable in 

solution for very long periods of time, and in some instances, indefinitely.1 Hence, they are 

promising materials for many of the applications currently fulfilled by liposomes including 

models of biological membranes, drug delivery and solubilizing agents. For instance, the 

enhanced permeability and retention observed for tumor tissue with respect to liposome-sized 

particles suggests that drug bearing catanionic vesicles that find their way, or are targeted to, 

tumor vasculature will be taken up and retained by the tumor tissue.2 For drug delivery 

applications, pH responsiveness of drug carriers is an important goal since cancer tissues or 

infected tissues have lower pH than the normal tissue.3  N-tridecanoic acid (TDA) was used to 

confer pH responsiveness to vesicles formed from mixtures of sodium dodecylbenzenesulfonate 

(SDBS) and cetyltrimethylammonium tosylate (CTAT). Doxorubicin (DOX) is commonly used 

in chemotherapy. Charge on DOX is pH dependent and it is positive charge below pH 9. DOX is 

also available in liposome encapsulated forms as Doxil.3-7 Here, we are interested in DOX as a 

prototypical model for investigating the interaction between negative charge catanionic vesicles 

and drug molecule.  Finally, we developed a novel fluorescence correlation spectroscopy (FCS) 
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approach to measure the binding between DOX and different vesicles formulations at the 

different pH.  

 

6.2 Material 

DOX and rodamine 6g (R6G) was ordered from Sigma Aldrich Chemicals. Sodium hydroxide, 

hydrochloric acid and HEPES were purchased from Fisher Scientific. The surfactants CTAT, 

TDA and SDBS were ordered from Sigma Aldrich Chemicals and were kept in a desiccator to 

prevent water absorption. FluoSpheres Carboxylate-Modified Microspheres were purchased from 

Invitrogen. Sephadex G50 resin was ordered from Amersham Biosciences. Water used in FCS 

experiments and vesicle preparations was purified using a Millipore water purification system. 

 

6.3 Method 

6.3.1 Vesicle Preparation  

Vesicle samples prepared from aqueous mixtures of CTAT and SDBS were doped with certain 

amounts of TDA. Methods for doping these types of vesicles have been described previously and 

were followed here.8-10 Initial samples were prepared with a total surfactant concentration of 1% 

by weight. SDBS-rich vesicle preparations were 3:7 CTAT: SDBS by weight (0.07 g CTAT and 

0.03 g SDBS). Negatively-charged pH responsive vesicles containing TDA, SDBS and CTAT 

were prepared by substituting SDBS with TDA to keep the charge-ratio of the bilayer 

components uniform in all samples.  The ratio of cation to anion was 1:3. The vesicles were 

prepared by dissolving a mixture of dry surfactants CTAT, SDBS and TDA in a HEPES buffer 
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solution (0.1 M). Various pH was obtained by addition of NaOH or HCl. The vesicle solutions 

were stirred for 72 hours to ensure surfactants had dissolved and equilibrium had been reached. 

  

6.3.2 Fluorescence Correlation Spectroscopy  

FCS was performed at room temperature with an instrument consisting of an air cooled argon ion 

laser (532-AP-A01, Melles Griot, Carlsbad, CA), an inverted microscope (Axiovert 200, Carl 

Zeiss, Göttingen, Germany) and a single photon counting avalanche photodiode (SPCM-AQR-15, 

Perkin Elmer, Vaudreuil, QC, Canada).  The circularly polarized excitation beam (λ= 514 nm) 

was delivered by a single mode optical fiber and focused into the sample solution approximately 

10 μm from the coverslip surface using a 100X, 1.30 N.A. oil immersion objective (Fluar, Carl 

Zeiss). This resulted in a nearly diffraction limited spot with a lateral radius of r0~310 nm and 

axial axes of z0~1500 nm. The laser power was maintained at 10 µW. The emitted fluorescence 

was collected by the same objective and separated from excitation light via a dichroic mirror 

(Chroma Technology Corp, Bellows Falls, VT) and a long pass filter (λ=514.4 nm, Semrock, 

Rochester, NY). The fluorescence was refocused onto a 50 µm pinhole (Throlabs, Newton, NJ) 

to eliminate background fluorescence originating outside of the focal volume. Output of the 

photodiode was fed to a counter timer board (PCI-6602, National Instruments, Austin, TX) 

operating in time-tagged photon counting mode using home written software in LabVIEW 

(National Instruments, Austin, TX.). In time-tagged mode, each detected photon is assigned a 

number corresponding to the elapsed time from the previous detection event. These “time-tags” 

were then used to construct the autocorrelation curve. Temporal resolution for timed tagged data 

is limited by the on-board clock of the counter/timer board (80 MHz) which leads to a time 
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interval of 12.5 ns. The time tagged data was auto correlated off-line using routines written with 

Igor Pro 6.22. 

 

The novel FCS fitting approach was developed and studied. In this approach, fluctuations of 

fluorescence intensity from intersystem crossing were combined with fluctuations from diffusion 

of bounded DOX in and out of the observation volume to evaluate the amount of DOX that are 

bound to vesicle membrane. In this study, vesicles were prepared in the ratio of 3:7 CTAT: 

SDBS, with a total of 1% surfactant by weight. Size-exclusion chromatography (SEC) packed 

with Sephadex G50 resin was used to separate the free DOX from that which is captured by the 

vesicles followed by the method described in Danoff et al.1 The vesicles’ fraction was then 

diluted for each sample prepared.  

 

The binding of DOX to vesicles as a function of pH was studied using preformed vesicles, 

followed by DOX addition, SEC sepration and dilution before performing FCS experiments. 

Regular negative charge vesicles and TDA pH responsive negative charge vesicles were 

prepared in the weight ratio of 3:7 CTAT: SDBS and 3:5:1 CTAT: SDBS: TDA, with a total of 1% 

surfactant by weight and then diluted for each sample prepared. A constant concentration of 

DOX was used with constant surfactant concentrations. Different pH was obtained by adding 

drops of aqueous NaOH/HCl solution. The FCS DOX binding experiments were performed in 

triplicate, and the fraction of DOX bound to vesicles, f, was determined from fitting the 

autocorrelation curves to equation 6.2. All three values for the fraction bound at each pH were 

averaged, and standard deviation around the average was calculated. Finally, the fraction of 

DOX bound to vesicles, f, was plotted as function of pH for each mixture of vesicles and DOX. 
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Error bars were constructed that were standard deviation around the average of all f values for 

certain pH. 

 

 

6.4 Results and Discussion  

6.4.1 Develop a novel FCS fitting approach. 

The fluorescence intensity fluctuations were recorded from solutions of dye molecule. The 

fluctuations of fluorescence intensity were processed by standard autocorrelation analysis 

according to the following equation:   

 

                                                                                                                                                    (6.1) 2)(
)()()(






tF
tFtFG 





86 

 

 

 

Figure 6.1 shows fluorescence fluctuations autocorrelation decays acquired for DOX and R6G 

freely diffuse in aqueous solution. The blue triangles represent auto correlation decay of DOX 

and the red cycle represent auto correlation decay of R6G. The decay time are indicative of the 

time scales of the process that produced the intensity fluctuations in the original data, the 

intersystem crossing dynamics show up on microsecond time scale and diffusion contribution 

Figure 6.1: Autocorrelation decays acquired for Dox and R6G freely diffuse in aqueous 
solution. 
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occurs on millisecond time scale, as is shown in Figure 6.1.  Compared to the auto correlation 

decay generated from R6G, the auto correlation decay generated form DOX is dominated by 

intersystem crossing which means the traditional two component fitting approach is not suitable 

in this situation. The novel FCS fitting approach was developed: 

 

                                                                                                                      (6.2)  

 

 

where f is the fraction of DOX that is bound to vesicles, C is inversely proportional to the 

number of DOX in the observation volume,    is the characteristic diffusion time related to the 

lateral beam dimension 0r   and the lateral diffusion constant D by     
  
 

  
. triplett  is DOX 

triplet relaxation time.  0r  and 0z  is the radial and axial axes of the three dimensional 

observation volume. N is number of DOX in the observation volume if most of DOX are bound 

to the vesicle and vesicle concentration is small enough that the average number of vesicle in the 

observation volume ≤ 1 then N = n (bounded DOX per vesicle). The quantity A is a factor 

proportional to rate constant of DOX from bright state to dark state over rate constant of DOX 

from dark state to bright state. In this experiment, triplet relaxation time and A for the DOX were 

determined from autocorrelation decays obtained with relative high surfactant concentration in 

which we assume all of the DOX are bound to vesicles(f = 1). Separate experiments were 

conducted in which the radial and axial axes were determined independently using the 

autocorrelation decay of FluoSpheres Carboxylate-Modified Microspheres with diameter 0.1 and 

0.02 µm. In this method, intensity fluctuations from intersystem crossing were utilized with  

2/12

0

01

1

1

1)()(
















































D
D z

r
Cfe

N
AfG triplett















88 

 

intensity fluctuations from diffusion of bounded DOX in and out of the observation volume to 

evaluate the amount of DOX that are bound to vesicle membrane. 

 

Two experiments were carried out to study this FCS fitting approach. Effect of N (number of 

DOX in the observation volume) was studied from mixtures containing the constant 

concentration of surfactant with increasing amounts of DOX. Effect of C (factor of 

vesicle/surfactant concentration) was studied from mixtures containing the constant 

concentration of DOX with increasing amounts of surfactant. Figure 6.2A shows a series of 

autocorrelation decays from mixtures containing the constant concentration of regular negative 

charge vesicle with increasing amounts of DOX. In this experiment as the amount of DOX 

increases the relative amplitude of the fast component diminishes as more DOX are in the 

observation volume. The amplitude of long term component stays the same. The amplitude of 

fast component is proportional to 1/ N. Figure 6.2B shows a series of autocorrelation decays 

from mixtures containing the constant concentration of DOX with increasing amounts of regular 

negative charge vesicle. In this example as the amount of vesicle increase the relative amplitude 

of the long term component diminishes as the amplitude of long term component is proportional 

to f 2 / [vesicle]. 
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A 

B 

Figure 6.2: Autocorrelation decays for Dox with regular negative charge 
vesicle. Plot A shows autocorrelation decays for 250 µM surfactant with 
various concentration of Dox. Plot B shows autocorrelation decays for 120 
nM Dox with various concentrations of surfactant. 
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Table 6.1 summarizes the results for DOX binding to vesicles with varying concentration of 

DOX and surfactant. Theoretical number (n) of bounded DOX per vesicle was calculated by 

using function n = 
 [   ]

[       ]
 (6.3) and assuming all of the DOX are bound to vesicles (f = 1). 

Experiment number of bounded DOX per vesicle was determined from fitting the autocorrelation 

curves with equation 6.2. The value from measurement and fitting matched with theoretical 

value.   

Table 6.1. DOX binding to vesicles with varying concentration of DOX and surfactant. 

[DOX] ( nM ) [Surfactant] ( µM ) n( theoretical) n( experiment) 

125 250 240 240±7 

250 250 480 480±10 

500 250 960 960±36 

1000 250 1920 1820±40 

150 162 482 420±26 

150 325 240 180±17 

150 650 120 100±10 

150 1300 60 60±7 
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6.4.2 FCS analysis results for pH responsive vesicles. 

FCS decribed above was implemented to measure the binding between DOX and catanionic 

vesicle membranes as a function of pH. Pre-formed vesicles were added to DOX solutions. In 

this case, the concentration of DOX(420 nM) and surfactant(500 µM) were held constant with 

varying pH. The fluctuations of fluorescence intensity were processed by standard 

autocorrelation analysis according to the following equation 6.1. The autocorrelation decays 

were then fit with the function 6.2 to determine binding fraction, f. Figure 6.3A shows 

fluorescence fluctuation autocorrelation decays acquired for DOX with regular negative charge 

vesicle at different pH. As the pH decrease from 8 to 4 diffusion constant is stable at ~3.9×10-12 

m2/s, the amplitude of the fast component and long-term component doesn’t have significant 

change which indicates the conformation of the regular negative charge vesicle and the amount 

of DOX that are bound to the vesicle doesn't change. Figure 6.3B shows fluorescence fluctuation 

autocorrelation decays acquired for DOX with TDA pH responsive vesicle at different pH. As 

the pH decrease from 8 to 4 the amplitude of the long-term component decrease as less DOX are 

bound to the vesicle since the amplitude of long term component is proportional to f 2 / [vesicle].   
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Figure 6.3: Autocorrelation decay curves for doxorubicin with regular negative 
charge vesicles and TDA pH dependent vesicle at different pH. Plot A shows 
autocorrelation decays for Dox with regular negative charge vesicles. Plot B shows 
autocorrelation decays for Dox with TDA pH dependent vesicle. 

A 

B 
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Figure 6.4 shows binding fraction of DOX with regular negative charge vesicles and TDA pH 

dependent negative charge vesicles at different pH. The blue curve indicates binding fraction of 

DOX with regular negative charge vesicles at different pH. The red circle represents binding 

fraction of DOX with TDA pH dependent vesicles at different pH. As the pH decreases the 

binding fraction curve of DOX with TDA pH dependent vesicles in Figure 6.4 undergoes a 

sigmoidal transition. The half point of the sigmoid occurs at pH=6.0 which is 1 pH unit shifted 

Figure 6.4: Binding Fraction of doxorubicin with regular vesicles and TDA pH dependent vesicles at 
different pH. 
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from pKa of TDA (~5.0) in aqueous solution.  Similar behavior with curcumin has been reported 

in Wang et al., 2010.11  Binding fraction of DOX with regular vesicles is stable at 95% through 

the whole pH range; however binding fraction of DOX with TDA pH dependent vesicles 

dropped from 95% to 75% which means 20% of DOX is released from TDA pH dependent 

vesicles as pH drop from 8.0 to 4.0. Table 6.2 summarizes the results for DOX binding to 

vesicles with varying pH. The binding fraction of DOX to regular negative charge vesicle is pH 

independent through pH 8 to pH 4. The binding fraction of DOX to TDA pH dependent vesicle 

dropped from ~95% to 75% which indicates 20% of Dox is released from TDA pH dependent 

vesicles to solution as pH drop from 8.0 to 4.0. This result demonstrates the potential of TDA as 

a means to attain a desirable pH responsive drug release. 

Table 6.2 Binding fraction determined by FCS 

Regular negative charge vesicle 

pH 8 7.5 7 6.5 6 5.5 5 4.5 4 

Binding 

fraction  

0.95 ± 

0.03 

0.93 ± 

0.01 

0.94 ± 

0.01 

0.94 ± 

0.01 

0.94 ± 

0.03 

0.95 ± 

0.01 

0.94 ± 

0.02 

0.95 ± 

0.01 

0.95 ± 

0.03 

TDA pH responsive vesicle 

pH 8 7.5 7 6.5 6 5.5 5 4.5 4 

Binding 

fraction  

0.94 ± 

0.01  

0.96 ± 

0.04 

0.95 ± 

0.10 

0.89 ± 

0.02 

0.81 ± 

0.05 

0.79 ± 

0.04 

0.75 ± 

0.07 

0.74 ± 

0.01 

0.74 ± 

0.07 
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6.5 Conclusion  

FCS with our novel fitting approach can be used as a powerful tool for the quantitative 

characterization of drug – vesicles interactions at low concentration with high dark state 

generation rate. Negative charge catanionic surfactant vesicles display high binding affinity with 

positive charge drug molecule at physiological pH (pH 7.4). As the pH decreasing from 8 to 4 

TDA- SDBS/ CTAT anion-rich vesicles shows a decrease in binding affinity and drug releasing 

pH is between 7 and 5 which match the pH of tumor tissues.3 Advantages of these systems 

include low cost, ease of preparation and long term stability. Our results demonstrate the 

potential of using TDA- SDBS/ CTAT anion-rich vesicles to attain a desirable pH responsive 

drug release. 
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Chapter 7: Fluorescence Correlation Spectroscopy (FCS): A Direct Probe for 

Receptor-Membrane Binding 

 

7.1 Introduction 

Porphyrin receptor (prepared by Dr. Burns’ group) as is shown in Figure 7.1 was designed to 

bind with 1,2-distearoyl-sn-glycero-3-phospho-(1'-rac-glycerol) (PG). This receptor has potential 

use as a component of an antibiotic,1 thus it is important to understand the binding between 

receptor and PG in the bilayer membrane. In this experiment, positive charge cataninoic vesicle 

doped with different percentage of PG was prepared to mimic PG in the bilayer membrane. FCS 

was carried out to measure the binding fractions between receptor and PG in the vesicle 

membrane. Finally the binding constant was calculated from binding fraction.  

  

 

 

 

 

Figure 7.1: Structure of porphyrin receptor 
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7.2 Material 

PG was ordered from Avantilipids. Sodium hydroxide and HEPES were purchased from Fisher 

Scientific. The surfactants CTAT and SDBS were purchased from Sigma Aldrich Chemicals and 

were preserved in a desiccator to prevent water absorption. FluoSpheres Carboxylate-Modified 

Microspheres were purchased from Invitrogen. Water used in FCS experiments and vesicle 

preparations was purified using a Millipore water purification system. 

 

7.3 Method 

7.3.1 Vesicle preparation  

Vesicle samples prepared from aqueous mixtures of CTAT and SDBS were doped with varying 

amounts of PG. Methods for doping these types of vesicles have been described previously and 

were followed here.2,3 Initial samples were prepared with a total surfactant concentration of 1% 

by weight. CTAT-rich vesicle preparations were 7:3 CTAT: SDBS by weight (0.07 g CTAT and 

0.03 g SDBS). Positively-charged vesicles containing PG, SDBS and CTAT were prepared by 

substituting SDBS with PG to keep the charge-ratio of the bilayer components uniform in all 

samples.  The ratio of cation to anion was 1.8:1. The vesicles were prepared by dissolving a 

mixture of dry surfactants and PG in a HEPES buffer solution (25 mM) containing Na2SO4 (50 

mM). A pH of 6.5 was obtained by addition of NaOH. The synthetic vesicle solutions were 

stirred for 72 hours to ensure surfactants had dissolved and equilibrium had been reached.  
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7.3.2 Fluorescence correlations spectroscopy  

The binding of receptor to vesicles as a function of PG mole ratio in liposomes and synthetic 

vesicles was studied using preformed vesicles, followed by dilution and receptor addition before 

performing FCS experiments. FCS was performed at room temperature with an instrument 

consisting of an air cooled argon ion laser (532-AP-A01, Melles Griot, Carlsbad, CA), an 

inverted microscope (Axiovert 200, Carl Zeiss, Göttingen, Germany) and a single photon 

counting avalanche photodiode (SPCM-AQR-15, Perkin Elmer, Vaudreuil, QC, Canada).  The 

circularly polarized excitation beam (λ= 514 nm) was delivered by a single mode optical fiber 

and focused into the sample solution approximately 10 μm from the coverslip surface using a 

100X, 1.30 N.A. oil immersion objective (Fluar, Carl Zeiss). This resulted in a nearly diffraction 

limited spot with a lateral radius of r0~310 nm and axial axes of z0~1500 nm. The laser power 

was maintained at 10 µW. The emitted fluorescence was collected by the same objective and 

separated from excitation light via a dichroic mirror (Chroma Technology Corp, Bellows Falls, 

VT) and a long pass filter (λ=514.4 nm, Semrock, Rochester, NY). The fluorescence was 

refocused onto a 50 µm pinhole (Throlabs, Newton, NJ) to eliminate background fluorescence 

originating outside of the focal volume. Output of the photodiode was fed to a counter timer 

board (PCI-6602, National Instruments, Austin, TX) operating in time-tagged photon counting 

mode using home written software in LabVIEW (National Instruments, Austin, TX.). In time-

tagged mode, each detected photon is assigned a number corresponding to the elapsed time from 

the previous detection event. These “time-tags” were then used to construct the autocorrelation 

curve. Temporal resolution for timed tagged data is limited by the on-board clock of the 

counter/timer board (80 MHz) which leads to a time interval of 12.5 ns. The time tagged data 

was auto correlated off-line using routines written with Igor Pro 6.22.  
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The FCS receptor binding experiments were performed in triplicate, and the fraction of receptor 

bound to vesicles, f, was determined from fitting the autocorrelation curves to equation 7.2 then 

the binding constant was calculated by using equation 7.3. All three values for the fraction bound 

at each PG percentage were averaged, and standard deviation around the average was calculated. 

Finally, the binding constant of receptor bound to membrane, K, was plotted as function of PG 

percentage for each mixture of vesicles and receptor. Error bars were constructed that were 

standard deviation around the average of all K values for various PG percentage. 

 

7.4 Results and discussion  

FCS was implemented to measure the binding between receptors and PG present in vesicle 

membrane as a function of PG concentration. FCS provides a reliable, fast and accurate method 

for determining binding of molecules to a large structure4 such as, biomolecules to vesicle 

bilayers4,5 and even absolute numbers of fluorophores bound to a larger construct.6 Pre-formed 

vesicles were added to receptor solutions. In all cases the concentration of receptor and total 

concentration of surfactants were held constant with varying concentration of PG. The 

fluctuations of fluorescence intensity were processed by standard autocorrelation analysis 

according to the following equation: 
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The autocorrelation decays were fit with the function: 
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where f is the fraction of receptor that is bound to vesicles. C1 is inversely proportional to the 

number of vesicles in the observation volume. C2 is inversely proportional to the number of 

receptor in the observation volume. The diffusion times for vesicles and receptor are D  and D' . 

triplet is receptor triplet relaxation time. 0r  and 0z is the radial and axial axes of the three 

dimensional observation volume. N is number of receptor in the observation volume. The 

quantity A is a factor proportional to rate constant of receptor from bright state to dark state over 

rate constant of receptor from dark state to bright state. In this experiment, diffusion time, triplet 

relaxation time and A for the receptor were determined from autocorrelation decays obtained in 

the absence of vesicles. Separate experiments were conducted in which the radial and axial axes 

were determined independently using the autocorrelation decay of FluoSpheres carboxylate-

modified microspheres with diameter 0.1 and 0.02 µm. In this method, fluctuations from 

intersystem crossing were utilized with fluctuations from diffusion of free and bounded receptor 

in and out of the observation volume to evaluate the amount of receptor that are bound to vesicle 

membrane. 
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Figure 7.2, shows autocorrelation decays acquired from receptor with various mole fractions of 

PG present in vesicle membrane. The decay time are indicative of the time scales of the process 

that produced the intensity fluctuations in the original data, the intersystem crossing dynamics 

show up on microsecond time scale unbounded receptor diffusion contribution occurs between 

microsecond time scale and millisecond, vesicle diffusion contribution occurs on millisecond 

time scale, as is shown in Figure 7.2. As the amount of PG increase the relative amplitude 

generates from unbounded receptor diffuse in and out the observation volume diminishes as 

more receptors are bound to the vesicle. The relative amplitude of long term component is 

proportional to f 2 / [vesicle]. It is increased since more receptors are bound to the vesicle. 

Figure 7.2:  Autocorrelation decays for receptor with various percentages of PG and PS. Plot shows 
autocorrelation decays for receptor to various percentages of PG in positive charge catanionic vesicle. 
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The fraction bound f is determined by fitting the auto correlation decay and the binding constant 

is calculated by: 

  
[              ]

[             ][       ]
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                                                                          (7.3) 

 

where 1 is total concentration of receptor and it has been assumed that half of the PG is located 

on the membrane outer leaflet. 

 
Figure 7.3: Binding constant of receptor with various percentages of PG 
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Figure 7.3, shows binding constant of receptor to various percentages of PG in positive charge 

catanionic vesicles (calculated as PG concentration). The blue curve represents positive charge 

catanionic vesicles containing various percentages of PG.  Binding constants were determined at 

1%, 2%, 3%, 4% and 5% PG in positive charge catanionic vesicles. Table 7.1 summarizes the 

results for receptor binding to catanionic vesicles with varying amounts of PG. There is no 

detectable binding between receptor and bilayer membrane with 0% PG however, the binding 

constant has great increase (0 to 47000) as 1% of PG was doped into the membrane.  

Table 7.1 Binding constant determined by FCS 

Vesicles consisting of various PG percentages with catanionic vesicle 

Percent PG 0% 1% 2% 3% 4% 5% 

Binding constants(104 M-1) 0 4.7 ± 1.4 6.9 ± 0.7 5.4 ± 0.7 6.1 ± 0.4 6.2 ± 0.7 

Binding fractions 0 0.09 ± 0.02 

 

0.20 ± 0.02 

 

0.23 ± 0.03 

 

0.31 ± 0.02 

 

0.36 ± 0.04 

 

 

7.5 Conclusion  

FCS can be used as a powerful tool for the quantitative characterization of receptor membrane 

interactions at low concentration. Receptor shows no binding to the positive charge catanionic 

bilayer membrane without PG addition. As PG added into the membrane receptor start to bind to 

the catanionic bilayer membrane which indicated a selective binding of receptor to PG and the 

binding is not just a result of the Columbic interactions between anion and receptor (the total 

negative charge was kept constant before and after the PG addition). 
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