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ABSTRACT 

 

Single-molecule (SM) fluorescence spectroscopy has become a useful and important 

experimental approach for investigating the optical properties of chemical systems.   In this 

thesis, four subprojects in the field of SM fluorescence spectroscopy are presented in which SM 

spectroscopy has provided invaluable experimental insight into the systems of interest. 

In the first project, the photophysical properties of Calcium-Green 1 (CG-1), a calcium-ion 

indicator, were studied at both the ensemble and SM levels.  CG-1 is non-fluorescent in the 

absence of Ca
2+

 and becomes strongly fluorescent when bound to Ca
2+

.  In the ensemble 

measurements, the absorption and fluorescence spectra were collected under various Ca
2+

 

concentrations. In addition, the fluorescence lifetime of CG-2 was also studied as a function of 

[Ca
2+

].  From SM measurements, the photobleaching time and fluorescence intensity 

distributions of CG-1 were studied both in the presence and in absence of Ca
2+

. The results were 

compared with those obtained for the dual-fluorophoric variant, Calcium-Green 2 (CG-2), whose 

photophysical properties have been investigated by previous researchers. The experimental 

results reveal that CG-1 can exist in two different forms: a highly-quenched form due to the 

occurrence of photoinduced electron transfer (PET) in the absence of Ca
2+

, and a strongly 

fluorescent form when bound to Ca
2+

.  

The second project is a continuation of a previous study on CG-2. In the dual-chromophore 

CG-2 system, energy transfer between chromophores is controlled by the orientation and spatial 

separation between chromophores.  Dual polarization fluorescence microscopy was used to 

determine the relative conformation of the two fluorophores in the emissive form of CG-2.  

Distributions of fluorescence polarization of individual CG-2 molecules were collected for both 

Ca
2+

-free and Ca
2+

-saturated conditions. The experimental polarization results were compared to 

those calculated from a simple geometric model based on randomly-orientated fluorescent 

dimers. The results show good agreement with previous calculations of the molecular 

conformation of CG-2. This indicates that the dual polarization imaging approach has significant 

potential as a general tool for characterizing chromophore orientation in coupled-fluorophore 

systems. 
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In the third project, Nile Red (NR), a solvatochromic lipid stain, was incorporated into phase 

separated Langmuir-Blodgett (LB) films composed of arachidic acid (AA) and 

perfluorotetradecanoic acid (PA).  According to previous studies by atomic force microscopy 

(AFM), two types of separated domains are formed in the LB films: micron-sized hexagonal 

discontinuous domains that are exclusively comprised of AA, and the surrounding continuous 

domains which are enriched in PA.  The photophysical properties of NR were characterized in 

the two physically and chemically distinct domains via bulk and SM fluorescence measurements. 

In addition to fluorescence microscopy, fluorescence confocal spectromicroscopy was also 

applied in the ensemble measurements to determine the spectral properties of NR in different 

sub-environments. Experimental results indicated that a small sub-population of dye molecules 

localize on the perfluorinated regions of the sample, but this sub-population is spectroscopically 

indistinguishable from that associated with the hydrogenated domains.  Contrast in images was 

primarily due to preferential accumulation of the hydrophobic dye on the hydrophobic regions of 

the LB films. 

In the final project, the fluorescence quenching behavior of a strongly fluorescent probe Alexa 

Fluor 514 (AF514) was investigated when it was covalently bound to gold metal protected 

clusters (AuMPC) with negligible plasmon bands.  The fluorescence emission of the dye-

AuMPCs system was characterized at different dye/Au MPC loading ratios with a combination 

of steady state and time-resolved ensemble spectroscopic measurements. It was found that the 

extent of fluorescence quenching in the system was small.  After correction of inner filter effects, 

the results from bulk measurement demonstrate that the weak quenching is due to static 

quenching of the dye by the AuMPCs. SM measurements provided further support for the bulk 

measurements, with the fluorescence intensity of coupled AF514 molecules being comparable 

with that of unconjugated molecules.  The photobleaching of the dye-AuMPC conjugates took 

place as a series of consecutive photobleaching events, without additional blinking dynamics 

within the time resolution of the experiment. These results suggest that the fluorophores on the 

AuMPCs are either entirely quenched, or remaining unquenched, as is consistent with the 

ensemble measurements. 
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CHAPTER 1 

INTRODUCTION 

 

1.1 Single-molecule Techniques 

 

The goal of single-molecule (SM) measurements is to directly or indirectly “visualize” an 

individual molecule, and collect information about the molecule in the absence of ensemble 

averaging. Through SM measurements, the behavior of an individual molecule can be measured 

and analyzed. In contrast with ensemble or bulk studies where only average characteristics can 

be observed, SM techniques allow the construction of a frequency histogram of values for an 

experimental parameter.  The new information that the distribution provides (i.e. the shape of the 

full distribution) can provide opportunities for probing various properties and processes which 

could not be fully understood from bulk measurements.  

Many techniques have the ability to observe one molecule or one particle at a time.  An 

example of this is the “patch-clamp” technique, which was one of the earliest means of detecting 

single molecules.
1
 The rapid development of microscopic imaging has enabled the detection of 

molecules or atoms on material surfaces via scanning tunneling microscopy (STM) and field ion 

microscopy (FIM).
2,3

 In addition, other approaches including atomic force microscopy (AFM) 

and atom trapping, by either optical or magnetic tweezers, are also well suited for SM 

measurements, especially in biological and biochemical systems.
4-6

  

Of particular recent interest is the SM approach known as SM fluorescence microscopy, and 

this is the general subject of this thesis.  In 1989, the fluorescence signal of an individual 

molecule in condensed phase was first successfully observed by Moerner et al.
7
 Since then, SM 

fluorescence imaging has become one of the most convenient and widespread techniques to 

observe individual molecules.
8-12

 In single-molecule fluorescence measurements, an individual 

photoexcited fluorophore will emit fluorescence photons, which are discriminated from any 

unwanted background emission and collected by an ultra-sensitive detector.  Time-dependent 
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dynamical studies at the SM level allow one to probe the unexpected fluctuations, 

heterogeneities, or stochastic changes in a number of photophysical parameters, such as 

fluorescence intensities, photobleaching times, spectral diffusion, and fluorescence polarization.  

The overall objective of this thesis is to use SM spectroscopy as a tool to probe the 

fluorescence emission of individual molecules and to characterize how emission is affected by 

molecular conformation, charge transfer, and energy exchange. Serving as an important addition 

to conventional ensemble spectroscopy measurements, the major practical benefit of the SM 

measurements is that they can provide invaluable complementary information which is generally 

obscured by ensemble averaging.   

 

1.2 Single-molecule Fluorescence Spectroscopy 

 

Fluorescence detection has been widely applied as an ultrasensitive measurement technique 

long before it was applied to SM studies.  The basic principle of fluorescence is well known (and 

is illustrated in the Jablonski diagram, Figure 1-1): when a molecule absorbs a photon in the UV-

vis range, it can be excited from the ground state (S0) into an electronic excited state Sn (n≥1, 

usually S1).  The excited molecule will relax back to the ground state by either non-radiative or 

radiative decay.  The radiative decay from S1 to S0 is called fluorescence emission.  There are a 

number of possible fates for a photoexcited molecule that do not lead to fluorescence emission, 

including fluorescence quenching (non-radiative decay to the ground state), and intersystem 

crossing (ISC) when the excited molecule converts to its triplet excited state. Fluorescence 

quenching can be trigged by a variety of molecular interactions including excited-state reactions, 

molecular rearrangements, energy transfer, and ground-state complexation.  The energy of the 

emitted photon is usually smaller than the excitation photon. This can be attributed to the energy 

loss during the internal vibrational relaxation (IVR) process, whereby the energy is dissipated 

through interaction with solvent molecules.  As a result, one often observes a spectral red shift of 

the fluorescence emission spectra in comparison to the absorption spectra (Stokes shift).   
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Figure 1-1. Jablonski diagram with collisional quenching, where IVR represents for internal 

vibrational relaxation, IC stands for internal conversion, ISC is intersystem crossing, S0 and S1 

refer to the singlet ground state and first excited state, respectively, T1 is the triplet first excited 

state, and Q represents the presence of a quencher.  

 

1.2.1 Basic review of key fluorescence parameters 

There are several important variables that serve as criteria for the performance of a fluorophore 

in SM measurements, such as absorption cross section, quantum yield, fluorescence lifetime, to 

name a few.  In the following sections we review these performance parameters in further detail. 

(A) Absorption cross section 

The absorption cross section is a measure of the probability of photon absorption. When light 

penetrates through a solution of absorbing molecules, and the number of photons absorbed 

between the distance dx along the path of the beam is the product of total number of photons (N), 

the concentration of absorbing molecules (n) and the absorption cross section (σA): 

                                            
  

  
    σ                                                                  (1-1) 
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Absorption cross section is the probability of a molecule absorbing a photon of a particular 

wavelength and polarization. The general expression for the cross section of a randomly oriented 

molecule is: 

                                        
 

  
 
 
 
  

    
                                                (1-2) 

where λ is the light wavelength, γr the spontaneous fluorescence rate, and Γtot the total frequency 

width of the absorption. 

A simpler way to determine the absorption cross section (in unit of cm
2
) of a molecule at room 

temperature is through the Equation (1-3):  

                                                                                                                   (1-3) 

where ε is the molar extinction coefficient (in cm
-1

·M
-1

) at the desired wavelength, and NA is the 

Avogadro constant. Typically, a dye molecule in solution at room temperature will have a molar 

extinction coefficient of ~ 50,000 cm
-1

·M
-1

, so that the absorption cross section of a single dye 

molecule is on the order of 10
-16

 cm
2
, a value comparable to the molecule size. 

 

(B) Quantum yield 

As shown in Figure 1-1, in a simplified two-level system, an excited fluorophore will relax 

back to the ground state via either radiative or non-radiative decay processes. The fluorescence 

quantum yield refers to the probability of an excited molecule de-exciting through fluorescence 

emission, which is given by: 

                                           
  

      
                                                        (1-4) 

where γr and knr represent the radiative and non-radiative rate constants, respectively. A strongly 

fluorescent probe usually exhibits a large fluorescence quantum yield. A typical fluorescent 

labeling reagent, Rhodamine 6G, exhibits a quantum yield of ~ 0.90 in ethanol,
13

 which indicates 

that the overwhelming majority of the photoexcited  molecules decay through fluorescence 

emission. 

 



5 
 

 (C) Fluorescence lifetime 

Fluorescence lifetime is the average time a molecule spends in its excited state before emitting 

a photon.  In the two-level system, fluorescence intensity typically follows a first-order 

exponential decay (Equation (1-5)): 

                                                     
                                                                    (1-5) 

where, It is the fluorescence intensity at time t, I0 is the initial fluorescence intensity and τ is the 

fluorescence lifetime. Fluorescence lifetime is one of the most important fluorescence 

characteristics as it determines the time available for the excited fluorophore to interact or diffuse 

in its environment and hence the information available from its emission. Thus, fluorescence 

lifetime is regarded as an important parameter to monitor any conformational changes of the dye 

upon excitation, or any possible electron and energy exchange between the dye and its 

surrounding. Furthermore, the fluorescence lifetime also strongly affects the size of the 

fluorescence signal. In general, the steady-state intensity (ISS) is proportional to the fluorescence 

lifetime.
14

 

                                                      
          

 

 
                                         (1-6) 

(D) Typical fluorescent substances 

From the photophysical point of view, a good fluorescence emitter should have a large 

absorption cross section, high quantum yield (close to 1), strong photo-stability, and resist 

photobleaching. These strongly fluorescent molecules often have some structural similarities. As 

shown in Figure 1-2, typical fluorescence emitters usually possess rigid aromatic rings and a 

large number of de-localized electrons, which will reduce the possibility of internal conversion 

and intersystem crossing, or any other types of energy loss through non-radiative decay. 
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Figure 1-2. Chemical structures of some strongly fluorescent probes (A) Quinine, (B) BODIPY, 

(C) Fluorescein, and (D) Rhodamine-B 

 

1.2.2 Factors controlling signal size in SM fluorescence measurements 

One of the most challenging parts of any SM fluorescence measurement is attaining a 

sufficiently large signal-to-noise ratio (SNR) to allow both basic detection and a meaningful 

analysis.  Optimizing the SNR in these measurements involves an obvious two-fold of strategy: 

1) maximizing the signal, and 2) minimizing the noise.   

To enlarge the fluorescence signal, one attempts to improve both the fluorescence photon 

generation and collection processes. The former is dependent on the excitation conditions and the 

photophysical properties of the fluorophore; the latter relies on the performance of the detection 

optics and electronics, which will be discussed in detail in the following section. 
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(A) Optical Saturation 

To maximize the fluorescence emission rate during the excitation process, it is necessary to 

maximize the probability of pumping the molecule to its excited state. Theoretically, increasing 

incident photon flux will result in a greater excitation rate and hence a greater photon emission 

rate. However, when the excitation power reaches a critical value, optical saturation of the 

transition will take place. Once the incident photon flux is so high that it has exceeded the rate at 

which photoexcited molecules relax back to the ground state, the ability of the molecule to 

absorb photons (absorption cross section) will sharply decrease. Further increasing the incident 

photon flux will only increase background signals from scattering which will lead to a decrease 

in the SNR. The characteristic saturation intensity (IS) for a molecule approximates a two level 

system is given by Equation (1-7).
14

 Therefore, optimization of the pumping power is crucial for 

SM fluorescence measurements.   

                                                                                                                    (1-7) 

(B) Photobleaching 

In ideal cases, a good fluorescent probe is capable of emitting ~ 10
6
 photons at room 

temperature before photobleaching.
10

 The total number of emitted photon will be limited by the 

occurrence of photobleaching, which will stop the fluorophore from further emission by 

irreversible photochemical destruction.  The precise mechanism for photobleaching is 

complicated and currently remains unclear. In many cases, the photobleaching process is 

enhanced by the presence of atmospheric dioxygen. This could be attributed to the interaction 

between the excited state of the fluorophore and triplet state O2, which results in the formation of 

non-fluorescent species.
15

 The average time that the fluorophore remains emissive prior to 

photobleaching is inversely proportional to excitation density and dependent on the local 

environment. For instance, covering fluorophores with polymer films can significantly decrease 

the rate of photobleaching by preventing oxygen from reaching the dye.
16,17

 

In other cases, photobleaching has been attributed to nonlinear photochemical pathways, such 

as two-photon absorption, which lead to the non-radiative relaxation of the dye molecules to the 

ground state.  Given that the lifetime of the T1 state (first triplet excited state) is substantially 

longer than the S1 state (first singlet excited state), the multi-photon photochemistry proceeds 
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predominantly through the triplet manifold via triplet-triplet absorption.
18

 This process results in 

a highly reactive excited state from which irreversible photo-destruction can occur.   

To summarize, optical saturation in combination with the photobleaching act to limit the 

maximum photon absorption rate and maximum number of photons emitted. 

1.2.3 Signal-to-noise and signal-to-background issues 

The “signal” of a photodetector in SM measurements (as demonstrated in Figure 1-3) is 

generally comprised of the detector offset and dark counts, the background and the signal from 

the fluorescence emission.  “Dark counts” refers to the output signal of a photodetector in the 

absence of the excitation source, and it contains the bias count (normally a constant number that 

the producer of the CCD camera adds to each pixel to get non-zero counts) as well as the count 

from thermally released electrons. “Background” is usually derived from photons that may arrive 

at the detector from any source other than the molecule of interest, such as residual excitation 

light, scattered photons and impurities in the sample. 

In the context of this thesis, “noise” refers to fluctuation in the signal that comes from a variety 

of sources such as background, and shot noise (known as an intrinsic fluctuation in signals due to 

photon or electron quantization). The SNR due to shot noise is equal to the square root of the 

average number of photons collected.  This limits the ultimate SNR to be N
1/2 

(shot-noise 

limit).  However, in real samples, this shot-noise limit is rarely reached and background 

contributions often limit the overall SNR. In general, to minimize the noise level, the background 

photons derived from both excitation and emission processed need to be suppressed. 
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Figure 1-3. A hypothetical signal (S) with control variable shown on the horizontal axis.  The 

definition of the offset, dark level, and background level (B) are shown. 

 

The excitation-induced background is mainly due to both Rayleigh and Raman scattering at the 

air-sample interface. Rayleigh scattering is an elastic process which only alters the propagating 

direction of the photon without any energy loss, and therefore the energy of the scattered photon 

that arrives at the detector is the same as the excitation energy.  This can generally be removed 

through the use of carefully selected optical filters aimed at removing excitation light. Raman 

scattering usually involves energy loss from the incident photon, and as such, the scattered 

photon exhibits a spectral red-shift.  Raman scattered light may have similar wavelengths to the 

fluorescence emission of interest, and is difficult to remove from the overall detected signal.   

In addition to scattering of the excitation light, impurities in the sample matrix (polymer, 

solvents, coverslips) can also contribute to the background level in SM measurements.  

Impurities at low concentrations may even exhibit SM features which could be mistaken for the 

molecule of interest. Thus the sample preparation is crucial for the success of SM fluorescence 

measurement. First of all, ultra-clean and scratch-free glass substrates should be chosen during 

the sample preparation in order to effectively minimize the background due to Rayleigh 

scattering. Furthermore, any possible source of fluorescent contaminant in the host medium 

should also be avoided or minimized.  Control samples that contain all components of the test 

sample (i.e. spin-cast solvent, polymer film on the glass coverslip) but the dye molecule is 
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usually prepared and examined to ensure that there are no significant fluorescence impurities 

observed under SM imaging conditions. The other effective solution for minimizing the noise 

level of SM measurements is the application of emission filters, which is discussed in the 

following section. 

In total, the SNR is determined by all the factors listed in the semi-empirical equation 

(Equation (1-8))
10

, 

                               
    

  
 
 
  
  
 

  
        

   
           

                                              (1-8) 

where ϕF is the fluorescence quantum yield of the molecule of interest, σA is the absorption cross 

section, T refers to the detector counting interval, A the beam area, P0/hν the number of incident 

photon per second, Cb the background count rate (W
-1

), and Nd the dark count rate. D refers to 

the instrument-dependent factor which will be discussed later.  

1.2.4 Instrumental approaches to SM fluorescence measurements 

 

Figure 1-4. General schematic of a microscope system. S: sample, O: microscope objective, D: 

dichroic beamsplitter, F: long-pass emission filter (s), CCD: CCD photodetector 
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Significant efforts have been made to enhance the performance of standard fluorescence 

microscopes to achieve the sensitivity and spatial resolution needed for SM measurements. 

These enhancements have created great diversity in the microscope configurations used in SM 

measurements.  The two main branches of microscope types include wide-field and scanning 

microscopes. In wide-field microscope techniques, the sample is excited with a collimated laser 

beam and all the fluorescence emission within the illumination area is projected onto a high-

sensitivity CCD detector. Epifluorescence microscopy and total internal reflection fluorescence 

microscopy (TIRF) are common examples of wide-field microscope techniques. The scanning 

methods, such as near field scanning optical microscopy (NSOM) and confocal microscopy, 

usually involve illumination of the sample with the smallest spot possible and then scanning 

either the illumination spot or the sample itself. In scanning approaches, the image is constructed 

by point-to-point scanning. Once the position of a molecule is identified, it can be selectively 

excited by positioning the laser spot directly over the molecule. Unlike wide-field measurements, 

the scanning method does not allow the parallel excitation of several isolated molecules. 

However, with a smaller volume of illuminated sample, SM measurements via the scanning 

method can yield a higher SNR.  Furthermore, by selective exciting a spot of interest, the 

scanning method can be used to conduct point spectroscopy and lifetime measurements. 

Generally speaking, a typical SM fluorescence microscope is composed of an excitation light 

source (usually a laser), a microscope objective, a sensitive photodetector, and optics such as 

long-pass filters and dichroic beamsplitter to remove the background scattering.  In addition, for 

near-field or confocal approaches, a sample or beam-scanning stage is also required in the 

instrumental setup.  As noted previously, the signal size does not only depend on the emission 

intensity from the sample, but is also closely related to the collection efficiency of the 

instrument. The overall collection efficiency (defined in terms of instrument-dependent factor, D, 

Equation (1-9)) is determined by each component in the optical train of the microscope:  

                                                                                                (1-9) 

where ηobj, ηopt, ηfilter, and ηdet represent the collection efficiency of the microscope objective, 

optics, filter and photodetector, respectively. Typical values of D are in the range of 1%-8% for 

most modern systems. 
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(A) Detector 

Detecting SM fluorescence requires a device that can detect single photon arrivals with 

minimal dark noise. This necessitates that the quantum efficiency of the detector be as high as 

possible for detection of fluorescence emission from a single molecule before it undergoes 

irreversible photobleaching. There are two classes of detectors that are commonly used in SM 

fluorescence microscopy: single-element detectors and two-dimensional array detectors. The 

former is used in near-field and confocal microscopes, and the latter is widespread in wide-field 

fluorescence microscopes. The capability and characteristics of each class of detectors for the 

SM measurements will be discussed in the subsequent paragraphs. 

Single-element detectors are designed to count the number of photon arrivals in a given 

counting interval, and then convert this to an electronic signal.  Single-elements detectors are 

designed for conducting the experiments that require maximum sensitivity and temporal 

resolution. In addition, parameters such as detection area, level of dark counts, as well as the 

quantum efficiency at the wavelength of interest, are also considered very important criteria for 

judging the performance of a single-element detector. Microchannel plate photomultiplier tubes 

(PMTs) and avalanche photodiodes (APDs) are both good representatives of single-element 

detectors that are commercially available for SM measurements. PMTs usually have a large area 

of detection, often on the order of 1 cm
2
, with the dark count rates in the range of 10-100 

counts/s. With much smaller active sensing area (usually in the mm
2
 scale), the APD detectors 

can have dark counts to the level as low as 25 counts/s. However, compared to APDs (with a 

quantum efficiency of >60% across the visible spectrum), PMTs suffer from low quantum 

efficiency for visible light (<20%), and often require several additional pieces of low-noise 

electronics to efficiently detect single photons.  As a result, the APD is often more desirable and 

used more commonly than PMTs for near-field and confocal SM fluorescence measurements.  

For wide-field fluorescence imaging, two-dimensional array detectors (usually ultrasensitive 

CCD cameras) are capable of recording a series of sequential images of fluorescence emissions 

at rapid acquisition rates.  CCD detectors allow the entire sample illumination area to be imaged 

onto the CCD chip, which in turn allows the fluorescence emission from many molecules to be 

imaged simultaneously.  Using this approach, large sets of data can be acquired reasonably 

rapidly.  However, the readout process of the CCD detectors is usually slower than the single-
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element detectors, and the time resolution of CCD-based measurements is usually lower than 

those taken with single-element detectors. (A fast APD can have a nanosecond scale time 

resolution, which is compared to a millisecond scale time resolution for CCD detectors
19,20

) 

One of the most sensitive two-dimensional array detectors is the intensified frame transfer Si-

based CCD camera.  The high degree of sensitivity is achieved by placing a multichannel plate 

(MCP) between the photocathode and phosphor screen to enable signal amplification.  However, 

intensified CCD photodetectors are relatively expensive and since signal amplification takes 

place before the detector chip (photon amplification), there is a significant risk of the camera 

being damaged by exposure to excess light. Recently, a new class of CCD camera with so-called 

“on-chip” multiplication gain has been created.  With these cameras, signal amplification takes 

place after photons reach the detector chip (electron amplification), and there is no risk of 

detector damage from over-exposure.  Cameras with on-chip multiplication gain are capable of 

SM sensitivity with relatively high image acquisition speed (usually as high as ~ 30 ms per 

frame).  This new type of camera is commercially available from several manufactures (Cascade, 

Roper Scientific; iXon, Andor), and these have been employed in the majority of SM 

experiments described in this thesis. 

(B) Microscope objective, optics and emission filters 

In SM measurements, the microscope objective is used to gather the light from the 

fluorophores being observed and to focus the light to produce an image. Its performance is 

usually characterized by a series of parameters including magnification, color correction, 

numerical aperture (NA) and so forth. The most important parameter for SM applications is the 

numerical aperture, which is a measure of the light collecting efficiency of the lens. As shown in 

Equation (1-10), NA is related to both the refractive index of the medium between the objective 

lens and sample (n) and the half angular aperture (θ) of the objective lens. 

                                                                                                                    (1-10) 

In SM fluorescence detection, oil immersion microscope objectives (NA ~ 1.4) are highly 

preferred (shown in Figure 1-5). With oil immersion lenses, a small droplet of oil is placed on 

the lens, and since the immersion oil has a higher refractive index than air, this provides high-

efficiency light collection during fluorescence measurements.  
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Figure 1-5. Schematic illustration showing geometry of oil immersion lens operation, and θ is 

the half-angle aperture. 

 

In addition to the microscope objective lens, a number of optics are typically used to change 

the optical properties of the excitation beam, including its alignment, intensity, spatial profile and 

polarization. For example, a dichroic beamsplitter is used to split the beams of excitation and 

emission into two orthogonal directions: the excitation light is reflected into the microscope 

objective, and the fluorescence emission (at longer wavelengths) is allowed to pass through into 

the detector. An effective dichoroic beamsplitter could reflect over 90% of the excitation light, 

and let 80% of the photons at higher wavelength go through. In addition, several emission filters 

are also employed to suppress the background during SM detection. These emission filters, 

typically Raman notch filters, long-pass filters, and band-pass filters, are selected to attenuate 

any residual scattered excitation light, while allowing fluorescence emission to reach the 

photodetector.  
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(A)                                          (B) 

Figure 1-6. The transmission curves for (A) a dichroic beamsplitter, and (B) a long-pass 

emission filter
10

 (Reproduced with the permission from Review of Scientific Instruments 2003, 

74, 3602. Copyright 2003 American Institute of Physics) 

 

Careful selection of these filters can significantly affect the SNR ratio for the experiment and 

the overall quality of the fluorescence imaging. For example, a SM fluorescence measurement is 

carried out with the excitation intensity of 1 kW/cm
2
 and the illumination area of ~ 1 µm

2
 at the 

wavelength of 500 nm. Under these conditions, the incident photon flux is ~ 2.5 × 10
21 

photon/(s·cm
2
).  For a fluorophore with an absorption cross section of 10

-16 
cm

2
, there would be 

~ 2.5 × 10
5
 excitations/s occurring. If the instrument-dependent factor (D) is 6%, ~ 1.5 × 10

4
 

photons/s can be detected. If unwanted reflections off optical interfaces in the microscope system 

could direct ~ 1% of photons from the pump laser to be detector, the resulting count rate will be 

2.5 × 10
11 

photon/s, which indicates that the real fluorescence signal (1.5 × 10
4
 photons/s) would 

be swamped out by the scattered photons.  As a result, the excitation light needs to be attenuated 

by ~ 10
10 

fold in order to make the SM signal detectable. Moreover, as each filter will have a 

<100% transmission efficiency even for wavelengths they are designed to transmit (shown in 

Figure 1-6), care must be taken to avoid over-filtering of light in the microscope.  
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1.3 Detailed Review of SM Fluorescence Microscopy Techniques Used in This 

Thesis 

 

Several microscope configurations have been used in the SM fluorescence studies in this 

thesis, including epifluorescence microscopy, dual-polarization fluorescence microscopy, and 

spectromicroscopy via a confocal microscope design.  In the following section, we briefly 

describe the design and performance principles underlying these microscope configurations. 

1.3.1 Epifluorescence microscopy 

The epifluorescence microscope is arguably the simplest and most common microscopy setup 

for wide-field SM fluorescence imaging. A typical setup is shown in Figure 1-7.
21

 A CW laser 

with the desired wavelength is directed through a Glan-Thompson polarizing prism and a quarter 

waveplate to make the beam circularly-polarized before reaching the sample. A focusing lens is 

used to focus the incident laser onto the back focal plane of the microscope objective.  After 

propagating through the objective, the beam becomes collimated and is then directed onto the 

sample which was usually pre-deposited onto a glass coverslip. The fluorophores are excited by 

the incident beam, and the resulting fluorescence photons will be transferred to the ultrasensitive 

CCD camera.  The illumination area is usually on the order of ~ 10 micrometer in diameter (area 

can be adjusted through selection of focusing lens with different focal lengths), where there are 

usually several molecules in the field of view at a time. The spatial resolution d, measured as the 

smallest resolvable distance between two specimen points) of an epifluorescence microscope is 

proportional to wavelength of the light being observed (diffraction-limited), and inversely 

proportional to the numerical aperture (NA) of the microscope. 

                                                  
    

  
                                                  (1-11) 

The size of a single-molecule in a diffraction-limited image could be calculated from Equation 

(1-11), where λ is the excitation wavelength, and NA is the numerical aperture of the microscope 

objective. Given that the typical NA is ~ 1.4 for a SM epifluorescence setup, the size of a SM 

spot is comparable to approximately half of the excitation wavelength.  
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(A) 

             

(B)                                                (C) 

Figure 1-7. (A) Schematic diagram of a typical SM epifluorescence microscope. L: laser, P: 

Glan-Thompson polarizing prism, W: quarter waveplate, CL: focusing lens, S: sample, O: 

microscope objective, D: Dichroic beamsplitter, F: long-pass emission filter(s), CCD: CCD 

photodetector (reproduced with the permission from Canadian Journal of Chemistry 2005, 83, 

437. Copyright 2005 NRC Canada), (B) a typical SM fluorescence image, and (C) the 

fluorescence time trajectory of single-molecule fluorescence emission 

 

With a large depth of focus (~ 300-500 nm), the epifluorescence microscope always 

illuminates a relatively large total volume (up to 100 µm
3
).  The size of the total excitation 

volume is always closely related to the level of the background. As a result, epifluorescence 

microscopy is not the most sensitive SM fluorescence image technique. However, it can still 

provide SM sensitivity and perform useful measurements of photophysical properties.  Dynamic 
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studies at SM level are carried out via acquisition of series of images by the CCD detector. The 

isolated emission events of each molecule are recorded and then converted into fluorescence 

time trajectories, plots showing the intensity variation of a fluorophore as a function of time. By 

measuring several hundreds of molecules, frequency histograms of values of the experiment 

parameters (such as fluorescence intensity and photobleaching time) can be constructed. Typical 

fluorescence emission of a single molecule exhibits single-step photobleaching in its 

fluorescence time trajectory, which in combination with the diffraction limited spot size, is 

considered the signature of a SM signal.  

1.3.2 Dual-polarization fluorescence microscopy  

 

Figure 1-8. Schematic diagram of the Wollaston prism 

 

The fluorescence emission of an individual molecule is highly polarized, and by measuring the 

polarization of emitted light, one can gain useful information about the spatial orientation of a 

fluorophore.
22-28

  One method of gathering polarization information about an individual molecule 

is to use a dual-polarization measurement.  In dual-polarization measurements, a SM 

fluorescence emission image from a regular epifluorescence microscope configuration is split 

into two orthogonal polarization images, and the intensity ratio between the images provides 

information on the orientation of the fluorophore(s) in the molecule of interest.
29,30

 As shown in 

Figure 1-9, the dual-polarization fluorescence microscope is modified from the epifluorescence 
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setup by inserting a polarizing beamsplitter (Wollaston prism in our system) in front of the CCD 

detector. The Wollaston prism splits the fluorescence image into two constituent polarization 

components: p (horizontal) and s (vertical) polarization component, with their electric fields 

lying along the axis within or orthogonal to the plane of incidence, respectively. As shown in 

Figure 1-8, the s and p polarization components are transmitted through the polarizer, with a 

divergence angle of 20°.
31

 Therefore, the fluorescence emission from the same specimen will be 

separated into two images (represents s and p polarization respectively) on the CCD detector.  

 

(A) 

 

(B)                                             (C) 

Figure 1-9. (A) Schematic diagram of the dual-polarization fluorescence microscopy, (B) typical 

dual-polarization fluorescence image of SM emission, and (C) fluorescence time trajectories of 

the vertical and horizontal polarization components of a single-molecule fluorescence emission 
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Similar to epifluorescence imaging, the circularly polarized excitation laser is utilized to excite 

all the fluorophores with projections of their absorption transition dipoles on the x-y plane. 

However, the different orientations of the molecule will certainly result in a distribution of 

effective absorption cross-sections, which is considered a primary reason for intensity variations 

among different individual molecules. The fluorescence emission of each molecule is then split 

into two separate images which correspond to the intensity of the vertical and horizontal 

polarization components in the fluorescence emission (referred to as I‖, I┴, respectively). The 

fluorescence polarization (P) is simply given by, 

                                               
     

     
                                                             (1-12) 

By measuring the frequency histograms of the distribution of P, we can obtain additional 

information regarding the orientation and conformation of the fluorophore. In our study of 

Calcium Green-2 (Chapter 3), this approach has been used in the study of the relative orientation 

of fluorophores inside a multi-fluorophoric probe. 

1.3.3 Spectromicroscopy with a confocal microscope 

The confocal microscope is a scanning method for SM fluorescence measurements.  In the 

setup used in this thesis, a laser is first directed into a spatial filter and re-collimated by a 

focusing lens.  After the beam is circularly-polarized with a quarter waveplate, the collimated 

beam is then directed into the back of the microscope and then focused down to the smallest spot 

possible (ideally diffraction limited) at the sample plane. Only a very small volume of the sample 

is excited by the laser spot, and the resulting photons (including both fluorescence emissions and 

the background scattering photon) are passed through a pinhole (diameter of 75 μm) to remove 

any light from out of focus parts of the sample.  One of the advantages of the confocal setup is 

that it allows a smaller excitation volume and suppresses the overall background, which results 

in a highly-sensitive measurement.  The existence of pinhole whose diameter determines the 

depth of focus for confocal imaging can spatially reject the out-of-plane light and give rise to 

high axial resolution in the SM measurements. In addition, the APD detector exhibits a better 

temporal resolution than CCD cameras used in wide-field fluorescence imaging, which allows 

for faster data acquisition in dynamic and time-dependent measurements. 
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The fluorescence emission will either reach the APD and be used to generate a confocal 

fluorescence image, or be reflected by means of a mirror into a spectrograph and then collected 

by another CCD detector (iXon, Andor Technology) and converted into an emission spectrum.  

As shown in Figure 1-10, the configuration of the microscope could be converted between the 

confocal to the epifluorescence setups by simply adding a focusing lens in front of the back focal 

plane of the microscope.  While the focusing lens is out, the collimated beam will be directed 

into the microscope as in the confocal microscope; while it is in, the collimated beam will be 

focused on to the back focal plane and therefore converted into the wide-field configuration.  

  

(A)                                                        (B) 

Figure 1-10. Schematic diagrams of (A) epifluorescence microscope system and (B) 

fluorescence confocal spectromicroscopy system.  SP: spatial filter, CL: collimating lens, D: 

dichroic beamsplitter, PH: pinhole, FL:  focusing lens, SPEC: spectrograph, CCD: CCD camera, 

OL: objective lens, SCAN: sample scan stage, S: sample) 
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1.4 Overviews of Sub-projects in This Thesis 

 

A number of different areas of spectroscopy and photophysics have been investigated during 

the course of this PhD program using SM fluorescence techniques.  SM fluorescence studies 

have demonstrated that molecules are very sensitive to changes in their local environment. This 

sensitivity can be exploited to gain insight into a variety of process regarding any possible intra 

and intermolecular energy or electron transfer processes. Useful spectroscopic properties, such as 

fluorescence intensity, photobleaching time, molecular orientation, and spectral diffusion, can be 

detected and characterized with proper instrumental configurations. This section briefly reviews 

the subprojects of my PhD thesis regarding the SM studies of several fluorescent systems.   

1.4.1 Photoinduced electron transfer in Calcium-Green 1 (CG-1) 

Calcium-Green 1 (CG-1, structure shown in Figure 2-1) is a fluorescent ion-indicator that 

undergoes significant changes in fluorescence emission intensity upon binding with the target 

ions. These ion-indicators have found numerous applications, including detection and 

qualification of harmful inorganic analytes in environmental analysis, as well as to visualize, 

through high-sensitivity fluorescence imaging, localized ion-dependent processes in live cells 

and tissues.
32-36

 Among all ion-sensors, the fluorescence-based Ca
2+

 ion-indicators are arguably 

the most important and widely used types of indicators because of the great importance of 

intercellular Ca
2+

 in biological signalling.
37,38

 CG-1 is composed of a fluorophore and a BAPTA 

group (1,2-bis(2-aminophenoxy) ethane-N,N,N’,N’-tetra acetic acid) for chelating Ca
2+

.  As a 

calcium-ion sensor, its fluorescence intensity responds linearly as a function of the concentration 

of Ca
2+

 in solution. In a Ca
2+

-free environment, the fluorescence emission is strongly quenched. 

The mechanism of fluorescence quenching in CG-1 has been attributed to the process of 

photoinduced electron transfer (PET).
39,40

 During PET, rapid electron transfer from the BAPTA 

group to the photoexcited fluorophore takes place and results in quenching of fluorescence.  The 

electron transfer process between the BAPTA group (donor, D) and the fluorophore (acceptor, 

A) can be simplified into the following redox reaction:  

                                             
  
                                                (1-13) 
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The thermodynamic criterion of this reaction is expressed in the Rehm-Weller equation: 

                                         

   

      

 

                                (1-14) 

where ΔG° is the change in standard Gibbs free energy for the PET process, n is the number of 

electrons transferred, F is Faraday’s constant, E° represent the standard reduction potentials for 

both donor and acceptor, ΔE0,0 is the equalized excitation energy, and ωP is the Coulombic work 

requires to bring the donor and acceptor to within the electron transfer distance. 

Upon chelating Ca
2+

, the oxidation potential of the donor (BAPTA group) will increase, which 

results in the increase of ΔG° into a positive value, which indicates that the PET process 

becomes thermodynamically unfavorable. Thus, the fluorophore becomes emissive due to the 

retardation of the PET process. To simplify, the Ca
2+

 serves as a molecular switch, which can 

turn fluorescence emission “on” and “off”.  The increase in fluorescence intensity as a function 

of the concentration of calcium ion could be ascribed to the increase in the number of emissive 

fluorophore in the solution upon chelating. 

The goal of this subproject was to characterize the emission behavior of CG-1 using a 

combination of ensemble and SM spectroscopy measurements. Both ensemble and SM 

observations of CG-1 were compared with the previous work done on its close variant, Calcium-

Green 2 (CG-2) whose basic spectroscopic properties (both ensemble and single-molecule) are 

well understood.
41

 As another Ca
2+

 sensor from the Calcium Green family, CG-2 consists of a 

BAPTA moiety combined with two identical fluorophores. Similar to CG-1, the fluorescence 

intensity of CG-2 responds to the concentration of calcium ion in solution, which was related to 

the excitonic coupling between the two fluorophores in a single CG-2 molecule. It was found 

that in the absence of Ca
2+

, CG-2 adopts a conformation in which the two fluorophores are 

parallel and facing each other. This gives rise to the formation of an intramolecular exciton and a 

corresponding “self-quenching” of the fluorescence emission.  When the BAPTA group binds to 

Ca
2+

, the relative separation and orientation of the constituent fluorophores are altered and the 

excitonic coupling between two fluorphores is disrupted. This results in a large increase in 

fluorescence emission intensity and an accompanying spectral shift in the absorption spectrum of 

CG-2. Thus, it is anticipated that there will be some similarities between CG-1 and CG-2 in 
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terms of their basic spectroscopic and photophysical properties, while the differences between 

the two will provide further insight into the mechanism of operation of both dyes. 

In the steady state measurements, the absorption spectra of CG-1 were collected at different 

[Ca
2+

]. Unlike CG-2, no significant spectral changes were observed from CG-1 before and after 

chelating Ca
2+

. This provides additional support that the spectral shift observed for CG-2 is due 

to the excitonic coupling between the two constituent fluorophores. As observed in CG-2 

samples, the lifetime measurements of CG-1 showed two chemical forms of the dye with 

significantly different lifetimes coexisting in the solution. Furthermore, varying [Ca
2+

] causes a 

change in the relative proportions of the two species, which can be assigned to the Ca
2+

 bound 

form and the Ca
2+

 free form of CG-1, respectively.  

During the SM measurements, frequency histograms of emission intensities and 

photobleaching time for single CG-1 molecules both in presence and in absence of Ca
2+

 were 

constructed. There were no significant differences in the distributions in both intensity and 

photobleaching time, which strongly support the PET mechanism presented by previous 

researchers. Further comparisons between SM results from CG-1 and CG-2 indicated that a 

single CG-2 molecule is around twice as bright as the CG-1 molecule on average. This is another 

expected result, simply because CG-2 will have an absorption cross-section that is approximately 

twice as large as the monomeric CG-1.
42

  

1.4.2 Fluorophore orientation in Calcium-Green 2 via dual-polarization microscopy 

Modification of an epifluorescence microscope enables the detection of emission polarization 

of a molecule, which can provide insight into the orientation and conformation of fluorescence 

probes. In this subproject, dual-polarization fluorescence microscopy was used to determine the 

relative orientation of the two fluorophores in CG-2. As noted previously, in the absence of Ca
2+

, 

CG-2 adopts a self-quenching conformation in which the two fluorophores are approximately 

coplanar.  Such molecular conformation will be disturbed if CG-2 forms a complex with Ca
2+

. 

SM measurements indicate that the Förster energy transfer can take place between the two 

fluorophores at a rate that exceeds the rate of fluorescence, which gives rise to the collective 

photobleaching of both fluorophores upon formation of a damaged (trap) state.
41,43

 This indicates 

that the fluorescence emission from both fluorophores of CG-2 molecule could only be switched 
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“on” and “off” spontaneously, which has been confirmed by the appearance of collective 

photobleaching in the SM measurements.  

The relative orientation of the constituent fluorophores in the multifluorophoric system like 

CG-2 is an important parameter that controls the extent of energy transfer between fluorophores. 

Previous molecular mechanics calculation indicated that the two emission transition dipoles in a 

CG-2 molecule tend to form a ~ 120° angle when chelating with Ca
2+

.
41

 However, the 

epifluorescence setup used in these original measurements cannot determine the angle and 

relative orientation between the fluorophores. This information can be quantitatively determined 

in the dual-polarization fluorescence microscope by obtaining the polarization distribution of 

randomly oriented CG-2 molecules. The dual-polarization imaging approach was first tested on a 

randomly orientated single fluorophore system (Rhodamine 6G), and the SM results were 

compared to the mathematical model of the polarization distribution of randomly orientated 1D 

transition dipoles. The main features in the calculated distributions were observed in the 

experimental data, which proved that the approach of dual-polarization image worked well and 

could be reliably applied to the more complicated dual-chromophore system.  

The SM observations of CG-2 were also compared to the calculated polarization distribution of 

the dual-transition dipole system with the angle between the two dipoles fixed at 120°. The 

shapes of polarization distributions of SM CG-2 both in the presence and absence of Ca
2+

 were 

comparable, indicating that the relative orientations of the transition dipoles in Ca
2+

-bound and 

Ca
2+

-free samples were essentially the same. In addition, both showed good agreement to the 

calculated model, which indicates that the angle between two transition dipoles in the “emissive” 

CG-2 is ~ 120°. Furthermore, the shape of the polarization distribution was found to be very 

sensitive to the angle between two transition dipoles, which suggests that this technique can be 

used to determine fluorophore orientation in other multi-fluorophoric systems.
30

 

1.4.3 Probing local environments in phase-separated lipid films via Nile Red emission 

The fluorescence emission of a molecule is highly dependent on its local chemical and physical 

environment. In our studies, the polarity sensitive dye Nile Red (NR) was incorporated into 

phase-separated lipid films that contained two significantly different chemical and physical 

environments. As a lipid stain, NR was chosen as a probe for the local environment because of 

the strong dependence of its fluorescence emission upon the polarity of its local environment 
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(solvatochromism).
44-46

 In polar matrices, NR emission is strongly quenched, but in non-polar 

environments, the fluorophore becomes strongly emissive with a blue shift in both excitation and 

emission maxima. In addition to the solvatocharomism, another key feature of NR staining that 

would affect the contrast in fluorescence images is the general affinity of the dye for its matrix. If 

the dye molecules preferably accumulate in one region of the sample, a stronger fluorescent 

signal could be observed simply because the local concentration of the fluorophore is higher.  

Our goal is to use both epifluorescence imaging and the spectromicroscopy to probe both the 

spectral dispersion and the fluorescence intensity variation of NR in different part of the lipid 

film and determine whether a strong fluorescence signal can be attributed to a highly emissive 

form of dye (due to its solvatochromism), accumulation of dye in the area of interest, or a 

combination of both. 

In these studies, the lipid film is composed of a phase-separated Langmuir-Blodgett (LB) 

monolayer with both continuous and discontinuous domains.
47,48

 The discrete, hexagonal-shaped 

discontinuous domains are exclusively comprised of non-polar hydrocarbons. The surrounding 

continuous domain is enriched with fluorocarbons.  When the LB film was stained with NR, 

sharp contrast was observed in terms of the relative fluorescence intensities of both domains. The 

hydrocarbon dominated domains exhibited much stronger fluorescence emission in comparison 

to the surrounding continuous domain. These results could be either caused by the variation in 

emission behaviors of the NR molecules in different polarities or to the difference in affinity of 

the dye to the two different domains during the staining process.  

The emission spectra collected by the spectromicroscopy indicate a significant spectral shift of 

NR emission in the two chemically different domains.  Additional information was obtained 

from the intensity distributions of NR in the SM measurements. Instead of getting a double-

peaked distribution in the histogram, a single-peak distribution was obtained, indicating that the 

emissive properties of NR were comparable in both domains. Thus, the generation of contrast in 

fluorescence emission in two different domains is mainly due to the selective accumulation of 

NR in the hexagonal (hydrocarbon) domain over the surrounding continuous domain.
49
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1.4.4 Investigation of a fluorophore-nanoparticle conjugate system that exhibits minimal 

fluorescent quenching 

Fluorescence quenching is often induced by energy transfer or electron transfer between an 

excited fluorophore and an acceptor. In this sub-project, we have performed an investigation of 

fluorescence quenching of fluorophores that are covalently bound to a gold metal protected 

cluster (AuMPC) with negligible plasmon band. The system was characterized using a 

combination of steady state and time-resolved ensemble spectroscopic measurements in 

conjunction with single-molecule fluorescence microscopy. By examining the spectroscopic 

properties of these labeled fluorescent probes, information about the extent of fluorescent-

labeling, degree of fluorescence quenching, as well as the influence of AuMPCs on excited-state 

lifetime and most importantly, the SM emission behaviors has been obtained, and the quenching 

mechanism has been investigated.  

Briefly, the system is comprised of small-sized AuMPCs (<2 nm) coupled to strongly 

fluorescent molecules through covalent bonds.
50,51

 The presence of the covalent bond will limit 

the distance between the fluorophore and the gold surface in a well-defined fashion. The bulk 

measurements in fluorescence emission spectra of the dye-AuMPC conjugates only exhibited 

minimal quenching at low loading ratios. During the fluorescence lifetime measurements, the 

dye showed negligible change upon conjugation to the gold surface. The SM measurements were 

conducted on the samples with different dye/AuMPC ratios. The emission intensities of several 

fluorophores attached to the same gold particle were collected and imaged into the same 

fluorescence spot. As a result, an “unusual” double-step photobleaching was observed in 

approximately half of the samples at all loading ratios with a small sub-population exhibiting 

more than two photobleaching steps. Photobleaching was observed without additional blinking 

dynamic events. Emission intensities of the coupled fluorophores were comparable with those 

measured of dye molecules in absence of AuMPCs.  This suggests that the statically quenched 

fluorophores are entirely non-emissive, while the remaining dyes are essentially unquenched.   
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CHAPTER 2 

AN ENSEMBLE AND SINGLE-MOLECULE FLUORESCENCE 

SPECTROSCOPY INVESTIGATION OF CALCIUM GREEN 1, A 

CALCIUM-ION SENSOR 

 

This Chapter is a slightly modified copy of an article published in Journal of Fluorescence in 

November 2007. (Reproduced with permission from Journal of Fluorescence 2007, 17, 739-748. 

Copyright 2007 SpringerLink) 

Calcium ion plays an important role in a diverse range of cellular signalling processes, 

including gene transcription, muscle contraction, and cell proliferation.
1
 As a result, the ability to 

detect and quantify intracellular free Ca
2+

 is of great importance in understanding these 

processes.  A number of different Ca
2+

 indicator molecules have been designed, synthesized and 

characterized.  Some of the most widely used types of indicators are fluorescence-based, and 

these are often used for the measurement of cytosolic free Ca
2+

. Their popularity stems from the 

ease with which they can be incorporated into the cells as well as the sensitivity and versatility 

that fluorescence measurements bring about. In this work, our objective was to perform a 

spectroscopic characterization of Calcium-Green 1 (CG-1), a fluorescence-based Ca
2+

 indicator, 

via a combination of ensemble and single-molecule (SM) fluorescence characterization, and to 

compare the mechanism of action of CG-1 with a closely related variant, Calcium-Green 2 (CG-

2). The work is an extension of a previous study on the photophysical behaviour of CG-2, a dual-

fluorophore variant of CG-1.
2
  

The ensemble spectroscopy measurements revealed that the overall fluorescence intensity of 

CG-1 increases with increasing [Ca
2+

]free in the solution before saturation.  In addition, the SM 

measurements allow us to unveil the heterogeneity in the emission behaviour of each CG-1 

molecule, which is obscured by the “ensemble average”. Using SM measurements, we 

determined that the fluorescent species in the CG-1 sample both in the presence and absence of 

Ca
2+

 has identical fluorescent properties. The low fluorescence intensity of CG-1 in Calcium-free 
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condition could be attributed to fluorescence quenching caused by photoinduced electron transfer 

(PET). 

The fluorescence intensity and on-time of individual molecules was obtained by measuring the 

brightness and the duration of individual fluorescence emission spots.  In terms of data analysis, 

this chapter introduces the method of constructing frequency histograms (distributions) of 

fluorescence intensities and on-times, which was also used for other SM experiments described 

in subsequent chapters. The shape and other properties of these distributions could provide 

invaluable insight into the photophysical or photochemical processes that are involved in and 

influence the fluorescence emission. 

For this current research paper
3
, I prepared samples, performed all of the measurements, and 

played a major role in interpreting the results. My supervisor provided guidance throughout the 

entire experimental work and was greatly involved in result interpretation.  For this work, the 

first published manuscript of my PhD degree, he played a significant role in organizing the 

results and wrote the final draft of the paper.  
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2.1 Abstract 

 

The calcium-ion indicator dye, Calcium-Green 1 (CG-1), has been characterized using a 

combination of ensemble and single-molecule optical spectroscopy measurements. In terms of 

ensemble measurements, CG-1 demonstrated a strong increase in fluorescence emission as a 

function of increasing [Ca
2+

]. This was accompanied by a change in the relative proportions of 

two chemical forms of the dye, each with a different fluorescence lifetime, which were found to 

co-exist in solution. From single-molecule (SM) fluorescence measurements, it was found that 

the fluorescence intensity and photobleaching time (on-time) of each CG-1 molecule was 

invariant with [Ca
2+

] and that changes in ensemble fluorescence intensity simply correlates with 

the number of fluorescent molecules in solution. These results are compared with that of the 

related system, Calcium-Green 2 (CG-2), and the mechanisms of operation of these two indicator 

dyes are discussed. 

 

2.2 Introduction 

 

Single-molecule (SM) spectroscopy is a young but rapidly-developing field of research in 

which the optical properties of individual, isolated molecules can be probed in the absence of 

ensemble averaging 
4-7

. The SM approach to optical spectroscopy has now been applied to a host 
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of systems, ranging from single impurity atoms in crystals, to complex biological systems and 

beyond. Fluorescence emission of individual molecules can be an extremely sensitive probe of 

local environmental conditions, and has provided valuable insight into the heterogeneous nature 

of numerous systems. While interesting in and of themselves, one of the major practical benefits 

of spectroscopic measurements on individual molecules is that they can provide invaluable 

complementary information to more conventional ensemble spectroscopy measurements. While 

not yet routine, it is conceivable that SM measurements might soon become a standard tool when 

characterizing novel new fluorophores and photophysical processes. 

Of recent interest to our research group has been the application of SM spectroscopy for 

characterizing luminescent ion-indicator molecules, chemical entities that undergo significant 

changes in fluorescence emission upon binding with inorganic ions. The design, synthesis and 

characterization of a huge number of different ion-indicators has been reported in the literature 

(for a number of important reviews, see 
8-12

). Indicators have been developed to detect different 

types of ions, to emit over a wide range of emission wavelengths and to operate through a variety 

of signal transduction mechanisms. Ion-indicators have found numerous applications, including 

detection and quantification of harmful inorganic analytes in environmental analysis, as well as 

to visualize, through high-sensitivity fluorescence imaging, localized ion-dependent processes in 

live cells and tissues. 

SM measurements have been applied to a number of important ion-sensor systems. For 

example, Adams et al. have reported the synthesis and characterization of a novel perylene-based 

sensor that can detect binding events at the single-molecule level via a photoinduced electron 

transfer (PET) mechanism 
13

. Brasselet et al. have described the fluorescence behaviour of the 

seminaphtorhodafluor SNARF-1 for pH sensing in agarose matrices 
14

, as well as the use of a 

“cameleon” protein construct to detect Ca
2+ 

binding 
15

. While not directly attempting to produce 

an indicator-ion system, Ha et al. 
16

 demonstrated changes in energy transfer between 

fluorescently labeled components of an RNA assembly upon Mg
2+

 binding. 

Fluorescence-based ion-indicators that can be used to detect Ca
2+

 are arguably the most 

important and widely used types of indicators because of the great importance of intracellular 

Ca
2+ 

in biological signaling pathways 
17,18

. These indicators are used routinely in fluorescence 

microscopy experiments, in which the indicator fluorescence is used to directly visualize the 

presence of Ca
2+

 in tissues or cells. Many varieties of these ion-indicators have been developed, 
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and indeed many are now commercially available. We have recently reported a combined 

ensemble and single-molecule investigation of Calcium-Green 2 (CG-2), a commercially 

available calcium-ion indicator that exhibits a large increase in fluorescence emission intensity 

upon binding Ca
2+ 2

. The Calcium Green class of indicators are based upon the calcium-chelating 

ligand 1,2 bis(o-aminophenoxy) ethane-N,N,N′N′-tetracetic acid (BAPTA) 
19

. The BAPTA 

moiety has excellent Ca
2+

 binding properties, including a low dissociation constant, high 

selectivity and rapid substrate binding. By coupling BAPTA to a xanthene (rhodamine-based) 

fluorophore, sensors that become highly fluorescent in the visible region of the spectrum have 

been developed 
20-23

. The Calcium Green class of indicators consists of a single BAPTA moiety 

combined with either one (CG-1) or two (CG-2) rhodamine-based fluorophores. These indicators 

have low calcium dissociation constants (manufacturer lists Kd values of 0.19 μM and 0.55 μM, 

for CG-1 and CG-2, respectively) and high quantum yields (0.75 in high [Ca
2+

]) at physiological 

pHs. Structures of CG-1 and CG-2 are shown in Figure 2-1 (a), (b). 

 

Figure 2-1. Chemical structures for (a) Calcium-Green 1 and (b) Calcium-Green 2 

 

While the mechanism by which signal transduction occurs in some ion-indicators is well 

known, this was not the case for CG-2. In our previous work, a combination of optical 

spectroscopy measurements was used to determine why the molecule becomes strongly 

fluorescent on Ca
2+

 binding 
2
. It was found that in the absence of Ca

2+
, CG-2 adopts

 
a 

conformation in which the transition dipoles for the two fluorophores are coplanar. This gives 

rise to intramolecular exciton formation and a corresponding “self-quenching” of fluorescence 

emission. When the molecule binds to Ca
2+

, the relative separation and orientation of the 

constituent fluorophores are shifted, a large increase in fluorescence emission intensity is 
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observed and an accompanying shift in CG-2’s absorption spectrum takes place. This suggests 

that upon binding of Ca
2+

, the intermolecular exciton formation for this system is disrupted.
 

From complementary SM experiments, it was observed that the change in bulk fluorescence 

correlated with a simple statistical increase in the number of fluorescent molecules in solution, as 

anticipated from ensemble measurements. In addition, it was also found that the majority of CG-

2 molecules photobleached in a single step (collective photobleaching), despite the presence of 

two fluorophores per molecule. This provided an excellent opportunity to investigate collective 

photobleaching, a well-known phenomenon in multi-fluorophore systems, in a comparatively 

simple and controllable test-system. It was postulated that for CG-2, collective photobleaching 

could be attributed to rapid dipole-dipole Förster coupling between the two fluorophores in 

conjunction with the formation of a photo-damaged induced trap site on one of the fluorophores. 

The mechanism of action of CG-1 and a number of closely-related compounds has been shown 

by de Silva et al. 
24 

to be PET, in which rapid electron transfer from the Ca
2+

 binding domain 

donor to the photoexcited fluorophore acceptor takes place and renders it non-fluorescent. Upon 

Ca
2+

 binding, the PET process is retarded (the oxidation potential of the binding domain shifts 

significantly upon Ca
2+

 uptake) and fluorescence is re-activated. It is anticipated that while there 

will be some similarities between CG-1 and CG-2 in terms of basic spectroscopic properties, 

differences between the two will provide further useful insight into the mechanism of operation 

of both dyes. For example, the nature of the excitonic “quenched” state in CG-2 should be 

readily distinguishable through comparison of absorption spectra for the two molecules. One 

might also reasonably expect to distinguish between CG-1 and CG-2 at the single-molecule level 

by simply comparing mean fluorescence intensity levels. In this paper, we present a combined 

ensemble and SM spectroscopic characterization of CG-1 and compare these findings with those 

obtained previously for CG-2. 

 

2.3 Materials and Methods 

 

2.3.1 Ensemble spectroscopy measurements 

CG-1, CG-1 conjugated dextran, CG-2 and calcium buffers that contain a well-defined 

concentration of free Ca
2+

 (not chelated, referred to as Ca
2+

 free) were obtained from Invitrogen 

Inc. (Burlington, ON, Canada) and used as received. For ensemble measurement, stock solutions 
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of indicators were prepared by dissolving the bulk solid in pH 7.2 Tris buffer. Immediately 

before taking spectroscopic measurements, aliquots of the stock solution were added to an 

appropriate Ca
2+

 free buffer. Absorption and emission spectra were collected in quartz cuvettes 

on a Varian Cary 500 UV-Vis spectrophotometer and a SPEX 212 spectrofluorimeter, 

respectively. Fluorescence lifetimes were measured using the method of time-correlated single-

photon counting (TCSPC), on a system described in detail elsewhere 
18

. Excitation was 

performed at 488 nm, with the emission collection wavelength of 536 nm. Fluorescence decay 

profiles were fit using a non-linear least squares reconvolution procedure based on the Marquardt 

algorithm. The quality of fit was assessed through the value of the reduced χ
2
 and through the 

distribution of weighted residuals.(See detailed description in Appendix) 

2.3.2 Single-molecule fluorescence spectroscopy measurements 

Single-molecule fluorescence measurements were carried out using a home-built, wide-field 

epifluorescence microscope 
25

. Samples were excited with circularly polarized, continuous wave 

light from a tunable argon-ion laser, with a wavelength of either 488 or 514 nm (see subsequent 

text for details). Excitation intensities were typically in the range of 0.5-2.0 kW/cm
2
, as 

measured by dividing the incident power measured at the sample focal plane by the illumination 

area. Samples were prepared in either one of two ways. In the first approach, an aliquot of a 

dilute polymer (2% w/v poly(vinyl alcohol) in Millipore water) was spin-cast onto a clean 

microscope coverglass slide, followed by a dilute solution (∼ 10
−9

 M) of indicator dye in an 

appropriate Ca
2+

 free buffer . In the second approach, a dilute solution of CG-1 conjugated 

dextran in Ca
2+

 buffer was mixed with melted, low-gelling temperature agarose (Sigma-Aldrich) 

which had been prepared using Ca
2+

 calibration buffers. The dye-doped agarose was then 

sandwiched between two clean pieces of coverglass and allowed to cool. Control samples with 

the absence of dye show no fluorescent impurities when examined under single-molecule 

imaging conditions. The use of dextran conjugated CG-1 prevented translational diffusion of the 

dye through the water-filled pores of the agarose matrix, a phenomenon that has been observed 

previously in other single-molecule investigations that made use of gels as a support medium 

26,27
. We found that, other than slightly

 
different background signal levels, the two sample 

preparation
 
approaches gave comparable results in terms of

 
single-molecule measurements. 
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2.4 Results and Discussion 

 

2.4.1 Ensemble spectroscopy measurements 

When fluorescence excitation was carried out at 488 nm, the emission spectrum of CG-1 

consisted of a single peak with emission maximum at 534 nm. Addition of Ca
2+

 to CG-1 resulted 

in an increase in the overall emission intensity of the indicator dye solution. Figure 2-2 shows a 

series of fluorescence emission spectra in which the [Ca
2+

] free was systematically varied over a 

concentration range of 0-1.35 μM. There was no substantial shift in peak positions observed with 

increasing [Ca
2+

]free, but rather a simple increase in the overall fluorescence intensity. Above 

[Ca
2+

] of 1.35 μM, there was no further increase in emission intensity with further addition of 

calcium, indicating saturation of CG-1 had occurred. 

By assuming CG-1 binding can be modeled as a simple two-state equilibrium binding process 

in which the calcium free form of the indicator is non-fluorescent, one can derive Equation (2-1): 

                                       
         

         
                                                       (2-1) 

where Fx, Fmin and Fmax are the fluorescent intensities corresponding to the [Ca
2+

]free of interest, 

the intensity at [Ca
2+

]free = 0 and the intensity measured at the maximum value of [Ca
2+

]free, Kd is 

the dissociation constant for the CG-1·[Ca
2+

] complex and n is the binding stoichiometry. From 

the emission data, a Kd of 0.21 μM was calculated, which is in excellent agreement with the 

value of 0.19 μM reported by the manufacturer 
19

, along with a 1:1 binding stoichiometry 

between the indicator and Ca
2+

. 

 

Figure 2-2. Fluorescence emission spectra showing the change in emission of CG-1 as a 

function of increasing [Ca
2+

]free ([Ca
2+

]free ranges from 0 to 1.35 μM, [CG-1] = 1.50 μM) 
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At saturating conditions of [Ca
2+

]free (>1.35 μM), the total fluorescence emission intensity, as 

determined by measuring the integrated area under the emission spectra, increased 16-fold over 

that of the nominal calcium free buffer. For the calcium free buffer, the emission intensity was 

extremely low but not precisely zero. This is consistent with the previous measurements carried 

out on the CG-2 system. The likely sources of this residual fluorescence is trace amounts of 

unchelated Ca
2+

 in the system and weak fluorescence from uncomplexed CG-1. It is worth 

noting that the net change in fluorescence emission intensity for CG-1 is almost exactly half of 

the value that we have reported previously for the CG-2 system (38-fold over the calcium free 

buffer). This result is entirely consistent with the chemical structures of the two sensor dyes--one 

would anticipate an approximate doubling of the absorption cross-section of CG-2 over CG-1 

simply because of the presence of the two fluorophores in the molecule, and hence a proportional 

increase in fluorescence output. 

In addition to steady-state measurements, time-resolved (lifetime) fluorescence measurements 

have also been carried out on CG-1. Fluorescence lifetime decay curves, measured for samples 

ranging in [Ca
2+

]free from zero to saturation, were well fit by a double-exponential decay 

(Equation (2-2)) in which none of the fitting parameters (lifetime or pre-exponential factors) 

were fixed. 

                                            
         

                                                          (2-2) 

Curve fitting indicated the presence of two different lifetime components, a long-lived 

component with a lifetime of 3.4 ± 0.1 ns and a short-lived component with lifetime of 0.2 ± 0.1 

ns. A typical fluorescence lifetime decay curve taken at [Ca
2+

]free = 0.605 μM is shown in Figure 

2-3. The relative weighting of the two lifetime components, as determined by the pre-exponential 

factors (amplitudes), shifted as a function of [Ca
2+

]free. As the [Ca
2+

]free increased, the pre-

exponential factor of the long-lived component increased (0.05 at zero calcium levels, increasing 

to 0.62 at saturating levels of calcium) and the pre-exponential factor of the short-lived 

component correspondingly decreased. 
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Figure 2-3. Typical fluorescence life-time measurement taken from [Ca
2+

]free = 0.602 μM. The 

red line is a double-exponential fit, as described in the main text body. 

 

For CG-1 we interpret this behaviour as being caused by the presence of two distinct chemical 

species in solution, with the long-lived component corresponding to the presence of the highly-

fluorescent (Ca
2+

 bound) specie, and the short-lived component corresponding to the weakly-

fluorescent Ca
2+

 free specie. Changes in the pre-exponential factors correspond to changes in the 

relative proportions of the two species in solution. Similar results for CG-1 lifetimes have been 

reported by Sanders et al. 
28

 during fluorescence lifetime imaging experiments on live cells, as 

well as by Tessier et al. in a fluorescence correlation spectroscopy characterization of 

conformational dynamics in the CG-1 system 
29

. The behaviour and the values for fluorescence 

lifetimes that have been measured here for CG-1 are also comparable with those we have 

measured previously for the CG-2 system 
2
. For CG-2, two different lifetime components (3.5 ± 

0.1 and 0.3 ± 0.1 ns) were also observed, with the pre-exponential factors changing in response 

to the [Ca
2+

]free. Again, it is not particularly surprising that there is excellent agreement between 

the lifetimes observed for CG-1 and CG-2, since the fluorophores, while differing in number, are 

structurally identical. While the mechanism that gives rise to the onset of fluorescence may differ 

between the two indicators, in both cases the end result of calcium binding is that the fluorophore 

becomes uncoupled from the rest of the molecule and behaves as an independent fluorophore. 

In addition to fluorescence spectroscopy characterization, absorption spectroscopy can also 

provide valuable insight into the nature of the CG-1 system. Figure 2-4 shows an absorption 

spectrum for CG-1 taken at zero [Ca
2+

]free. For comparison, this has been overlapped with the 
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absorption spectrum for CG-2 taken under the same solution conditions. For CG-1, the spectrum 

consists of a strong peak with absorption maximum at 508 nm and a small shoulder around 460-

470 nm. The relative sizes and positions of these spectral features were unaffected by the 

[Ca
2+

]free over the entire range of concentrations used in the fluorescence measurements. This is 

in direct contrast with the behaviour that was reported previously for CG-2, which, at zero 

[Ca
2+

]free has two strong peaks located at 490 and 508 nm. Upon increasing [Ca
2+

]free in CG-2, 

the relative peak heights were found to shift in favour of the 508 nm peak, to the point where, at 

saturating concentrations, the blue-shifted shoulder could no longer be distinguished from the 

dominant red-shifted peak. In combination with force-field based conformational search 

calculations and fluorescence measurements, the blue-shifted peak was attributed to the 

formation of a fluorescently quenched exciton state, while the red-shifted peak was tentatively 

attributed to the two constituent fluorophores on CG-2 behaving as independent monomers 

resulting from the elimination of exciton splitting. While the previous argument was entirely 

consistent with the experimental data, an alternative interpretation of the spectra is that the red-

shifted peak may be attributed to the formation of an additional excitonic state. 

 

Figure 2-4. Comparison of absorbance spectra for CG-1 and CG-2 at nominal [Ca
2+

]free = 0 μM 

 

By comparing the absorption spectrum of CG-1 with CG-2, one can definitively identify the 

nature of the red-shifted peak. Since this peak overlaps exactly with the absorption peak of the 

“monomeric” CG-1, one can attribute the red-shifted peak of CG-2 to the pure monomer. This 

additional measurement clearly shows that once CG-2 has bound Ca
2+

, the two fluorophores no 

longer quench one another and behave as independent monomers. In the case of CG-1 which 

operates via a PET mechanism, no significant alterations in the absorption spectrum of the 
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indicator as a function of [Ca
2+

]free would be anticipated, which is in agreement with the 

experimental results obtained here. 

2.4.2 Single-molecule fluorescence spectroscopy measurements 

Preparation of samples as described in the “Materials and methods” gave rise to a series of 

bright, fluorescent spots when the samples were imaged in the fluorescence microscope. Under 

constant laser illumination, the fluorescent spots underwent single-step photobleaching which is 

taken here, in combination with the diffraction-limited fluorescent spot size and low fluorophore 

concentration levels, as the signature of individual molecules. A typical fluorescence microscope 

image of single CG-1 molecules and a fluorescence time trajectory (fluorescence intensity of an 

individual molecule as a function of time) is shown in Figure 2-5. 

 

 

Figure 2-5. (a) Fluorescence image of single CG-1 molecules (∼ 10 × 12 μm) and (b) a typical 

single-molecule fluorescence time trajectory ([CG-1] = 1 × 10
−9

 M, [Ca
2+

]free = 5 μM , excitation 

intensity = 0.8 kW/cm
2
) 

 

The fluorescence intensity of individual molecules of CG-1 was measured over [Ca
2+

]free 

ranging from the nominal zero concentration to past the saturation level. Consistent with the 

ensemble fluorescence spectroscopy, samples prepared at [Ca
2+

]free = 0 were not entirely free of 

fluorescent entities. At zero calcium concentration individual fluorescent molecules could still be 

detected, though at nanomolar dye concentrations, their number density was very low. To make 

counting and analysis of these molecules easier, samples were prepared at a higher indicator dye 

concentration. Increasing the [Ca
2+

]free resulted in a significant increase in the number of 

fluorescent molecules that could be detected, but did not affect the average fluorescence intensity 
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of the molecules. Figure 2-6 shows two histograms of single-molecule fluorescence intensities 

(in CCD counts) taken at [Ca
2+

]free = 0 and at a [Ca
2+

]free above saturation. The two histograms do 

not differ significantly from one another, and in view of this, we can attribute the general 

increase in fluorescence intensity of the dye solutions with a simple increase in the number of 

fluorescent molecules in solution which is as expected from the ensemble measurements. Indeed, 

samples prepared at saturating [Ca
2+

]free can be prepared at lower indicator dye concentrations in 

order to achieve the same number density of molecules in the sample. We note that the 

fluorescent intensities of the individual CG-1 molecules are comparable with the emission 

intensities we have reported previously, under similar imaging conditions, for individual 

rhodamine 6G molecules 
25

, which is entirely reasonable given the nature of the fluorophore. 

 

Figure 2-6. Histograms of single-molecule fluorescence intensities for (a) [Ca
2+

]free = 0 μM and 

(b) [Ca
2+

]free = 5 μM. In both cases, excitation intensity was 0.8 kW/cm
2 

 

As an additional, simple verification that there were no significant changes in the spectroscopic 

nature of CG-1 molecules as a function of [Ca
2+

]free, histograms of photobleaching times (on-

times) were measured for a number of different calcium concentrations. If the emission 

properties of CG-1 molecules are indeed independent of [Ca
2+

]free, then one would anticipate no 

significant differences in the mean photobleaching times measured as a function of 

concentration. Figure 2-7 shows on-time histograms for CG-1 taken at two extreme points of 

[Ca
2+

]free, one in the absence of calcium the other under saturating calcium concentrations. In 

both cases, the data was well fit by a single exponential function, as expected for a simple, 

random Poisson process 
30

. Fitting constants were within one measure of standard error of each 
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other, indicating that within the time resolution of our system, there was no significant difference 

in photobleaching time for the two different set of conditions. While these simple photobleaching 

experiments will not probe more subtle differences between fluorophores, it is reasonable to 

assume from the combination of these measurements and the SM intensity characterization, that 

there is no substantial difference in the spectroscopic properties of CG-1 as a function of 

[Ca
2+

]free. 

 

Figure 2-7. Histogram of fluorescence on-times along with single-exponential fits (fitting 

equation was f(x) = A1 exp(−x/t1) + y0) for individual CG-1 molecules measured at (a) [Ca
2+

]free = 

0 μM (t1 = 1.00 ± 0.05 s
−1

), (b) [Ca
2+

]free = 5 μM (t1 = 1.05 ± 0.11 s
−1

). In both cases, the laser 

excitation intensity was 0.8 kW/cm
2
. 

 

During the course of their SM studies, both Ha et al. 
16 

and Brasselet et al. 
14

 noted statistically 

significant variations in the width of a variety of single-molecule measurement histograms as a 

function of target ion concentration. These width variations were tentatively attributed to a 

distribution of free energy changes for the deprotonation-protonation equilibrium related to local 

environmental effects. For Brasselet’s pH sensor system, it was proposed that a possible source 

of variation in the local environment were interactions of the dextran chain (Brasselet et al. also 

made use of a dye-labeled dextran chain to minimize translational diffusion in agarose) with the 

wall of the agarose pores. For the CG-1 dextran system, these effects, if they exist, do not appear 

to significantly affect the observed SM histogram widths. However, since CG-1 binds its target 

ion much more strongly than the SNARF-1 pH sensor it is reasonable to expect that effects 

related to binding and unbinding of the target ion would be negligible. In general, there is much 
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information that could potentially be extracted from the shapes of histograms in SM experiments, 

and further efforts need to be devoted to this important aspect of data analysis in the future. 

 

Figure 2-8. Single-molecule fluorescence time trajectories for a molecule of CG-2 and a 

molecule of CG-1 taken under comparable fluorescence imaging conditions 

 

In addition to probing the nature of the CG-1 fluorophore and SM histogram widths, it is also 

informative to compare the relative intensities of individual CG-1 and CG-2 molecules. Figure 2-

8 shows an overlay of two typical single-molecule fluorescence time trajectories for CG-1 and 

CG-2. It must be noted that in preliminary single-molecule measurements of CG-1, experiments 

were carried out under the same conditions as those used to characterize CG-2 (488 nm 

excitation, 0.9 kW/cm
2
 excitation intensity, same emission filters and CCD multiplier gain) in 

order to allow direct comparison of experimental data. However, it was found that the CG-1 

single-molecule emission intensity was significantly lower than that obtained for CG-2 with the 

same instrumental settings, and in order to produce acceptable signal-to-noise ratios, the 

excitation wavelength was adjusted to 514 nm (absorption maximum is 508 nm) and appropriate 

emission filters were selected. In general, it was observed that CG-2 molecules always had a 

significantly greater emission intensity than CG-1 molecules (typically∼ 9,000 CCD counts/100 

ms for CG-2 versus ∼ 4,500 CCD counts/100 ms for CG-1). While comparing absolute 

intensities in single-molecule measurements is often problematic because of the influence of 

randomly oriented transition dipoles and minor inhomogeneities in illumination intensity across 

the diameter of the epifluorescence illumination spot, it was found that CG-2 molecules had 

approximately twice the intensity of CG-1 molecules. Of course, the relative difference in 

excitation efficiency that comes from using 514 nm over 488 nm must be accounted for in this 

comparison, though this should lead to relatively minor (order one) corrections in the overall 
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CG-1 intensity. It should also be noted that the emission filter sets used for 514 and 488 nm 

excitation had comparable transmission efficiencies over the emission range of CG-1, and will 

not substantially alter the overall signals. 

Even accounting for the minor differences in excitation wavelength, the results of the single-

molecule imaging experiments are consistent with those obtained from the bulk studies. That is, 

at the single-molecule level, CG-2 is approximately twice as bright as CG-1. Again, this is 

exactly the expected result. On a per molecule basis, the fluorescence signal of CG-2 should be 

approximately twice that of the monomeric CG-1, simply because the molecule will have an 

absorption cross-section that is approximately twice as large.  

 

2.5 Summary 

 

In this work, the spectroscopic properties of the Ca
2+

 indicator dye CG-1 has been characterized 

using a combination of ensemble and SM techniques. It was found that the overall increase in 

fluorescence intensity of this dye with [Ca
2+

]free can simply be attributed to an increase in number 

of fluorescent molecules rather than a general increase in the emission intensity of a molecule. 

Comparison of the absorption spectra for CG-1 and it’s dimeric variant, CG-2, allowed for the 

definitive assignment of a peak in the CG-2 spectrum, further reinforcing the previously 

proposed mechanism of action. Finally, in a comparison of the two indicator dyes, CG-1 was 

found to have one half of the emission intensity of CG-2, which is the simple, expected result for 

a molecule containing half as many fluorophores. 
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APPENDIX 

TIME-CORRELATED SINGLE PHOTON COUNTING 

 

1. Introduction 

 

Time-Correlated Single Photon Counting (TCSPC) is a technique to record the low light 

signals with picosecond time resolution. In this thesis, TCSPC was used to characterize the 

fluorescent lifetimes of our target fluorophores. 

 

Figure 2-9. Schematic diagram illustrating the operational principles of TCSPC
1 

(Reproduced 

with the permission from Review of Scientific Instruments 1999, 70, 1837. Copyright 1999 

American Institute of Physics)
 

 

In TCSPC measurements, the pulsed light source (usually pulsed laser) is utilized to 

repetitively excite the sample.  The pulse will also be optically monitored by the photo multiplier 

tube (PMT) and then generate a start signal to trigger the voltage ramp of the time-to-amplitude 

converter (TAC).  Analogous to an ultrafast stopwatch, TAC will stop the voltage ramp as soon 
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as the first fluorescence photon is detected. The voltage of the output pulse provided by TAC is 

always linearly proportional to the time interval between the start and stop signal. Such voltage is 

converted to a time channel by a multichannel analyzer (MCA) using an analog-to-digital 

converter (ADC). After a certain period of dead time, the measurement will start over again, and 

the experiment is continued until a suitable number of counts are collected in the peak channel. 

By summing over all the measurements, the MCA will build up a probability diagram of counts 

(number of arrival photons) as a function of time channels (shown in Figure 2-10.).  

 

Figure 2-10. Schematic illustration showing the process by which a fluorescence decay profile is 

developed
2 

(Reproduced with the permission from The BH TCSPC Handbook. Copyright 2010 

http://www.becker-hickl.com) 

 

2. Date Analysis 

 

As shown in Figure 2-11., the instrument response function (IRF), known as the response of 

the instrument to a zero-lifetime sample (usually a Ludox solution), is also collected in the 

TCSPC measurements. The measured decay function is a convolution of the IRF and the true 

fluorescence decay.  One needs to deconvolve the two functions to extract the true fluorescence 

decay.  The true fluorescence decay can then be fit to an appropriate function and the 

fluorescence lifetime can be extracted. 
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Figure 2-11. Sample fluorescence decay profile (in red), instrument response function (IRF), the 

convolved exponential fit (blank), and fit residuals (green) 

 

In this thesis, the quality of the data fitting was evaluated by means of the reduced χ
2 

and the 

distribution of the weighted residuals (see Figure 2-11.). The value of χ
2

red can be calculated 

from the following equation, 

                                                          
  

 

 
 

      

  
                                                  (2-3) 

where υ is the degrees of freedom, O and E represents for the observed and estimated value 

respectively, and σ
2 

 is the variance of the observation. In general, a large χ
2

red value indicates a 

poor model fit. In principle, a value of χ
2

red=1 indicates that the extent of the match between 

observation and estimates is in accord with the error variance. 
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CHAPTER 3 

DUAL-POLARIZATION IMAGING OF A DUAL-FLUOROPHORE ION 

SENSOR: A SINGLE-MOLECULE STUDY 

 

This chapter is a slightly modified copy of an article published in ChemPhysChem in September 

2008. (Reproduced with permission from ChemPhysChem 2008, 9, 1947-1953. Copyright 2008 

WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim)  

From previous investigations in the Paige research group, it has been determined that the dual-

fluorophore Ca
2+

 indicator, CG-2, will, in the absence of Ca
2+

, adopt a self-quenching 

conformation in which the molecular planes of the two fluorophores are parallel to each other. 

When bound to Ca
2+

, the molecule planes of the two fluorophores make an angle of ~ 120° with 

respect to each other, and CG-2 becomes strongly fluorescent. 

In this chapter, experiments are described in which the single-molecule epifluorescence 

microscope was converted into a dual-polarization fluorescence microscope, allowing us to 

directly determine the relative orientation of the two fluorophores in the dual-fluorophoric 

system.  The CG-2 samples were prepared following the same procedure as the conventional SM 

measurements, and the molecules are considered randomly-orientated on the surface of the glass 

coverslip.  Frequency histograms of fluorescence polarization were constructed, and the results 

were compared with results simulated using a simple mathematical model. These measurements 

confirmed the molecular conformation of the two fluorophore subunits in CG-2 when bound to 

Ca
2+

.  The results were in good agreement with the results determined in earlier investigations. 

For this research paper, I prepared samples, performed the measurements, played a major role 

in developing the mathematical model, interpreting the results, and the preparation of the paper. 

Dr. Richard Bowles provided guidance in the mathematical model construction. My supervisor 

provided guidance throughout the experimental work and was involved in result interpretation 

and in writing this paper.  
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3.1  Abstract 

 

The fluorescence emission of the dual-fluorophore Ca
2+

 ion sensor molecule, Calcium-Green 2 

(CG-2), has been characterized using dual-polarization imaging at the single-molecule level. By 

comparing the fluorescence intensity of individual CG-2 molecules in two mutually orthogonal 

polarization image channels, information about the relative orientation of the two constituent 

fluorophores in the molecule is obtained. Experimental results from polarization measurements 

are compared with those predicted from a geometric model based on coupled-fluorophores that 

are randomly distributed in space. The results confirm previous optical spectroscopy-based 

predictions of the orientation of CG-2’s fluorophores, and the general applications of this dual-

polarization imaging approach for characterizing the optical properties of molecules containing 

multiple fluorophores is discussed. 

 

3.2  Introduction 

 

Intramolecular energy transfer in multifluorophoric molecules is a topic of considerable 

importance shown by the recent interest in the scientific literature.
1-6 

Significant advances have 

been made in understanding these energy-exchange processes through the application of single-

molecule fluorescence measurements,
7-11

 as these measurements provide information that is 

averaged in conventional ensemble spectroscopy measurements. Some of the particularly 
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important observations that have been made in this field of study include the observation of 

collective photobleaching and exciton dynamics, to name a few. 

Of interest to our research group have been the combined ensemble and single-molecule 

investigations of commercial calcium-ion indicators know as the “calcium green” family, as 

these indicator dyes provide an opportunity to study energy exchange in multifluorophoric 

systems in a highly-controlled manner. In general, Ca
2+

-indicators are chemical entities that 

undergo significant increases in fluorescence emission upon binding with Ca
2+

 ions.
12 

The ability 

to detect and quantify intracellular free Ca
2+

 is of great importance in understanding a wide range 

of cellular processes, and fluorescence-based ion indicators that can be used to detect Ca
2+

 are 

one of the most widely used types of indicator for in vivo detection of free Ca
2+

. 

We have recently reported the spectroscopic characterization of calcium-green 2 (CG-2) using 

both ensemble and single-molecule (SM) measurements.
13

 CG-2 is a dual-fluorophore molecule, 

and is based on a Ca
2+

 chelating group (1,2- bis(o-aminophenoxy) ethane-N,N,N’,N’-tetracetic 

acid or BAPTA) tethered to two fluorescein-like fluorophores (Figure 3-1).
14

 Ensemble-based 

optical spectroscopy in conjunction with molecular-mechanics calculations indicate that in the 

absence of Ca
2+

, the molecule adopts a conformation in which the two fluorophores adopt an 

approximately coplanar arrangement, and the fluorescence is quenched by intramolecular exciton 

formation. Binding of Ca
2+

 gives rise to a structural change, which disrupts quenching and 

results in strongly emissive fluorophores. In effect, addition of Ca
2+

 provides a chemical “handle” 

to enable or disable energy transfer in this system. Single-molecule measurements indicate that 

for the Ca
2+

 bound form, Fӧrster energy-transfer can take place between the two fluorophores at 

a rate that exceeds the rate of fluorescence, which gives rise to collective photobleaching of both 

fluorophores upon formation of a damaged (trap) state. 

 

Figure 3-1. Chemical structures for  a) rhodamine 6G (R6G) and b) calcium-green 2 (CG-2). 
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An important property that controls the extent of energy transfer between fluorophores in this 

system, and in many other multifluorophoric systems, is the relative orientation of the constituent 

emission transition dipoles in the molecule.
1,3,5,6,15 

Determining the relative orientation of 

fluorophores in multifluorophoric systems at the single-molecule level can provide significant 

insight into how energy exchange takes place, but extracting this information from a 

conventional single-molecule fluorescence experiment can be problematic. 

 

Figure 3-2. a) Schematic diagram of a dual-polarization fluorescence imaging microscope (L: 

illumination laser, P: polarizer, W: Berek waveplate, CL: convex lens, D: dichroic mirror, O: 

objective lens, S: sample, F: filter, PBS: polarizing beam splitter, CCD: CCD detector). b) Dual 

polarization image of FluoSpheres
® 

(amine-modified microspheres, 1.0 µm). 

 

Herein, we describe single-molecule fluorescence polarization imaging experiments that allow 

the determination of relative orientation of the two transition dipole moments in Ca
2+

-bound CG-

2. A number of methods for determining single-molecule orientations have been reported in the 

literature, including the use of near-field scanning microscopy,
16

 defocused emission patterns
17

 

and others (for a recent review, see Moerner and Fromm).
9
 The experimental approach used in 

this work is based on “dual-view” polarization microscopy that was first described by Kinosita.
18

 

In dual-view polarization measurements, a single-molecule fluorescence emission image is split 

into two orthogonal polarization images, and the intensity ratio between the images provides 

information on the orientation of the constituent fluorophore (Figure 3-2). Our working approach 

in these experiments is to assume a particular orientation of fluorophores for CG-2 based on our 
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previous measurements,
13 

calculate a theoretical intensity ratio distribution based on this 

assumed orientation, and then compare the experimentally measured data to that predicted by the 

theoretical model. As a control sample, individual molecules of the single-fluorophore molecule 

rhodamine 6G (R6G) were also measured in a similar way and compared to the results obtained 

for CG-2. In the following sections, we describe details of the experimental measurements and 

calculations necessary to accomplish this study. 

 

3.3 Results and Discussion 

 

3.3.1 Derivation of mathematical models 

(A) Single Transition Dipole (R6G) 

Fluorescence emission of individual molecules that have been immobilized in a polymer 

matrix can be modeled as randomly oriented, stationary1D transition dipoles. The mathematics 

underlying this situation have been reviewed in detail by Goldman et al.,
19 

and the calculations 

described herein are based on this work. In dual-polarization imaging, the fluorescence emission 

from a single molecule is split into two orthogonal polarization components. The ratio of the two 

emission polarization components (referred to as the polarization ratio) provides information 

about the orientation of the emission transition dipole, and hence the molecule, with respect to 

the measurement system. 

 

Figure 3-3. Schematic illustration of co-ordinate system used to calculate polarization ratios for 

a) 1D transition dipole (R6G) and b) dual transition dipoles (CG-2). 
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Geometrically, both the absorption and emission transition dipole orientations for a 

fluorophore can be defined through the polar angles, θ and ϕ, as shown in Figure 3-3. For these 

calculations, it is assumed that the absorption and emission transition dipoles are collinear (θa, ϕa) 

= (θe, ϕe) = (θ, ϕ) which is a reasonable assumption for fluorescein-like fluorophores.
20

 During 

far-field excitation with laser illumination that is circularly polarized in the x-y plane, the 

absorption probability (fa) depends on the transition dipole orientation according to Equation (3-

1): 

                                                         
 

 
                                                                   (3-1) 

The intensity of the detected fluorescence with polarization along the x- (referred to as Ix) and 

y- (referred to as Iy) directions are represented by Equations (3-2) and (3-3): 

                                      
             

                                          (3-2) 

                                      
             

                                          (3-3) 

The coefficients C1, C2 and C3 are closely related to the numerical aperture (NA) of the 

microscope objective. For the oil immersion objective with NA = 1.4 used in these experiments, 

the calculated values for these constants are C1 = 0.742, C2 = 0.016, C3 = 0.243.  

The dependence of fluorescence intensity on transition dipole orientation can be determined by 

combining the expressions for absorption and detection probabilities of the fluorophores. The 

general equations for the expected fluorescence intensities from a single, stationary molecule are 

shown in Equations (3-4) and (3-5): 

                      
 

 
             

             
                                (3-4) 

                      
 

 
             

             
                                (3-5) 

where K is a constant that depends on the photophysical properties of the fluorophore (i.e. 

absorption cross-section) plus instrumental factors, and is independent of the orientation of the 

molecules. 

As a result, the overall fluorescence polarization ratio, P, can be calculated from the intensities 

in Equations (3-4) and (3-5) and is represented by Equation (3-6): 

                                            
     

     
 

                    

                
                                         (3-6) 

By calculating P for all possible values of ϕ and θ, a simulated histogram of P for randomly 

oriented 1D transition dipoles (individual molecules) can be generated, and compared with an 

experimentally measured histogram. 
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An additional complication that must be considered when comparing histograms calculated 

using Equation (3-6) with their experimental counterparts is that the need to attain acceptable 

signal-to-noise ratios will bias which transition dipole orientations can be experimentally 

observed. When illuminating the sample with light that is circularly polarized in the sample 

plane, transition dipoles that are z-oriented (θ = 0°) will not absorb. In general, transition dipoles 

that have a significant degree of z-orientation will have a low probability of absorbing, which 

results in a low signal-to-noise ratio (SNR) in the fluorescence image. If the SNR is too low, then 

the molecule will not be observed. We accounted for this effect in the calculated histogram by 

including only transition dipoles that lie within the x–y plane (θ = 90°). Calculations indicate that 

the overall shape of the polarization histogram does not change substantially even when θ 

deviates significantly from 90°, but for the sake of simplicity, we will restrict our calculations to 

orientations that fall within the x-y plane. For the experimental data, any molecule for which the 

total detector photocounts (the sum of Ix and Iy) was less than three times of the size of 

background fluctuation was deemed to be strongly aligned in the z-orientation, and this 

molecule’s signal was discarded from the statistical results. 

(B) Dual Transition Dipoles (CG-2) 

As stated in the Introduction, CG-2 is a dual-fluorophore (dimer) molecule in which the 

relative orientation of the fluorophores controls the overall fluorescence emission intensity of the 

molecule. According to molecular-mechanics calculations carried out in previous studies, 

binding of Ca
2+

 causes the two transition dipoles to adopt an angle of ~ 120° with respect to one 

another. Generating a histogram of polarization values for randomly distributed, Ca
2+

-bound CG-

2 molecules is significantly more complicated than for the 1D transition dipole. The overall 

fluorescence polarization intensities can be calculated using the same approach as for the 

monomer system, but with summing the contributions from both transition dipoles as shown in 

Equations (3-7), (3-8) and (3-9):           

                                                                                                                           (3-7) 

                                                                                                                           (3-8)              

                                          
     

     
 

                       

                       
 

                                            
                                      

                                                   
             (3-9) 
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However, assuming that the two transition dipoles remain at a fixed angle with respect to each 

other during the experiment, and making the approximation that all molecules are oriented in the 

x-y plane simplifies the situation considerably. Referring to Figure 3-3 b), one can define ϕ1 and 

ϕ2 as the angle between each transition dipole and the x-axis, and Δ as the angle between the two 

transition dipoles. One can now derive a general expression in terms of these variables. 

Converting to radians and assuming the previously noted angle between dipoles yields Equations 

(3-10) and (3-11): 

                                                     
 

 
                                                    (3-10) 

                                        
                     

     
                                                      (3-11) 

Again, by simply calculating P for all possible values of ϕ1 in the x-y plane, a polarization 

histogram can be developed. A further benefit of this expression is that one can explore the 

influence that fluctuations in the angle between transition dipoles (Δ) have on the overall 

polarization distribution. 

3.3.2 Fluorescence polarization 

Dual-polarization images of individual CG-2 and R6G molecules were collected and analyzed. 

Figures 3-4 a) and b) show typical results from a single-molecule measurement for CG-2, both in 

terms of a dual-polarization image and in fluorescence-intensity time trajectories. Fluorescent 

spots were ~ 300 nm in diameter (as determined by calibrating the detector pixel size against a 

standard USAF test target), which is consistent with the diffraction limited size expected for an 

individual molecule. Upon continuous laser illumination at an excitation intensity of 1.5 kW/cm
2
, 

the majority of the fluorescence spots photobleach in a single step (typical time-trace shown in 

Figure 3-4 b), which we take as the signature of an individual molecule. Typical single-molecule 

signal intensities (taken as the sum of signals from the x- and y- directions) were ~ 8900 detector 

photocounts, which is comparable with the signal intensities measured in our previous single-

molecule imaging measurements taken under similar experimental conditions (same optical 

filters, illumination intensity and on-chip multiplier gain). Samples prepared from R6G showed 

similar properties, though the single-molecule intensities were lower than that for CG-2 

(typically ~ 4500 detector photocounts). 
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Figure 3-4. a) Dual-polarization fluorescence image of single CG-2 molecules (~ 10 µm × 12 

µm). Collecting a sequential time series of these images allows the generation of fluorescence 

time trajectories. b) Dual-polarization single-molecule fluorescence time trajectory of a CG-2 

molecule. The two traces represent the signal intensity in each polarization channel. 

 

By measuring fluorescence-time trajectories for many (~ 200) different R6G molecules and 

calculating experimentally measured polarization ratios, histograms of polarization ratios were 

generated. Figures 3-5 a) and b) show the histograms of polarization ratios calculated for the 1D 

transition dipole (Equation (3-6)) and the experimentally measured histogram for R6G. The 

calculated histogram consists of two maxima at polarization values 1.0 to 0.8 and -1.0 to -0.8, 

and a range of values in between that slowly decrease to a central minimum. This result is the 

same as that calculated by Bawendi et al.
21

 as well as a number of others who have modelled 1D 

transition dipoles. It should be noted that the maxima in this distribution do not indicate a 

preferred orientation of the molecules along the x- or y-axis, but rather reflects the fact that 

Equation (3-6) changes very slowly at extreme angles of the in-plane angle, ϕ. The experimental 

polarization ratio histogram measured for R6G is in good agreement with the calculated 

distribution, as shown in Figure 3-5 b) and verified by a χ
2
 test. We note that while the 

measurements were able to reproduce the two maxima at the extreme ends of the histogram, the 

subtle decrease in probability as the polarization ratio approaches zero is lost, simply because of 

statistical noise. Nonetheless, the main features of the calculated distribution are observed in the 

experimental data and we take this result to mean that the dual-polarization imaging approach 

works well, and can be reliably applied to the dimeric transition dipole system. 
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Figure 3-5. a) Fluorescence-polarization histogram for randomly oriented 1D transition dipole 

moments. Histogram was calculated using Equation (3-6). b) Experimentally determined 

fluorescence-polarization histogram for individual R6G molecules on poly(vinyl alcohol). 

 

It is worth noting that the rate of energy transfer between fluorophores plays an important role 

in the polarization ratio histograms that are measured for CG-2. In a related study, Schroeyers et 

al. have reported time-dependent changes in single-molecule emission polarization patterns when 

measured using de-focused epifluorescence imaging for perylene imide-based dendrimers.
22

 In 

Schroeyers’ dendrimer system, there are four fluorophores per molecule and only one will emit 

at a time because of intramolecular energy transfer. Long-term observation (several hundreds of 

seconds) of these molecules shows that the emission pattern changes because different emitters 

will turn on during the course of the measurement. This effect has been attributed, in part, to 

dynamics of the polymer matrix in which the dendrimer was embedded. However, this effect will 

not be observed in the CG-2 system simply because of the high rate of intra-molecular energy 

transfer between the two fluorophores. We have previously calculated that the rate of energy 

transfer between the two fluorophores is ~ 1000 times faster than the rate of fluorescence 

emission.
13 

This means that during the time course of the experiments described here (our CCD 

camera has the acquisition rates of ~ 30 ms/frame) we observe the time-averaged emission of 

both fluorophores. That is, the different emission patterns of the two emitters will be blended 

together because of the rate of energy transfer in comparison with our data collection rate. Our 
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model calculations also assume that both emitters contribute to the polarization pattern, which is 

correct given the rate of energy transfer between them. 

For CG-2, samples that had been prepared under both Ca
2+

 free and Ca
2+

 saturated conditions 

were measured and polarization ratio histograms were compared with those calculated using 

Equation (3-11). Results from these calculations and measurements are shown in Figures 3-6 a)-

c). In terms of calculations, the net result of adding a second transition dipole moment at fixed 

angle Δ to the original 1D transition dipole is to simply compress the polarization ratio histogram 

into a more narrow range of polarization ratios. That is, the histogram for the dimeric system 

oriented in the x-y plane consists of a pair of maxima located at polarization ratios of 0.6 to 0.4 

and -0.6 to -0.4. This is an entirely reasonable result, because for a CG-2 molecule in which both 

transition dipoles lie entirely in the x-y plane, one will never observe a polarization ratio value 

equal to 1.0. If one transition dipole is perfectly aligned along one axis, the second will always 

have a significant component along the orthogonal axis. Hence, one would anticipate seeing 

maxima in the histogram of polarization ratio at values that are less than +1.0 and more positive 

than -1.0. 

 

Figure 3-6. a) Calculated fluorescence-polarization histograms for randomly orientated dual- 

chromophore molecule within the x-y plane, b) Experimentally determined fluorescence-

polarization histogram for individual CG-2 molecules on poly(vinyl alcohol) under saturated 

[Ca
2+

] conditions. c) Experimentally determined fluorescence-polarization histogram for 

individual CG-2 molecules on poly (vinyl alcohol) under zero [Ca
2+

] condition. 
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The experimentally measured polarization histograms for the Ca
2+

 free and Ca
2+

 saturated 

measurements are shown in Figures 3-6 b) and c), respectively. We note some key similarities 

and differences between the experimental histograms and those determined via calculation. 

While the experimental histograms do have peak maxima in the appropriate regions, they also 

display significant probabilities at larger polarization ratios (>0.8 and <-0.8) that are not 

reproduced in the calculated distributions. These “tails” in the histograms are genuine 

experimental results and may indicate a limitation of the simplified calculations carried out here. 

While it is correct to state that the most strongly-emissive species will lie in the x-y plane, there 

are still some molecular orientations for CG-2 (and for R6G) that will be observable in the SM 

measurements that fall outside of this plane. A more detailed mathematical treatment of the 

dimeric system, in which out-of-plane contributions are included, reproduces these tails on the 

histogram, but for the sake of clarity and simplicity, this result will not be stated explicitly here. 

The plane, in which both transition dipoles lie, is defined as a reference plane in calculations for 

out-of plane distributions. In general, however, when the reference plane makes an angle of ≥40° 

to the x-y plane, calculations yield a polarization ratio of greater than 0.6 and the dipoles will 

still have a significant projection onto the x-y plane, yielding a significant SM signal. 

Accounting for the limitations of the simplified mathematical model used here, however, the 

experimental results from the CG-2 measurements are in reasonable agreement with the 

anticipated results for dimeric transition dipoles that are oriented at a Δ ≈ 120° angle with respect 

to each other. 

As well as providing basic confirmation of the relative orientation of the constituent transition-

dipole geometry predicted by our previous studies, further information about average molecular 

orientations of CG-2 can be extracted from the SM polarization histograms. As an aside, we note 

that the approach developed here does not provide information about the relative orientation of 

transition dipoles for each individual molecule, but rather indicates a range of possible angles for 

the entire ensemble of molecules studied in the sample. The calculations carried out here make 

the assumption that the molecules remained “frozen” in the polymer matrix and that the 

transition dipoles remain in a fixed relative orientation throughout the measurement. However, 

one can probe the effect that altering the relative orientation between transition dipoles has on 

the polarization ratio by varying the angle Δ in Equation (3-11). Figure 3-7 shows a series of 

calculated histograms as a function of Δ. As seen in the plot, the polarization ratio histogram is 
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reasonably sensitive to variations in the relative transition dipole orientation. For example, 

changing Δ from 120° to 100° causes the histogram peak maximum to shift to the centre (from -

0.1 to 0.1), and changing Δ to 140° changes the distribution into one that closely resembles that 

for the simple 1D transition dipole. While our ability to assign a precise range of possible angles 

to Δ is limited by experimental noise in the data, we can reasonably estimate that the average 

angle between transition dipoles in CG-2 is in the range Δ = 120° ± 10°. It is also worth noting 

that changing the angle to Δ = 130° also gives rise to peaks in the histogram at polarization 

values of 0.8 to 0.6 and -0.8 to -0.6, as well as producing the previously noted “tails”, which 

more closely reflects the experimental data. This suggests additional possible explanations for 

these “tails” in the histogram: the first is that the calculations for the x-y plane are overly 

simplified, whereas the second is that the true angle between transition dipoles is actually closer 

to Δ = 130° than Δ = 120°. Unfortunately, the experimental data is not of sufficient quality to 

distinguish between these effects at this time. 

 

Figure 3-7. Calculated fluorescence-polarization histograms as a function of relative transition 

dipole orientation, Δ, as defined in Equation (3-11). 

 

Additional information concerning the nature of the emissive specie at low [Ca
2+

] can also be 

obtained through inspection of the SM histograms. In our previous studies, it has been observed 

that even in the nominal absence of Ca
2+

, a small number of CG-2 molecules are highly 

fluorescent and that the general increase in the fluorescence intensity of bulk CG-2 solutions can 
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be attributed to a simple increase in the number of emissive CG-2 molecules. The typical 

fluorescence intensities of CG-2 molecules at zero [Ca
2+

] is the same as that observed at higher 

ion concentrations, suggesting the spots observed in the SM measurements are not caused by 

dissociated CG-2 molecules. This suggests that the visible molecules are caused by either trace 

amounts of Ca
2+

 in the nominally Ca
2+

 free solution, or by an occasional CG-2 molecule that 

happens to take on a conformation where fluorescence quenching is negligible. While the 

polarization ratio measurements cannot definitively rule out either of these scenarios, it can 

provide some further insights into the situation. The polarization histogram for CG-2 at zero 

[Ca
2+

] is shown in Figure 3-6 c). Again, this histogram compares well with the anticipated result 

for the dimeric transition dipoles and the differences between this histogram and that for CG-2 in 

saturated Ca
2+

 solution is statistically negligible (verified by a χ
2
 test). This indicates that the 

relative orientations of the transition dipoles in the zero [Ca
2+

] samples are essentially the same 

as the saturated [Ca
2+

]. It seems unlikely, but not impossible, that randomly oriented CG-2 

molecules would, on average, take on an identical conformation as the Ca
2+

 bound form of the 

molecule and we hypothesize that the root cause of this residual fluorescence is extremely low 

levels of Ca
2+

 in the buffer materials. Further measurements, perhaps ultra-sensitive inductively-

coupled-plasma mass-spectrometry (ICP-MS) measurements, may finally help resolve this 

question. 

 

3.4  Conclusions 

 

Single-molecule dual-polarization fluorescence imaging has been used to characterize the 

relative orientation of fluorophores in the dual fluorophore molecule CG-2. A simplified 

geometric model was developed to calculate a theoretical polarization ratio histogram for CG-2 

molecules that are randomly distributed in space, and this was compared with its experimentally 

measured counterpart. The experimental histograms of polarization ratios agree well with those 

predicted by theory, allowing for an approximate determination of relative orientation of the two 

constituent fluorophores. This method of SM analysis has significant potential as a general tool 

for studying transition dipole orientations in multifluorophoric molecules, and may prove 

invaluable in probing and understanding intramolecular energy transfer in these important 

systems. 
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3.5  Experimental Section 

 

Single-molecule fluorescence measurements were carried out using a home-built, wide-field 

epifluorescence microscope.
23

 Samples were excited with circularly polarized, 514 nm 

continuous wave light from a tunable argon-ion laser. The incident beam was converted into 

circularly polarized light from its original linear polarization at the laser output by directing it 

through a Berek variable waveplate (New Focus, San Jose, CA.). Samples were illuminated with 

an excitation intensity of ~ 1.5 kW/cm
2
, as measured by dividing the incident power measured at 

the sample focal plane by the illumination area. Fluorescence emission from the sample was 

collected with an oil-immersion microscope objective (60×, 1.4 NA), passed through two band-

pass filters (530-590 3RD, Omega Optical, Brattleboro, VT.) to attenuate residual excitation light 

and directed onto a front illuminated CCD photodetector (Cascade 512F, Photometrics, Tucson, 

AZ.). A Wollaston prism (ThorLabs, Newton, NJ.) was mounted between the microscope output 

port and the CCD detector, in order to split the fluorescence image into constituent vertical and 

horizontal polarization images (external configuration, as described by Kinosita 
18

). 

Samples for SM fluorescence experiments were prepared by first spin-casting an aliquot of 

dilute polymer [2% w/v poly(vinyl alcohol) in Millipore water] onto a clean microscope 

coverglass slide, followed by depositing an aliquot of dilute aqueous or ethanolic solution (~ 10
-9 

-10
-10 

M) of the appropriate dye onto the coverglass. CG-2 (Invitrogen, Burlington, ON) was 

prepared in Ca
2+

 buffers purchased from the dye manufacturer ([Ca
2+

] = 0 µM and 1000 µM for 

calcium free and saturated conditions, respectively). The dye solutions were allowed to evaporate 

under ambient conditions prior to imaging in the single-molecule microscope. Control samples 

prepared in absence of dye show no fluorescence impurities when examined under single-

molecule imaging conditions. Experimental polarization ratios for individual molecules (see the 

Results and Discussion Section) were determined by calculating the ratio of the intensity of the 

x-polarization channel to the y-polarization channel. A separate background signal was 

determined for each polarization channel, and the data from each channel was corrected for its 

own unique background. 
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CHAPTER 4 

AN ENSEMBLE AND SINGLE-MOLECULE FLUORESCENCE 

MICROSCOPY INVESTIGATION OF PHASE-SEPARATED 

MONOLAYER FILMS STAINED WITH NILE RED 

 

This chapter is a slightly modified copy of a manuscript accepted by Spectrochimica Acta Part 

A: Molecular and Biomolecular Spectroscopy in October 2010. (Reproduced with the permission 

from Spectrochimica Acta Part A: Molecular and Biomolecular Sepctroscopy 2010 (doi: 

10.1016/j.saa.2010.09.024). Copyright 2010 Elsevier B.V.) 

In this research paper, the spectroscopic properties of a lipid stain, Nile Red (NR), that was 

incorporated into a phase-separated monolayer system composed of arachidic acid 

(C19H39COOH, AA) and perfluorotetradecanoic acid (C13F27COOH, PA) were investigated at the 

ensemble and single-molecule level.  According to previous structural and compositional 

mapping experiments by atomic force microscopy (AFM), AA phase-separates from PA to form 

elevated micron-sized hexagonal domains (referred to as discontinuous domains).  The 

surrounding continuous domain is enriched in PA, though it does contain occasional small 

deposits of residual hydrocarbon.
1
 The compositional difference in the separated domains could 

create two physically and chemically distinct environments, which allows us to study 

environmental effects on NR fluorescence at both bulk and single-molecule scale. For the 

solvatochromic dye NR, the local environment was found to play two roles: it influenced 

spectroscopic properties of NR (though to a small degree) and it gave rise to preferential 

adsorption of the dye to one region (the hydrocarbon) of the sample.  

As described in Chapter 2, a combination of ensemble and single-molecule fluorescence 

spectroscopy methods was used in this study. In addition, fluorescence confocal 

spectromicroscopy was specifically chosen to study the solvatochromism effect of NR in 

different regions.  This required a major modification of the fluorescence microscopy 

instrumentation used in the preceding parts of this thesis. 
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For this research paper, the sample preparation and the single-molecule fluorescence 

microscopy measurements were performed jointly by me, Terri Thunder and Robyn Porterfield 

(University of Concordia, Montreal), with me acting as main coordinator for the project.  In 

addition to this work, I was responsible for the major modification of the fluorescence 

microscope by setting up the fluorescence confocal spectromicroscopy system.  I played the lead 

role in interpreting the results and preparing the paper. My supervisor provided guidance 

throughout the experimental work, result interpretation and editing of the manuscript. 
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4.1 Abstract 

 

Phase-separated Langmuir–Blodgett monolayer films prepared from mixtures of arachidic acid 

(C19H39COOH) and perfluorotetradecanoic acid (C13F27COOH) were stained via spin-casting 

with the polarity sensitive phenoxazine dye Nile Red, and characterized using a combination of 

ensemble and single-molecule fluorescence microscopy measurements. Ensemble fluorescence 

microscopy and spectromicroscopy showed that Nile Red preferentially associated with the 

hydrogenated domains of the phase-separated films, and was strongly fluorescent in these areas 

of the film. These measurements, in conjunction with single-molecule fluorescence imaging 

experiments, also indicated that a small sub-population of dye molecules localizes on the 

perfluorinated regions of the sample, but that this subpopulation is spectroscopically 

indistinguishable from that associated with the hydrogenated domains. The relative importance 

of selective dye adsorption and local polarity sensitivity of Nile Red for staining applications in 

phase-separated LB films as well as in cellular environments is discussed in context of the 

experimental results. 
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4.2 Introduction 

 

The fluorescent dye Nile Red (9-diethylamino-5H-benzo [α] phenoxazine-5-one, chemical 

structure shown in Figure 4-1 (A) has found widespread use as a neutral lipid stain for cellular 

imaging applications
2,3

. Much of the utility of Nile Red (NR) as a stain has been attributed to 

fluorescence emission that is strongly dependent upon the polarity of its local environment 

(solvatochromism); in polar solvents such as water, NR emission is strongly quenched but in 

non-polar solvents the fluorophore becomes strongly emissive, with both excitation and emission 

maxima shifting to shorter wavelengths. Fluorescence emission of NR has been used to probe 

environmental polarity in a wide variety of systems, including cell membranes and cytoplasmic 

lipid deposits
2,3

, lipid vesicles
4
, protein surfaces

5
, LB films

6
 and others. Of additional recent 

interest for fluorescence applications is that since NR is an excellent fluorophore (e.g. high 

absorption cross-section, quantum yield and comparatively low photobleaching quantum yield), 

it can be detected at the single-molecule level, enabling measurements of molecular-scale local 

environments and other nanoscale effects with remarkable sensitivity and spatial resolution. 

Measurements of particular note in this field include detection of both static and dynamic 

environmental effects in polymer systems and molecular diffusion dynamics in mesoporous sol-

gel films
7-9

. 

While solvatochromic effects are an important feature of NR’s efficacy as a neutral lipid stain, 

another key issue that must also be considered when generating contrast in fluorescence images 

is the general affinity of the dye for the target molecules. For a solvatochromic dye like NR, 

fluorescence image contrast through staining must come from a combination of the dye’s 

environmentally sensitive spectroscopic properties as well as the amount of dye that has 

accumulated in the sample region of interest. For NR-stained samples, it is not always clear 

whether a strong fluorescence signal can be attributed to a highly emissive form of the dye, 

accumulation of dye in the area of interest or a combination of both. 

To explore the relative importance of these factors in generating fluorescence contrast in NR 

stained samples, we have investigated the spectroscopic properties of a simple lipid system 

consisting of a phase-separated Langmuir-Blodgett (LB) monolayer film prepared from a binary 

mixture of hydrogenated and perfluorinated fatty-acids. The LB films consist of a 2:1 mole ratio 

mixture of arachidic acid (C19H39COOH) (AA – Figure 4-1 (B)) and perfluorotetradecanoic acid 
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(C13F27COOH) (PA – Figure 4-1 (C)) deposited onto solid glass substrates. It has been shown 

previously 
1,10-12

 that mixtures of these two components undergo phase-separation at the air-

water interface and when deposited onto solid substrates, the monolayer films consist of discrete, 

micron-sized hexagonal domains (referred herein as “discontinuous domains”) that are almost 

exclusively comprised of arachidic acid. The surrounding continuous domain is enriched in 

perfluorotetradecanoic acid, though it does contain occasional small deposits of residual 

hydrocarbon
1
. Further details pertaining to the formation mechanism and domain growth kinetics 

in these films can be found elsewhere
10,12

. 

 

Figure 4-1. Chemical structures for (A) Nile Red, (B) arachidic acid (C19H39COOH), and (C) 

perfluorotetradecanoic acid (C13F27COOH). 

 

By preparing samples that contain two physically and chemically distinct (hydrogenated and 

perfluorinated) regions and staining the sample with NR, we can simultaneously explore the 

relative importance and effect of dye localization and NR spectroscopic properties on 

fluorescence image contrast. In order to ensure that the two different regions of the film would 

be exposed to dye, samples were stained by spin-casting; incorporating a fluorescently labeled 

probe into the film would likely lead to exclusive accumulation of the probe into the 

discontinuous domains. The emission spectra of NR in n-alkane perfluorocarbons and their 
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hydrogenated counterparts differ significantly (vide infra), suggesting that this model-system is 

well-suited to distinguish between these two contributors to image contrast. A combination of 

fluorescence measurements, including traditional “ensemble” epifluorescence microscopy, as 

well as spectromicroscopy and single-molecule fluorescence microscopy have been employed to 

explore the relative contribution of these two effects on image contrast. 

 

4.3 Materials and Methods 

 

4.3.1 Ensemble spectroscopy measurements in solution 

For ensemble measurement, stock solutions of NR were prepared by dissolving the bulk solid 

in various solvents with different polarities, including hexadecane, perfluorooctane, and 

chloroform. Emission spectra were collected in quartz cuvettes on a PTI QuantaMaster 

Luminescence Fluorometer (Photon Technology International). 

4.3.2 LB film preparation and staining 

LB films were prepared using a KSV 2000 Langmuir trough system (KSV Instruments), with 

ultrapure water (Millipore, resistivity 18.2 MΩ cm) as a subphase. Depositions were carried out 

at a subphase temperature of 30.0 ± 0.5 °C. Stock solutions of 8.4×10
−3 

M AA and 5.1×10
−3 

M 

PA were prepared in a 9:1 volume ratio of hexanes/THF. The solutions were mixed in 

appropriate volumes to give a 2:1 mole ratio mixture of AA:PA, or used neat to prepare AA and 

PA control sample films. Before each measurement, the subphase surface was cleaned by 

vacuum suction, and the platinum Wilhelmy plate was cleaned with a propane torch. A 30 µL 

aliquot of surfactant solution was spread on the subphase and the solvent was allowed to 

evaporate for ~ 10 min prior to film compression. 

For deposition experiments, the trough barriers were compressed at a rate of 10 mm min
−1

 until 

reaching a deposition pressure of 20 mN m
−1

. Upon reaching the deposition pressure, films were 

allowed to stabilize for ~ 10 min, then a glass substrate that had previously been immersed under 

the subphase was withdrawn through the liquid-air interface at a rate of 5 mm min
−1

. Samples 

were allowed to dry in a dust-free enclosure before further analysis. Film morphologies were 

measured with Atomic Force Microscope (AFM) imaging performed on a Dimension Hybrid 

Nanoscope system (Veeco Metrology Group) operating in contact mode, and the film 

morphologies were found to be consistent with those reported previously
1,10

. 
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Samples for ensemble fluorescence microscopy measurements were prepared by first spin-

casting 120 µL (~ 10
−3 

M) of NR in chloroform onto the LB film (spin-casting performed at 1000 

rpm for 1 min), followed by a layer of dilute polymer (2% (w/v) poly (vinyl alcohol) in Millipore 

water) to minimize the effect of oxygen-induced photobleaching of fluorescence. Samples for 

single-molecule measurements were prepared using the same procedure but a more dilute 

solution of NR (~ 10
−9 

M) was used. Control samples that had not been stained with dye showed 

no significant fluorescent impurities when examined under single-molecule imaging conditions. 

The staining procedure was found to have no noticeable effect on the film structure, as 

determined by AFM imaging of the samples before and after staining. 

4.3.3 Fluorescence microscopy 

For ensemble and single-molecule fluorescence imaging experiments, a home-built, wide-field 

epifluorescence microscope was used
13

. A schematic diagram of the instrument is shown in 

Figure 4-2 (A). Briefly, a frequency-doubled cw Nd-YAG laser (emission wavelength of 532 

nm, vertical polarization) was passed through a spatial filter, collimated, then focused by means 

of a 500 mm focal length lens onto the back focal plane of a 60×, 1.4 NA oil-immersion 

objective lens (PlanApo, Nikon). Fluorescence emission from the sample was collected through 

two long-pass filters (550LP, Omega Optical, Brattleboro, Vermont, USA) to remove residual 

excitation light and directed onto a wide-area, front-illuminated electron multiplying CCD 

camera (Cascade 512F, Photometrics). 

For spectromicroscopy measurements, the microscope was converted into a confocal 

configuration, as shown in Figure 4-2 (B). The 500 mm focal length lens was removed from the 

beam path, and the microscope objective lens was used to focus the excitation light down to 

small (estimated ~ 600 nm diameter) spot. Fluorescence emission was passed through a pinhole 

(0.75 µm diameter), and focused into an imaging spectrograph (MS125 Spectrograph, Newport 

(Oriel) Instruments). Output from the spectrograph was imaged onto an electron multiplying 

CCD camera (iXon, Andor Technology) and converted into a 2D spectrum of the region of 

interest. The instrument was calibrated with the spectral emission of an Hg pen lamp. We note 

that the quantum yield of the iXon detector is reasonably invariant over the visible spectrum, and 

as such, there was no need to correct spectral data for the wavelength-dependent response of the 

detector. For collection of emission spectra, a frame exposure time of 100 ms was used for all 
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measurements. CCD pixels were binned to ensure maximum possible signal-to-noise ratio in the 

collected emission spectra. 

 

Figure 4-2. Schematic diagram of (A) epifluorescence microscope system and (B) fluorescence 

confocal spectromicroscopy system. SP: spatial filter, CL: collimating lens, D: dichroic beam 

splitter, PH: pinhole, FL: focusing lens, SPEC: spectrograph, CCD: CCD camera, OL: objective 

lens, SCAN: sample scan stage, S: sample. 

 

4.4 Results and Discussion 

 

4.4.1 Ensemble fluorescence measurements 

As a simple model of the spectroscopic behavior of NR in the different chemical environments 

found in the phase-separated LB films, solution-based fluorescence spectra of NR in different 

solvents were collected. The solvents perfluorooctane and n-hexadecane were selected to 

simulate the chemical environments of the perfluorinated and hydrogenated sample regions, 

respectively. The solvatochromic effects of NR can be attributed to its appreciable induced 

dipole upon photoexcitation (differences between excited and ground state dipole moments as 

high as 11D have been reported in some solvents
14-17

) but has also been associated with the 

formation of twisted intramolecular charge transfer (TICT) excited states
14,18,19

. In NR TICT 
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states, it is believed that the diethylamino group donates charge into the rigid NR backbone, 

which is accompanied by rotation of the diethylamino group. This twist results in the spectral 

red-shift of emission relative to ICT states in which there is no bond rotation. More polar 

environments favour the formation of TICT states and as a result, NR exhibits a significant 

spectral shift towards longer wavelengths in solvents of larger polarity. In addition, a low 

fluorescence quantum yield has been associated with the formation of TICT states
8,14,17

. 
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Figure 4-3. Fluorescence emission spectra of Nile Red in n-hexadecane, perfluorooctane excited 

at the wavelength of 532 nm. 

 

During the fluorescence spectroscopy measurement, all samples were excited at the 

wavelength of 532 nm in order to reproduce the imaging conditions used in spectromicroscopy 

and the epifluorescence microscopy experiments. Normalized emission spectra are shown in 

Figure 4-3. In both solvents, NR exhibits two well-defined peaks, with the hypsochromic peak 

somewhat stronger in intensity, which is in good agreement with emission spectra reported in 

other hydrogenated solvents
2,6,14

. We note that the solubility of NR in the pure perfluorocarbon is 

low, resulting in a relatively poor signal-to-noise ratio for this spectrum. The presence of two 

band maxima in the emission spectra has been shown to originate from different vibronic levels 

of the same electronic state based on the excitation spectra and lifetime measurement excited at 

both band maxima
14

. The peak shape of the emission spectra of NR in n-hexadecane is truncated 
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because of its relatively small Stokes shift. A significant bathochromic shift (30 nm) in the 

fluorescence emission maxima was observed in perfluorooctane in comparison with n-

hexadecane. Solvent polarities can be estimated through the use of the orientation polarizability 

solvent parameter Δf 
20

, which is given by Eq. (1): 

                                                  
   

    
   

    

     
                                                    (4-1) 

where ε is the static dielectric constant and n is the refractive index for the solvent, respectively. 

Calculated values of Δf for perfluorooctane and hexadecane were 2.9 × 10
−2

 and 2.6 × 10
−3

, 

respectively, with ε and n taken from Refs.
21,22

. While the differences in Δf values for the two 

solvents are small, the perfluorocarbon solvent should be slightly more polar than the 

hydrocarbon, and the red shift observed for the perfluorinated solvent is consistent with this 

behavior. 

It is useful to consider the effect that the solvent-dependent spectral shifts might have upon the 

measured fluorescence intensity in a microscopy imaging experiment. Analysis of the emission 

spectra shows that the emission filters used in the imaging experiments (long-pass filters, with a 

strong spectral cutoff for wavelengths below 550 nm) should result in a significantly larger 

signal for NR in a perfluorocarbon environment than in a hydrocarbon environment. That is, 

approximately 22% of the NR’s fluorescence emission in a hydrocarbon environment should be 

cut off by the emission filters in the optical beampath, versus ~ 5% for NR in a perfluorocarbon 

environment (values determined by integrating appropriate areas under the spectral curves). 

Based on these simple model systems, one might reasonably expect a substantial difference in 

fluorescence image intensity to arise from this effect alone. 
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Figure 4-4. Atomic force microscope topography images of a 2:1 AA-PA film deposited onto 

glass microscope slide: (A) before spin-casting of Nile Red solution and (B) after spin-casting of 

Nile Red solution (Image size: 20µm × 20µm). 

 

Following the procedure described in the experimental section, LB films composed of mixtures 

of AA and PA were deposited onto glass coverslides. Figure 4-4 (A) and (B) show typical AFM 

topography (height mode) images for an LB film deposited from a 2:1 mixture of AA and PA 

both before and after spin-casting with NR solution. The film components phase-separate into 

numerous micron-sized, discontinuous domains with well-defined hexagonal shapes, surrounded 

by a continuous domain that is lower in height. Before staining, the height differences measured 

here (~ 0.7 nm) were comparable with those described in previous reports
1
. As stated previously, 

it has been shown that the discontinuous domains are comprised almost exclusively of AA, and 

that the surrounding continuous domain contains primarily PA though with occasional small 

hydrocarbon deposit. In an attempt to measure the photophysical properties and staining 

preference of NR for the two domains with difference micropolarities, NR was spin-cast onto the 

LB films and characterized by both epifluorescence microscopy and spectromicroscopy. The 

height difference between the continuous and discontinuous domains was negligible after spin-

casting (heights of the two regions were the same to within our ability to resolve), presumably 

because of the dye depositing onto the solid surface. However, the domain edges were still 

readily detected, indicating that the gross film morphology was not substantially altered by the 

deposition process. 
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Figure 4-5. Epifluorescence microscopy image of the 2AA:1PA mixed film stained with Nile 

Red (Image size: ~ 17 µm × 17 µm, stain concentration = 1.5 mM, excitation intensity = 0.7 

kW/cm
2
). 

 

Samples stained with concentrated solutions of NR were imaged in the epifluorescence 

microscope. A typical fluorescence image from these measurements is shown in Figure 4-5. In 

general, the stained samples gave a significant amount of image contrast when measured in the 

microscope, with fluorescence images exhibiting the same gross morphological features as those 

observed in AFM imaging. The hexagonal domains exhibited a significantly higher fluorescence 

signal than the surrounding continuous domain. Data was collected from numerous different 

samples, including images collected from mixed AA-PA films and control samples of pure AA, 

PA and bare glass alone. The average fluorescence intensity of NR for these various samples (in 

fluorescence counts per image pixel) is summarized in Table 1. For the one-component control 

samples, it was found that NR was not homogeneously distributed, and one often observed 

regions of the sample that contained large dye deposits (images consisted of a uniform bright 

region, with occasional bright deposits). The source of this heterogeneity is currently unclear, 

though it might be caused by accumulation of dye in defects in the LB film. We have observed in 

a closely related system
23

 that the pure component films often contain occasional defects 

(pinholes, elevated regions) that are detectable in the AFM, and this likely also occurs in the 

systems measured here. It is also possible that the staining process, while having no affect on the 

gross film morphology, can induce some small number of defects in the film structure. To 
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minimize the influence these deposits had on image statistics, data was collected from 

homogenously stained regions of the sample, and sample regions with extremely high 

fluorescence counts were not included. As shown in the table, spin-casting NR onto bare glass 

substrates gave rise to the highest average fluorescence intensity among all the control samples, 

which lends support to the idea that the extremely high count regions in the pure AA films might 

be caused by defects in the LB film that allow NR to meet bare glass. More importantly, the 

fluorescence intensity measured in the pure AA control film was found to be higher than that in 

the PA control film, which is consistent with the hexagonal domains appearing brighter than the 

surrounding continuous domain. 

Sample Name 
Total Area 

(µm
2
) 

Average intensity 

(counts/pixel) 

Relative 

deviation (%) 

2AA:1PA 

mixture 

Discontinuous  domain 3.3 × 10
2
 3960 14.2 

Continuous domain 2.4 × 10
2
 2745 16.4 

Control 

Samples 

AA control 7.3 × 10
2
 2232 9.5 

PA control 1.1 × 10
3
 1984 4.8 

Clean slide 1.5 × 10
3
 3502 0.6 

 

Table 4-1. Average fluorescence intensity of NR as determined by epifluorescence microscopy 

in the 2AA:1PA mixture, pure PA and AA control samples 

 

As noted in the Introduction, one need consider two possible contributors to fluorescence 

contrast in these systems: the variation in fluorescence intensity of NR due to polarity sensitivity 

of the dye, and preferential accumulation of the dye in specific regions of the sample. While the 

control samples for the pure films and the solution-based model systems suggest that NR is 

slightly more emissive in the hydrogenated regions of the sample, we actually believe that this 

effect plays a negligible role in the image contrast for this system. A series of additional 

experiments which provide support for this conclusion are outlined in the remainder of this 

paper. 

Let us first consider the epifluorescence microscopy results in the context of the model solution 

calculations. If one assumes that the model solution measurements, corrected for the cutoff 

effects of the emission filters, are a reasonable representation of the properties of NR in films, 
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the hexagonal discontinuous domains should be at most ~ 17% brighter than the surrounding 

domains (spectromicroscopy measurements, described later in this paper, indicate that the 

difference in brightness is significantly less). The actual difference is closer to ~40%, suggesting 

the density of NR must be significantly higher in the hexagonal discontinuous domains than in 

the surrounding continuous domain. The brightness difference in the single-component control 

samples might be caused by a similar effect, with the NR simply adhering less well to the 

perfluorinated film surface than to the hydrogenated film. 
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Figure 4-6. Comparison of emission spectra of NR in AA, PA control sample and the 2AA:1PA 

mixture by spectromicroscopy 

 

While the model solution fluorescence measurements of NR’s polarity dependence are useful, 

spectromicroscopic measurements of the LB films can provide more direct, useful information 

for understanding fluorescence contrast in the system. Emission spectra of NR doped LB films 

composed of AA, PA, and the AA-PA mixture were collected via spectromicroscopy and the 

normalized curves are shown in Figure 4-6. As an additional control sample, an emission 

spectrum for NR directly spin-cast on the glass surface alone was also measured. For 

spectromicroscopy experiments, the diameter of the confocal excitation spot was larger than the 

typical distance between adjacent discontinuous domains (spot diameter ~ 600 nm, space 

between domains was generally ~ 200 nm). This did not allow for selective illumination and 

excitation of NR in the “narrow” continuous domain. Consequently, the fluorescence counts 
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collected for the mixed AA-PA sample contain contributions from both the discontinuous and 

continuous domains. We also note, however, that because the continuous domains always 

contain a small portion of hydrocarbon, there will necessarily be a “mixed” signal from both of 

these chemical regions, even if the confocal spot were focused down to the diffraction limit. As 

such, an emission spectrum of NR on the continuous domain would be expected to display a 

combination of spectral features from both the PA and AA matrixes. Emission spectra of NR 

spin-cast onto LB films generally consisted of a broad peaks, with the emission maxima located 

between 550 and 560 nm. Compared with the corresponding solution models, the polarity 

dependence of spectral shift is more moderate in the solid matrix. However, a small but 

detectable (3 nm) red shift in the emission maximum for the pure PA control sample relative to 

pure AA was observed; the NR-stained AA film spectrum consisted of an emission band 

centered at 557 nm, with a strongly overlapping shoulder band centered at 561 nm, and the NR-

stained PA sample consisted of a single peak, centered at 560 nm. For glass alone, a single broad 

peak that was slightly blue-shifted (~ 1 nm) relative to the spectrum for the NR-stained AA 

sample was measured, though the shoulder band that was present with the AA sample was not 

observed. As expected, the emission spectrum for the phase-separated AA-PA film had spectral 

features that were a combination of the two pure control samples, that is, a central peak 

maximum at 560 nm and a blue-shifted shoulder at 557 nm. 

The small difference in the emission spectra for the control samples is somewhat surprising, 

given the results from the model solution measurements. If one assumes that NR can penetrate 

into the LB film and effectively be surrounded by perfluorinated (or hydrogenated) functional 

groups then results similar to model solution measurements are expected. For these samples, it 

appears that NR simply lies on the film surface rather than penetrating into the film interior, and 

the local environment each molecule encounters does not differ substantially for different film 

compositions. Regardless of the precise mechanism, the key information that can be extracted 

from these measurements is that after depositing NR onto the LB films, the effect of local 

environmental polarity on the fluorophore’s emission spectra are negligible, particularly when 

taken in context of the spectral cutoff of the emission filters used in these experiments. That is, 

while there are some small spectral shifts that can be attributed to environmental polarity, the full 

emission spectrum of NR, regardless of local environment, will be passed by the long-pass filters 

in the microscope and will contribute to the total fluorescence signal in the microscope image. 
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A point worth considering is that, as stated previously, NR in TICT states have been reported 

to have lower fluorescent quantum yields than those in non-TICT states. While the small 

differences in emission spectra for the different control samples suggest that this effect is of 

minimal importance in these systems, a direct measure of the brightness of the fluorophores in 

the different films, as well as in the mixed film, would be of significant value. During the 

epifluorescence microscopy measurements, it was observed that after photobleaching the phase-

separated samples for a brief period, individual molecules of NR could be detected in both the 

continuous and the discontinuous domains. These observations indicate that a small sub-

population of NR does localize in the continuous regions of the film, and since they are 

observable at the single-molecule level, any quenching of the fluorophores is minimal. A more 

rigorous set of measurements aimed at characterizing the spectroscopic properties of individual 

molecules of NR in the films was carried out to explore this effect in more detail. 

4.4.2 Single-molecule fluorescence measurements 

 

Figure 4-7. (A) Fluorescence image of single Nile Red molecules (image size ~ 21 µm × 19 µm) 

and (B) a typical single-molecule fluorescence time trajectory (stain concentration = 1×10
−9

 M, 

excitation intensity = 0.7 kW/cm
2
). 

 

To explore these effects, single-molecule measurements of NR were carried out by 

epifluorescence imaging of LB films that had been stained with nanomolar concentrations of 

dye. At nanomolar staining concentrations, one can no longer distinguish between molecules that 

are in the discontinuous and the continuous domains based on the image alone; the hexagonal 

domain structures can no longer be discerned. Hence, data obtained from these samples will 

contain information on molecules in both regions of the samples, and if there are two populations 
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of molecules with significantly different spectral properties, this should be detected in the 

statistical analysis of the single-molecule data. Images of individual NR molecules in LB films 

(including both the mixed film and control samples prepared from LB films of the pure, 

individual components) were collected and analyzed. Figure 4-7 shows a typical result in terms 

of an image of individual NR molecules collected from a phase-separated sample, along with a 

single-molecule fluorescence time trajectory (fluorescence intensity of an individual molecule as 

a function of time). Upon constant laser illumination, majority of fluorophores underwent single-

step photobleaching (characteristic time trace shown in Figure 4-7 (B), which is taken as the 

signature of a single molecule. In addition, the fluorescence spots were ~ 300 nm in diameter, 

which is in consistent with the diffraction-limited fluorescence spot size expected for an 

individual molecule. 

 

Figure 4-8. Histogram of single-molecule fluorescence intensities for (A) AA and PA control 

samples and (B) 2AA:1PA mixture. In both cases, excitation intensity was 0.9 kW/cm
2 

 

Fluorescence intensities of individual NR molecule doped in the AA, PA, and AA-PA mixture 

system were measured independently. Figure 4-8 shows two histograms of single-molecule 

intensities (in CCD counts, taken under the same illumination and image collection conditions) 

measured for AA and PA control samples, as well as on the AA-PA mixture films. The single-

molecule intensity histograms for the AA and PA films do not differ significantly from one 

another, as verified by the χ
2
 test. Furthermore, the intensity distributions for the 2AA:1PA 

mixture show no significant difference with the control samples. In addition to these 

measurements, single-molecule photobleaching times were also measured for the pure and mixed 

LB films, and no substantial difference between the different systems was observed (data not 
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shown). We take these results in combination to mean that the local chemical environment does 

not play a significant role in terms of brightness or other important photophysical properties of 

NR for these systems. Certainly there may be more subtle variations in single-molecule 

fluorescence properties for these systems, but in terms of the primary contributions to image 

intensity in epifluorescence images, there are no major differences. In view of this, one can 

simply attribute the stronger fluorescence emission in the discontinuous domains to the 

preferential accumulation of NR on the hydrogenated hexagonal domains. 

While the general applicability of these results for NR-based staining in other systems is 

currently unknown, they do bear further consideration. The true benefit of NR as a neutral lipid 

stain may not be its solvatochromism, the effect of which appears to be negligibly small for the 

simple systems studied here, but rather its tendency to localize and accumulate in nonpolar, 

lipophilic regions of a sample. The majority of standard fluorescence microscope systems make 

use of simple long-pass or band-pass emission filters to achieve spectral sensitivity and as such, 

the imaging experiments will not be sensitive to minor spectroscopic shifts in the emission 

spectra of dyes. 

 

4.5 Summary 

 

In this work, the spectroscopic properties of Nile Red, a solvatochromic stain, in chemically 

different regions of a phase-separated LB film has been characterized using a combination of 

ensemble and SM techniques. It was found that the overall difference in fluorescence intensity of 

Nile Red in different domains can be attributed to a preferential accumulation of NR on the 

discontinuous (hydrogenated) domains. While the emission spectra of NR in both solution phase 

and in solid LB films displayed solvatochromism, the effect was minor for the LB films, and the 

net effect on overall image contrast would be negligible. Individual Nile Red molecules were 

found to be equally bright in both hydrogenated and perfluorinated regions of the samples, 

further reinforcing the concept that image contrast for this system arises simply because the stain 

accumulates in one part of the sample. 
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CHAPTER 5 

FLUORESCENTLY LABELED GOLD NANOPARTICLES WITH 

MINIMAL FLUORESCENCE QUENCHING 

 

This chapter is a slightly modified copy of an article published in the Journal of Physical 

Chemistry C in October 2010. (Reproduced with permission from the Journal of Physical 

Chemistry C 2010, 14, 17446-17454. Copyright 2010 American Chemical Society) 

The work in this chapter describes an investigation of fluorescence quenching of a fluorescent 

probe, AlexaFluor 514 (AF514), when it is covalently bound to water-soluble Au nanoparticles 

(NPs) with negligible plasmon bands (rapid oscillations of electron density on the surface of 

conducting metal). The purpose of investigating this system was to characterize the 

photophysical behaviour of AF514 before and after conjugating with Au NPs.  In closely-related 

systems described in the literature, coupled fluorophores have shown strong quenching of 

fluorescence when coupled with plasmonic gold particles, and we reasonably expected that 

quenching in this (non-plasmonic) system would be minimal.  One of the goals of this work is to 

explore the underlying quenching mechanisms for these systems. 

The experiments were performed using a combination of steady-state and time-resolved 

ensemble spectroscopic measurements in conjunction with single molecule fluorescence 

microscopy. The ensemble measurements were used to quantify the extent of quenching of 

AF514 as a function of the concentration of the Au NPs in the system.  These measurements 

were carried out in conjunction with fluorescence lifetime measurements of AF514 at different 

dye/Au NP loading ratios.  In the SM fluorescence measurements, the conjugates exhibited either 
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single or multi-step photobleaching behavior, though the fluorescence emission of each step was 

comparable with the fluorescence emission of individual, unconjugated AF514 molecules.  

For this research paper, the gold nanoparticle samples were prepared by Adam Leontowich and 

Mita Dasog. I carried out the conjugation reaction as well as the final purification process, 

performed all spectroscopy measurements, and played a major role in interpreting the results and 

the preparation of the manuscript. My supervisor provided guidance throughout the experimental 

work and was involved in result interpretation and in editing this paper. Dr. Robert Scott 

provided guidance throughout the synthesis of gold NPs.  
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5.1 Abstract 

 

Minimal quenching of fluorescence emission was observed when the fluorescent dye 

AlexaFluor 514 (AF514) was covalently bound to gold monolayer protected clusters (AuMPCs) 

that have negligible plasmon bands (diameters <2 nm). The fluorescence emission of the 

conjugated dye was measured as a function of dye-AuMPC mixing ratio with a combination of 

steady-state and time-resolved ensemble spectroscopic measurements in conjunction with single-

molecule fluorescence microscopy. Fluorescence emission of the conjugated samples decreased 

slightly as a function of dye mixing ratio, which, in combination with a negligible change in 

fluorescence lifetime, was attributed to static quenching of the dye by the AuMPCs. From the 

single-molecule fluorescence measurements, it was observed that luminescent conjugates could 

still be detected, and, at all loading ratios, almost all of the dye-particle conjugates 

photobleached in either a single- or double-step process, with a small subpopulation exhibiting 

more than two photobleaching events. Beyond simple, irreversible photobleaching, no additional 

blinking dynamics were detected at the single-molecule level within the time resolution of the 

experiment. Emission intensities of coupled fluorophores were comparable with those measured 
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of dye molecules that had not been attached to the AuMPCs, suggesting that the statically 

quenched fluorophores are entirely nonemissive, whereas the remaining dyes are essentially 

unquenched. These results are discussed in the context of other dye-AuMPC coupled systems 

described in the literature. 

 

5.2 Introduction 

 

The rapid development of nanotechnology over the past several decades has opened new 

possibilities for investigating interactions between photoexcited molecules and metal surfaces. 

When located in close proximity to metallic surfaces, photoexcited molecules can exhibit strong 

changes in electronic and optical properties, likely a result of the mixing of molecular and 

metallic electronic energy levels. Reports of both fluorescence quenching and emission 

enhancement have been reported in a wide range of metal-fluorophore conjugate systems (for a 

recent review see ref 1), along with extensive attempts to explain and model this behaviour. 

While the majority of efforts to date have been directed at understanding spectroscopic 

behaviour in planar systems (i.e., metallic films), there is an increasing interest in characterizing 

similar interactions between metal nanoparticles that are covalently linked with fluorophores, in 

part because of potential use of these systems for imaging, photoswitching, light harvesting, and 

biosensing applications.
2-4  

 

Figure 5-1. (A) Chemical structure of AF514 carboxylic acid, succinimidyl ester (mixed isomers 

with active ester on both position “5” and “6”). For subsequent figures, only the isomer with the 

active ester localized on position 5 will be shown. (B) Chemical structure of glycine-cysteamine. 
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A common theme that has been observed in a number of covalently linked dye-AuMPC 

systems is a strong quenching of fluorescence emission upon dye coupling.
1,5-7

 In some cases, 

fluorescence deactivation has been attributed to a combination of energy and electron transfer 

from the photoexcited species to the tethered particle,
1,8 

as well as through coupling of the 

exciton into the surface plasmon band of the nanoparticle and radiative rate depression.
1,5,8,9

 In 

other cases, the covalent linkage of organic moieties to AuMPCs (and nanostructured films) can 

affect optical properties of linked fluorophores through modulation of the surface plasmon 

absorption band of the particle, or by causing adjacent, linked fluorophore units to self-

aggregate.
1,8,10,11

 In still other situations, more subtle effects are important; for example, 

Jennings, et al. have investigated the behavior of the molecular dye Cy5 coupled to 1.5 nm gold 

nanoparticles, and observed significant fluorescence quenching, as manifested by both a decrease 

in photoluminescence intensity and as a decrease in fluorescence lifetime.
12

 These results were 

explained via a so-called nanosurface energy transfer (NSET) model, in which the photoexcited 

dye donates energy to the Au nanosurface according to a distance-dependent oscillator coupling 

(1/d
4
, where d is the fluorophore-Au NP separation distance). These results are somewhat 

surprising as the surface plasmon resonance of 1.5 nm particles is weak (or nonexistent) and will 

not play a role in the energy transfer process, though the results can still be well rationalized 

through the intensity quenching mechanism described by Persson, et al. for bulk metal films.
13

 

In addition to standard ensemble electronic spectroscopy characterization tools, single-

molecule fluorescence spectroscopy has also been demonstrated as a useful and insightful 

method for probing photoexcitation quenching in dye-AuMPC systems, as this approach allows 

detection of phenomena that are blurred by traditional ensemble averaging measurements.
14,15

 In 

a seminal work in this area, Anger, et al. modeled and systematically measured the dependence 

of fluorescence emission rate on the separation distance between laser-irradiated, 80 nm Au 

nanoparticles and individual dye molecules.
16

 Both fluorescence enhancement (via local field 

amplification) and quenching (via nonradiative energy transfer) were observed in the same 

experiment, depending upon the Au nanoparticle-fluorophore separation. Cannone, et al.
3
 have 

explored the influence of coupling metal nanoparticles (diameters ranging from 5-20 nm) on the 

emission of a fluorescein derivative by single-molecule fluorescence spectroscopy. They 

observed complex millisecond time-scale fluorescence blinking dynamics for the dye-AuMPC 

system, which had a strong dependence on the size of the particles; average blinking on-times 
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decreased with increasing particle diameters, whereas off-times increased with increasing 

particle diameter. They attributed the blinking dynamics to energy coupling between the 

photoexcited fluorophore and the substantial plasmon features of the AuMPCs. 

We seek to further explore photoexcitation quenching and energy transfer processes in 

covalently linked dye-AuMPC systems through a combination of ensemble and single-molecule 

fluorescence measurements. Of particular interest to these investigations is the role played by the 

AuMPC surface Plasmon band in the quenching process; it might reasonably be anticipated that 

in smaller AuMPCs in which plasmon bands are vanishingly small (<2 nm), quenching should be 

substantially reduced, and at suitable dye-AuMPC separations, even negligible. It should be 

noted, however, that a recent time-dependent density functional theory study by Munoz-Losa, et 

al.
17

 has suggested that nonplasmonic particles may, in fact, be effective excitation energy 

transfer agents, and exploring this effect experimentally is of significant value. The synthesis and 

characterization of nearly monodisperse, water-soluble AuMPCs, in which the monolayer 

protection group is composed of glycine-cysteamine (Gly-CSA) has recently been described,
18,19

 

and these particles appear well suited for this purpose; the average composition of (Gly-CSA) 

MPCs employed in our study is Au201Gly-CSA71 with an average diameter of 1.8 ± 0.4 nm in 

diameter. Alex Fluor 514 (AF514, part A of Figure 5-1), an excellent fluorophore (high 

absorption cross-section, quantum yield, and comparatively low photobleaching quantum yield), 

which can be detected at the single-molecule level with excellent sensitivity, was chosen for 

preparing the dye-coupled MPCs. The fluorophores were linked to the AuMPCs through amide 

conjugation between the carboxylic group from dye molecules and the terminal free amine 

groups on the Au surface. 

In this article, we describe the chemical synthesis and optical spectroscopic characterization of 

plasmon band free, labelled dye-AuMPC conjugates. By examining the spectroscopic properties 

of these labeled materials using a combination of steady-state and time-resolved methods, 

information about the extent of fluorescent-labeling, degree of fluorescence quenching, as well 

as the influence of the AuMPC on excited-state lifetime and single-molecule blinking dynamics 

has been obtained. Results are discussed in context of the recent literature and compared with 

those from closely related systems. 
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5.3 Experimental Section 

 

5.3.1 Synthesis of Gly-CSA protected AuMPCs 

Synthesis of Gly-CSA protected AuMPCs was carried out as outlined in Figure 5-2, following 

established procedures previously reported by Leontowich et al.
19

 From TEM and TGA 

investigations, the general composition of the AuMPCs was determined to be Au201(Gly-CSA)71, 

and mean particle diameters were 1.8 ± 0.4 nm. 

 

Figure 5-2. Synthetic preparation scheme for the Gly-CSA-functionalized AuMPCs. 

 

5.3.2 Conjugation of Gly-CSA AuMPCs with AF514 

The Gly-CSA AuMPCs were conjugated with AF514 carboxylic acid succinimdyl ester 

(Invitrogen) through the formation of an amide bond between the amine group on the Gly-CSA 

moiety and the carboxylic group of AF514 (structure shown in Figure 5-1).
18 

Because formation 

of the amide bond is favourable under slightly basic conditions, the AuMPCs were dissolved in a 

NaHCO3 buffer solution (0.010 M, pH 9.0) to produce a 1.0 mg/mL stock solution. For all 

aqueous solutions, ultrapure water (Millipore, resistivity 18.2 MΩ· cm) was used. The AF514 

stock solution was prepared at a concentration of 1.40 × 10
-4

 M in DMSO. The dye to AuMPC 

mixing ratio was controlled by varying the volumes of the Gly-CSA AuMPC stock solution 

added to a fixed volume of dye solution. The NaHCO3 buffer solution was then added to make a 

fixed total volume for all mixtures. The reactants were left stirring overnight under an N2 

atmosphere. Finally, the conjugates were dialyzed for 5 days against an acidic HNO3 solution 

(pH 4.0) under N2 to remove any unreacted dye. 
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Figure 5-3. Schematic illustration of the conjugation reaction between Gly-CSA AuMPCs and 

AF514 carboxylic acid succinimidyl ester. 

 

5.3.3 Ensemble spectroscopy measurements 

The emission spectra of Gly-CSA AuMPCs and AF514 mixtures at different mixing ratios 

were collected both before and after the conjugation reaction. The solutions were degassed with 

N2, placed in quartz cuvettes and the emission spectra were measured on a PTI QuantaMaster 

Luminescence Fluorometer (Photon Technology International). The control samples were 

measured under the same conditions. Fluorescence lifetimes were measured using the method of 

time-correlated single-photon counting (TCSPC). Excitation was performed with the output from 

a mode-locked, frequency-doubled femtosecond Ti-sapphire laser at 492 nm, with an emission 

wavelength of 556 nm collected at the magic angle. Fluorescence decay profiles were fit using a 

nonlinear least-squares reconvolution procedure based on the Marquardt algorithm. The quality 

of fit was assessed through the value of the reduced χ
2
 and through the distribution of weighted 

residuals. 

5.3.4 Single-molecule epifluorescence microscopy measurements 

After dialysis, the conjugates were diluted 100× with ultrapure water. Samples for single-

molecule microscopy measurements were prepared by first spin-casting 120 μL of the diluted 

conjugate solution onto a cleaned glass coverslide, followed by a layer of dilute polymer (2% 

w/v poly(vinyl alcohol) in ultrapure water) to minimize the effect of oxygen-induced 
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photobleaching of fluorescence. Control samples of AuMPCs that had not been mixed with 

AF514, as well as bare coverslides, coverslides that had been dosed with ultrapure water, and 

polymer coated coverslides showed no significant fluorescent impurities when examined under 

single-molecule imaging conditions. 

For ensemble and single-molecule fluorescence imaging experiments, a home-built, wide-field 

epifluorescence microscope was used.
20

 The output from a tunable argon-ion laser with a 

wavelength of 514 nm was passed through a spatial filter, collimated, and then focused by means 

of a 500 mm focal length lens onto the back focal plane of a 60×, 1.4 NA oil-immersion 

objective lens (PlanApo, Nikon). Fluorescence emission from the sample was collected through 

two long-pass filters (540LP, Omega Optical) to remove residual excitation light and directed 

onto a wide-area, front-illuminated electron multiplying CCD camera (Cascade 512F, 

Photometrics). A data collection rate of 1 frame per 100 ms was used. 

 

5.4 Result and Discussion 

 

5.4.1 Steady-state absorption and emission spectra 

Steady-state spectra of the unconjugated AuMPCs and AF514 were collected and are shown in 

Figure 5-4, along with a transmission electron micrograph taken from a typical sample of 

AuMPCs. Absorbance spectra of the AuMPCs consisted of a single, decreasing shoulder across 

the measured spectral range, with no additional spectral features present. The AuMPCs do not 

exhibit a characteristic plasmon resonance absorption band, as was anticipated from the particle 

size determined from electron microscopy (1.8 ± 0.4 nm). The emission spectrum of AF514 

consisted of a single broad band (emission maximum of 537 nm), which is comparable with that 

provided by the manufacturer, except for a small blue shift (∼ 6 nm) in the emission maximum, 

which may be due to the slightly basic buffer solution used in these experiments. Given that 

AuMPCs with an average diameter that is less than 2 nm do not exhibit significant characteristic 

plasmon resonance absorption, the spectral overlap between the absorption of AuMPCs and the 

fluorescence emission is very limited. Thus, quenching of fluorescence emission due to coupling 

into the plasmon band is anticipated to be minimal. 
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                         (A)                                                     (B) 

Figure 5-4. (A) Transmission electron micrograph of Gly-CSA functionalized AuMPCs and (B) 

extent of spectral overlap of the absorption spectra of AuMPCs and the emission spectra of 

AF514 (sample excited at 514 nm in order to reproduce imaging conditions used in subsequent 

single-molecule fluorescence microscopy experiments). 

 

Both absorption and emission spectra were collected for the dye-AuMPC particle conjugates 

prepared at different dye-AuMPC mixing ratios (moles of dye to moles of AuMPC; ratios 

adjusted by changing the amount of AuMPCs in the mixture). The absorbance spectra of the 

conjugates (not shown) were simply summations of the dye and AuMPC spectra without any 

additional features due to the conjugation reaction. Fluorescence emission spectra of the AF514 

before and after conjugation were identical in shape and position of emission maxima, though a 

decrease in the overall fluorescence intensity was observed when increasing the concentration of 

AuMPCs in the mixture (shown in Figure 5-5). For comparison purposes, a series of emission 

spectra of mixtures of dye and AuMPCs immediately after mixing were collected and are also 

shown in Figure 5-5. 
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                        (A)                                                            (B) 

Figure 5-5. Fluorescence emission spectra showing fluorescence intensity as a function of the 

AF514 to Gly-CSA AuMPC mixing ratio: (A) immediately after mixing, and (B) after overnight 

conjugation. 

 

Comparison of parts A and B of Figure 5-5 indicates that there is little difference between the 

trends in fluorescence intensities of the AF514-AuMPC mixtures before and after the overnight 

conjugation period. This suggests that the conjugation reaction reaches completion shortly after 

mixing. However, the mixtures from both sets of reaction conditions do exhibit significantly 

lower fluorescence intensities in comparison with the dye alone, particularly at low dye to 

AuMPC mixing ratios. When the dye to AuMPC mixing ratio exceeds 2, the decrease in 

emission intensity that is caused by the presence of AuMPCs is negligible. This effect is 

explored in further detail, in conjunction with fluorescence lifetime measurements, in subsequent 

sections of this article. 

Measurements were taken to examine the influence, if any, of free (unreacted) dye on the 

emission spectra of the mixtures through dialysis-based purification experiments. In these 

experiments, the dye to AuMPC mixing ratio was again adjusted by maintaining a fixed 

concentration of dye but changing the amount of AuMPCs in the mixture. After mixing, samples 

were extensively dialyzed to remove any unreacted dye. As a control experiment, a sample of 

free dye alone was also included. Emission spectra collected from the dialyzed mixtures and the 

control sample are shown in Figure 5-6. The fluorescence intensity of the mixtures decreased 

with increasing dye-AuMPC mixing ratio, which is the exact opposite of the observations from 

the unpurified conjugates. These results are consistent with only a small fraction of the 

fluorophores conjugating with the AuMPCs (typically around ∼ 1-5 fluorophores per AuMPC). 
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That is, the majority of the dye that is mixed with the system does not react and is removed by 

dialysis; control samples of pure dye alone are only weakly fluorescent indicating that free dye is 

removed very efficiently. The decrease in fluorescence signal at high dye loading occurs because 

the majority of dye does not react with the particles and is removed by the purification step. The 

overall fluorescence signal is simply proportional to the quantity of labeled AuMPCs in the 

system, which increases with decreasing dye-AuMPC mixing ratio. While we cannot completely 

discount the possibility of low levels of desorbed Gly-CSA-dye linkages from the AuMPC 

surface (for recent reports of ligand exchange and desorption from AuMPCs see Ionita et al.
21,22

), 

we do note that the samples were synthesized, dialyzed, and examined under inert nitrogen 

atmosphere; previous work in our groups have shown that thiol desorption/oxidation on MPCs is 

more prominent in air and examinations of the Gly-CSA MPCs have shown that they are quite 

stable under inert atmosphere conditions.
19,23

 Recent fluorescence correlation spectroscopy 

measurements by Navarro et al.
24

 have been used to distinguish between desorbed dye molecules 

and those coupled with AuMPCs via determination of diffusion coefficients, and this approach 

might be of use in the future to quantify any contribution to the overall signal from desorbed dye. 
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Figure 5-6. Fluorescence emission spectra for a series of dye-Au MPC mixtures and pure dye 

control sample after dialyzing for 5 days. 

 

5.4.2 Lifetime measurement (TCSPC) 

To gain further insight into the spectral properties of AF514 after its conjugation with 

AuMPCs, fluorescence lifetimes of dye-AuMPC conjugates (mixing ratios ranging from 1:1 to 
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5:1) were measured. Control measurements were also carried out for the free dye prepared in 

buffer solution. As shown in Table 5-1, fluorescence lifetimes of the conjugates were measured 

after dialysis, and showed no significant difference in comparison with the free dye prepared in 

buffer solution. Both free dye and conjugate samples were well fit well by a double-exponential 

decay (equation (5-1)) in which none of the fitting parameters (lifetimes or pre-exponential 

factors) were fixed. 

                                                   
         

                                                   (5-1) 

Curving fitting of all samples indicated the presence of two distinct components, a long-lived 

component with a lifetime of 4.0 ns and a short-lived component with lifetime of 0.1 ns. For 

conjugates with different dye-particle mixing ratios, the pre-exponential factors of both long-

lived and short-lived species remain unchanged within our ability to measure: 60% of 

fluorophores decay with the long lifetime and the remaining 40% decay with short lifetime. 

However, the 40% short-lived species could only contribute to ~ 2% of the overall fluorescence 

intensity.  The overwhelming majority of the fluorescence emission is attributed to the 

fluorescence species with longer lifetime. These results are also comparable to the fitting data 

from the free dye samples prepared under the same solution conditions. We note that it is not 

immediately clear why all samples of AF514 (including the free dye) decay according to a two-

component model; for a simple fluorophore in aqueous solution, a single-exponential decay is 

clearly the expected result. A number of chemical or photophysical effects may be at work here 

(e.g., aqueous equilibria, excited state processes, etc., for an example of another simple 

fluorophore system that shows multiexponential decay kinetics, see the work by Klonis
25

), 

though the presence of two components in the lifetime decay does not alter the principal result 

that the lifetimes are essentially unaltered by conjugation with the AuMPC. 
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Sample 
Fitting parameters (two-component) 

α1 τ1 (ns) α2 τ2 (ns) χ
2
 

dye blank (buffer) 0.62 4.1 0.37 0.2 1.1 

dye/Au MPC (1:1) 0.59 4.1 0.41 0.1 1.1 

dye/Au MPC (1.5:1) 0.67 4.1 0.33 0.2 1.2 

dye/Au MPC (2:1) 0.48 4.1 0.52 0.1 1.0 

dye/Au MPC (5:1) 0.65 4.1 0.35 0.2 1.0 

 

Table 5-1. Fluorescence lifetime determined by single and double-exponential decay fits of the 

fluorescence decay profiles of samples prepared at different dye-AuMPC mixing ratios 

 

The decrease in fluorescence intensity as a function of dye mixing ratio (Figure 5-5) is not 

trivial to reconcile with the lifetime data, as fluorescence quenching is often (though not always) 

associated with a change in the observed fluorescence lifetime. We can think of three possible 

mechanisms that give rise to this effect: (i) compensating changes in radiative and nonradiative 

decay rates, (ii) static quenching, and (iii) trivial inner filter effects. For case (i), the rate of 

fluorescence (kf) can be written as a sum of radiative and nonradiative decay rates (krad, knr), and τ 

is the observed fluorescence lifetime: 

                                                                                                                 (5-2) 

If conjugation of the fluorophore to the AuMPC resulted in changes to both decay rates that 

were approximately equal in magnitude but opposite in direction changes, then the net 

fluorescence intensity of the fluorophore could be decreased with negligible (within the ability to 

deconvolute) changes to the measured lifetime. It seems highly unlikely for such an exact, 

coincidental change to occur, however, and mechanisms (ii) and (iii) seem significantly more 

plausible. 

Static quenching typically results from the formation of a nonfluorescent complex between 

fluorophore and quencher. Chemical species in systems exhibiting static quenching will be 

complexed with a quencher and nonemissive, or will not be complexed and emissive with a 

lifetime equal to that of the system in the absence of quencher.
26

 In some cases, static quenching 

can be recognized through subtle changes in absorption spectra caused by formation of a 

quenched complex; as noted previously, we observed no changes in the absorption spectra 
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(plotted on a linear energy scale to aid in comparison) upon conjugation. However, we have also 

performed a Stern-Volmer analysis to aid in mechanistic interpretation of the data. A standard 

Stern-Volmer analysis for simple static quenching indicates that quenching efficiency (ratio of 

fluorescence intensities for the quenched and unquenched system) should be linearly related to 

the quencher concentration [Q] (taken as the concentration of the AuMPCs): 

                                                    
  

 
                                                          (5-3) 

where F0 and F are the fluorescence signal intensity for the unquenched and quenched species 

respectively, and Ks is the static quenching constant. To account for inner filter effects (photon 

reabsorption by the mixture components) we have applied the simple correction factor proposed 

previously by Lakowicz:
26 

                                                                                                                                          
(5-4)

 

where Fx are the fluorescence intensities for the corrected and observed signals, C1 and C2 are the 

first- and second-order inner filter correction factors, and Aex and Aem are the solution 

absorbances at the excitation and emission wavelengths, respectively. Figure 5-7 shows the 

Stern-Volmer plot using fluorescence intensities corrected with equation 5-4, along with a linear 

fit based on equation 5-3. Clearly, the data is very well represented by the static quenching 

model, suggesting that quenching in this system can be attributed to the formation of quenched 

complexes between the fluorophore and AuMPC. A static quenching constant of Ks = 2.1 × 10
5
 

M
-1

 was calculated from the experimental data (R
2 
= 0.9979). 
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Figure 5-7. Stern-Volmer plot showing dependence of fluorescence quenching on concentration 

of AuMPCs, corrected for inner filter effects. The fitted static quenching constant is Ks = 2.1 × 

10
5
 M

-1
. 
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It is of interest to compare the static quenching constant determined here with that obtained 

from a closely related system in which the fluorophore has not been covalently coupled to the 

particle. While it is difficult to find systems that are readily compared with the one described in 

this manuscript (particle sizes, compositions and fluorophores differ significantly), Cheng et al.
27

 

have reported on the quenching between tiopronin-decorated AuMPCs of a similar size to those 

reported here, and [Ru(bpy)3]
2+

 that was electrostatically associated with AuMPCs. Cheng et al. 

have reported static quenching constants of ∼ 5.9 × 10
7
 M

-1
 for this system, with quenching 

constants increasing as a function of particle diameter. The approximately 2 orders of magnitude 

difference between quenching constants for comparable diameter particle suggests that the nature 

of the linker unit between fluorophore and AuMPC plays a crucial role in inhibiting quenching 

for the conjugated system. Presumably, for the quenched complex to form, the fluorophore and 

AuMPC must be in close proximity (and perhaps of the correct mutual orientation) and it seems 

highly likely that the short, rigid Gly-CSA linker hinders this association. 

It is also worth noting that this result provides direct experimental support of the work by 

Munoz-Losa et al., in which it is suggested that effective excitation energy transfer between 

fluorophores and AuMPCs does not necessarily require the existence of surface plasmons, and, 

in some situations, can take place with comparable efficiency.
17

 While the significant differences 

between the experimental system explored here and that described by Munoz-Losa (particle 

shape, nature of the fluorophore, separation, and geometry of fluorophore-quencher pair) 

preclude quantitative comparison, the qualitative agreement between the two approaches is 

excellent and highlights the importance of nonplasmonic particles when considering excitation 

energy transfer processes. 

To summarize the results of the ensemble spectroscopy experiments, the measurements 

indicate that the conjugated fluorophores exist in one of two states: efficiently quenched through 

interaction with the AuMPCs or strongly emissive. The remainder of this investigation makes 

use of single-molecule fluorescence measurements to provide further evidence that this is the 

case. 

5.4.3 Single-molecule fluorescence microscopy 

To further explore the influence on fluorophore emission played by conjugation to Au MPCs, 

single-molecule fluorescence measurements were carried out via epifluorescence imaging of 

highly diluted (∼ 10
-8

 M) dye-particle conjugates deposited on glass coverslips. Images consisted 
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of a series of discrete, brightly luminescent entities on a dark background, with the entities 

having diameters that were comparable to the diffraction limit of the excitation light (∼ 300 nm). 

Because of the rigorous control experiments described in the Experimental Section, in 

combination with the fact that all of the dye-AuMPC conjugates had undergone extensive 

dialysis (the efficacy of which was demonstrated earlier in this manuscript) followed by 100-fold 

dilution in pure solvent, all of the fluorescent entities that were imaged could reasonably be 

attributed to AF514 molecules that were covalently bound to the AuMPCs. On a few occasions, 

extremely bright entities that were considerably larger than the ∼ 300 nm diffraction limited size 

were observed. The source of these unusually large, emissive entities is currently unclear, though 

they likely consist of aggregated AuMPCs. These entities were excluded in subsequent data 

analysis. 

In conventional single-molecule imaging experiments, fluorophores typically exhibit single-

step photobleaching in their fluorescence time trajectories (integrated fluorescence emission 

intensity as a function of time) upon continuous illumination, as expected from the 

photodegradation of a discrete emitter.
15

 For the systems studied here, fluorescence time 

trajectories that contained both individual photobleaching steps, as well as multiple, sequential 

photobleaching steps were observed. Several representative time trajectories that show the 

different types of photobleaching are shown in parts A-C of Figure 5-8 (single-step, two-step, 

and three-step photobleaching). It should be noted that the entities exhibited negligible repeated 

on-off blinking within the time resolution of the experiment, an effect that has been observed in a 

number of other single-molecule systems (see Ref 28 for example), regardless of the number of 

photobleaching steps. After a fluorophore underwent photobleaching, it was permanently 

nonemissive. 
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Figure 5-8. Representative fluorescence time trajectories of dye-AuMPC conjugates exhibiting 

(A) single-step photobleaching, (B) two-step photobleaching, and (C) three-step photobleaching 

collected by single-molecule microscopy (excitation intensity) 0.9 kW/cm
2
 at 514 nm) of highly 

diluted (∼ 10
-8

 M) samples. 

 

Fluorescence time-trajectories were classified into four different subgroups according to the 

number of discrete photobleaching steps they exhibited (samples having one, two, three, and four 

well-defined steps were observed). The fraction of the total measured samples (over 200 particles 

measured per group) in each subgroup is summarized in Table 5-2 for four different dye-AuMPC 

loading ratios and the free dye alone. As shown in Table 5-2, at low dye-loading ratios, 

approximately >90% of the sample population photobleached in either a single or double step, 

with single-step photobleaching occurring slightly more frequently than double-step (a small 

fraction of free dye molecules showed two steps, but the vast majority photobleached in a single 

step). The remaining ∼ 3-4% of the population photobleached in three discrete steps. As the dye-

loading ratio was increased, there was a slight shift in favour of the formation of the double-step 

photobleaching, and at the 5:1 dye-AuMPC ratio, the three-step photobleaching frequency 

increased. Four-step photobleaching was only observed in samples prepared with this higher 

dye-loading ratio. The results of these single-molecule measurements are in excellent general 

agreement with the ensemble results, which indicated the average coordination number of dye on 
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each Au particle is between 1 and 2. While the use of higher dye-loading ratios resulted in a 

slight increase in the number of AuMPCs that were labeled with more than two fluorophores, the 

effect was quite small, indicating that saturation of the available conjugation sites had already 

occurred. The number of dye molecules that can be covalently bound to the AuMPC is 

surprisingly low, given that the entire particle surface is functionalized with reactive amine 

groups and an excess of reactive dye was used in the chemical synthesis. Of course, a fraction of 

the bound dye molecules will be statically quenched and nonemissive, but the combination of 

ensemble and single-molecule measurements provides compelling evidence that there is simply a 

small number of dye molecules bound to the AuMPCs. It seems plausible that the small particle 

diameters in combination with the relatively bulky fluorophore (long axis of the AF514 

fluorophore is ∼ 1.8 nm, as determined by MMFF molecular modeling calculations, Spartan ’08) 

results in significant steric crowding, making the coupling of more than a few fluorophores 

problematic. 

dye/AuMPCs single step two step three step four step 

1 to 1 53% 43% 4% 0% 

1.5 to 1 48% 48% 4% 0% 

2 to 1 57% 40% 3% 0% 

5 to 1 45% 46% 8% 1% 

free dye 91% 9% 0% 0% 

 

Table 5-2. Percentage distribution in number of step in photobleaching for the 1:1, 1.5:1, 2:1, 5:1 

dye-AuMPC mixing ratios samples, as well as a free dye control sample 

 

To further elucidate the influence of the AuMPC on fluorophore emission and to explore the 

nature of the static quenching process at the single-molecule level, an analysis of single-molecule 

fluorescence intensities of the photobleaching steps was carried out. Figure 5-9 shows 

histograms of fluorescence intensities taken from two dye-loading ratios, 1:1 to 5:1 (results from 

intermediate dye-loading ratios were comparable). Because of the appearance of multiple 

photobleaching steps, analysis of both the total fluorescence intensity of the entire entities, as 

well as the fluorescence intensity of each individual decay step in the multistep decays was 

carried out. Serving as a reference, the fluorescence intensity distributions of monomer AF514 
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were also measured under the same imaging conditions, and are included in Figure 5-9 for 

comparison. As seen via the histograms, the total fluorescence intensity showed minimal changes 

as a function of dye loading, indicating that the average compositions of the dye-particle 

conjugates are similar for all ratios. Again, this is the expected result from the ensemble 

measurements, which showed that only a small number of fully fluorescent molecules (∼ 1-2) 

are present, regardless of the amount of dye used in the coupling reaction. The fluorescence 

intensity of the photobleaching steps also showed negligible differences between samples 

prepared at different dye-loading ratios, nor was there any indication that the fluorescence 

intensity of any individual photobleaching step in the multiple bleaching event decay curves 

varied significantly from the others. We interpret these results to mean that the fluorescence 

intensities of individual dye molecules bound to the AuMPC were essentially independent of the 

amount of dye present. 
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Figure 5-9. Histograms of fluorescence intensities from single-molecule measurements. (A) 

Total fluorescence intensity for entire entity, 1:1 dye-loading ratio, (B) fluorescence intensity of 

individual photobleaching steps, 1:1 dye-loading ratio, (C) total fluorescence intensity for entire 

entity, 5:1 dye-loading ratio, (D) fluorescence intensity of individual photobleaching steps, 5:1 

dye loading ratio, (E) AF514 dye. (Excitation intensity in all cases was 0.9 kW/cm
2
 at 514 nm). 

 

It should be noted that there was a small but detectable difference in terms of fluorescence 

intensity between the pure dye control sample and dye-conjugated samples, with the mean 

fluorescence intensity of the control sample being marginally greater than that measured for the 

AuMPC-coupled fluorophores (mean ∼ 4800 CCD counts/100 ms versus ∼ 4500 CCD 

counts/100 ms). At present, it is difficult to rationalize this small difference in emission intensity 

with the available data; certainly, the ensemble data indicates that the small changes in 

fluorescence emission is from static quenching, and as such, we expected the individual 

molecules to exhibit the same fluorescence emission intensity as that measured for the coupled 

dye molecules. It is possible that there are purely single-molecule effects at work that cannot 

readily be detected using the relatively simple epifluorescence microscope system used in these 

experiments. Spectral wandering, for example, shifts in fluorescence emission spectra that are 

often seen in single-molecule experiments, could result in significant movement of the emission 

spectrum to shorter wavelengths where the optical filters of the microscope act to reduce net 

fluorescence signals. Subtle changes to fluorescence lifetime might also be taking place, though 

at present, limitations in instrumentation prevent us from probing these effects further. Efforts to 

refine our instrumental setup an enable these measurements at the single-molecule level are 

ongoing. 
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5.5 Conclusion 

 

The fluorescent molecule AF514 was covalently coupled to monodisperse, 1.8 nm diameter 

AuMPCs, and the optical spectroscopy properties of the dye-AuMPC conjugate were examined 

through a combination of ensemble and single-molecule fluorescence measurements. It was 

observed that after coupling, the AF514 exhibits only minimal fluorescence quenching, with the 

reduced fluorescence intensity attributed to static quenching of some fraction of AuMPC-bound 

fluorophores in conjunction with self-absorption (inner filter) effects. Only a small number of 

fluorophores could be coupled to the AuMPCs, because the size of the AF514 molecules are 

comparable to that of the AuMPCs and steric hindrance prevents greater extents of dye loading. 

Single-molecule measurements verified these observations, with fluorescence time trajectories 

consisting of either single- or multiple-step sequential photobleaching, corresponding to the 

photobleaching of a small number of discrete, but strongly emissive fluorophores tethered to the 

AuMPC surface. The results in combination indicate that there are two populations of tethered 

fluorophores on the AuMPC surface, those that are efficiently quenched through interaction with 

the AuMPCs, and a separate population that remains strongly emissive and essentially 

unquenched. 
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CHAPTER 6 

CONCLUSIONS AND FUTURE WORK 

 

6.1 Conclusions 

 

In this PhD thesis, single-molecule (SM) fluorescence spectroscopy was used as a tool to probe 

the photophysical properties of a number of different fluorescent systems.  By visualizing the 

fluorescence emission of individual molecules, spectroscopic studies at the SM level allow one 

to probe unexpected fluctuations and heterogeneities in a number of photophysical parameters, 

such as fluorescence intensities, photobleaching times, emission spectra, and fluorescence 

polarization. As an important addition to conventional ensemble measurements, SM techniques 

allow for the construction of frequency histograms of values for any measurable parameter.  The 

new information that SM measurement provide enable us to probe the properties and processes 

(usually involves in electron, energy transfer and change in molecular conformation) which 

could not be fully understood from the bulk measurements.  

The first part of the thesis focused on a characterization and comparison study of two closely-

related calcium-ion indicators, Calcium-Green 1(CG-1) and Calcium-Green 2 (CG-2) using a 

combination of ensemble and SM optical microscopy. In terms of ensemble measurements, both 

indicators exhibited a strong increase in fluorescence intensity as a function of increasing [Ca
2+

] 

below saturation conditions.  Fluorescence lifetime measurements indicated that both CG-1 and 

CG-2 had two chemical forms co-existing in the solution: the long-lived specie corresponding to 

the highly-fluorescent Ca
2+ 

-bound form, and the short-lived specie corresponding to the weakly-

fluorescent Ca
2+

-free form of the dye. From the SM measurements, it was found that the 

fluorescence intensity and photobleaching time of either CG-1 or CG-1 molecule was invariant 

with [Ca
2+

]. Changes in ensemble fluorescence intensities could be simply correlated with the 

number of highly fluorescent dye molecules in solution. 

Previous work 
1
 on CG-2 indicates that in Ca

2+
-free solution, CG-2 exists primarily as a highly 

quenched dimer by forming an intramolecular exciton, where the molecular planes of two 
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fluorophores are parallel to each other. However, when bound to Ca
2+

, the molecule adopts an 

extended and highly-fluorescent conformation with the molecular planes of the two fluorophores 

making an angle of ~ 120° to each other.  The presence of two distinct peaks in absorption 

spectra of CG-2 at low [Ca
2+

] demonstrates the excitonic splitting between the two fluorophores 

in CG-2 molecules in absence of calcium ion.  However, the monomeric variant, CG-1, was 

expected to operate via a different mechanism (photoinduced electron transfer, PET). When CG-

1 associates with Ca
2+

, the PET process is retarded due to the significant increase in the 

oxidation potential of the Ca
2+ 

binding site. The observations from both ensemble and SM 

measurements indicate that CG-1 molecule operates via PET. Comparison of the absorption 

spectra of CG-1 and CG-2 allowed for the definitive assignment of the two distinct peaks in CG-

2 spectra at low [Ca
2+

], which furthermore reinforced the previously proposed mechanism.  In 

addition, the fluorescence intensity of a single CG-1 molecule was found to have half of the 

emission intensity of CG-2. This is another expected result, simply because CG-2, with two 

identical fluorophore in one molecule, will have an absorption cross-section that is 

approximately twice as large as CG-1. 

To gain further insight into the molecular conformation of CG-2 upon binding with Ca
2+

, 

modifications were made to convert the original epifluorescence microscope into a dual-

polarization microscope. The new setup was used to characterize CG-2 at the SM level by 

comparing the fluorescence intensity of each CG-2 molecule in two mutually orthogonal 

polarization image channels. By constructing a frequency distribution of fluorescence 

polarization of CG-2, we were capable of extracting information on the relative orientation of the 

two fluorophores.  Experimental results were compared with those predicted from a geometric 

model of randomly-orientated dimeric molecules. The results provided additional support that 

the molecular conformation of CG-2 changes when binding with calcium ion, such that the 

molecular plane of the two fluorophore will form an angle of ~ 120°. In addition, further 

development of the geometric model demonstrates that the shape of the frequency diagram of 

fluorescence polarization is highly dependent on the relative angle between the two molecular 

planes of the dimeric system. This allows the further application of dual-polarization 

fluorescence imaging in studying of transition dipole orientations in other multifluorophoric 

molecules.  
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 The solvatochromic behaviour of a lipid-sensitive dye, Nile Red (NR), which had been 

incorporated into a phase-separated Langmuir-Blodgett (LB) film, was investigated by ensemble 

and single-molecule spectroscopy.  The film system used in this study was a mixture composed 

of two surfactants, perfluorotetradecanoic acid (PA) and arachidic acid (AA).  Based on previous 

investigations by atomic force microscopy (AFM), the film phase-separates into discrete, 

micron-sized hexagonal domains (discontinuous domain) that are almost exclusively comprised 

of AA, and the surrounding continuous domain enriched in PA (occasionally contains small 

deposits of residual hydrocarbon).  NR was spin-cast onto the LB films that contain two 

physically and chemically distinct regions (the hydrogenated and perfluorinated regions).
7,8

 

During the ensemble measurement, we simultaneously characterized the brightness of the 

fluorescence signal in different sample regions, and measured the emission spectra of NR in the 

different domains.  The former was performed using epifluorescence microscopy, while the latter 

was characterized via fluorescence confocal spectromicroscopy. The results showed that NR 

preferentially associated with the hydrogenated domains with only a small subpopulation 

localized in the perfluorinated continuous domains. While the emission spectra of NR in 

different domains of the LB film displayed solvatochromism, its effect on generating the overall 

image contrast were negligible.  The SM fluorescence imaging measurements indicated that the 

subpopulation of NR in the continuous domain was not spectroscopically distinguishable from 

that associated with the discontinuous domain, which further reinforced the idea that the image 

contrast for the system arises from stain accumulation in specific sample regions. 

In the last sub-project, the fluorescence quenching of a strongly fluorescent probe, AlexaFluor 

514 (AF514), was investigated when it was covalently bound to a gold metal protected cluster 

(AuMPC) with a negligible plasmon band. The quenching of fluorescence in conjugated systems 

of this type can often be attributed to either energy or electron transfer between the dye molecule 

and the nearby gold particle.
9-12

 In most cases, the linker (covalent bond in our case) between the 

quencher and the photoexcited specie plays a very important role in the emission behaviour of 

the fluorophore.  

In our system, only minimal fluorescence quenching was observed in the ensemble 

measurements at low dye/ AuMPC loading ratios due to the limited spectral overlap between the 

absorption spectrum of the acceptor (AuMPC) and the emission spectrum of the donor (AF514). 
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Furthermore, time-resolved measurements indicated that the fluorescence lifetime of AF514 

remained invariant at different dye/AuMPC ratios. This result, in conjunction with the 

fluorescence emission spectra of conjugated samples after correction by inner filter effects, 

demonstrated a static quenching of the dye by the AuMPCs. From the SM fluorescence 

measurements, the luminescent conjugates could still be observed at all loading ratios. The 

majority of the fluorescence time-trajectories decayed to the background via either a single- or 

double-step photobleaching.  However, the fluorescent species in conjugated dye samples were 

not spectroscopically distinguishable from the free, unbound AF514 molecules. On the basis of 

the observations, we concluded that the dye only reacted with the AuMPC at low ratios (between 

1 and 2 fluorophores per AuMPC), and the fluorophores that are tethered to the gold particles 

will either become entirely non-fluorescent due to the static quenching, or stay strongly emissive 

and essentially unquenched.  

 

6.2 Future Work 

 

It is proposed that further investigations of the previous systems (including CG-1, CG-2, NR, 

AF514-AuMPC conjugate) could be carried out using the newly-constructed confocal 

spectromicroscope with single-molecule sensitivity.  Through the use of this approach, one is 

able to measure the fluorescence trajectory and the emission spectra of the same fluorescent 

molecule in the same measurement, enabling a detailed spectroscopic analysis, which should 

provide complementary information to that already obtained.  

The spectral properties of each individual molecule (including variations in spectral position, 

shape, width, and time dependence) can provide invaluable insight into heterogeneity in the 

molecular environment and local interactions.  For immobilized SM samples in which lateral 

diffusion is negligible, emission spectra can be correlated with variations in transition dipoles, 

the conformational changes in molecules and the interaction between the fluorophore and the 

environment.  
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For the calcium-ion indicators, SM spectromicroscopy will allow characterization of the 

spectral properties of individual CG-1/CG-2 molecules upon excitation. As mentioned in the 

previous chapter, at zero calcium concentration, both CG-1 and CG-2 samples were not entirely 

free of fluorescence entities. The fluorescence emission at nominal [Ca
2+

]free=0 could be 

observed at both ensemble and single molecule level. It remains unclear that whether those 

fluorescent signals should be attributed to the trace amount of free Ca
2+

 ion in the solution or the 

distribution of the “highly-quenched” molecular conformation from the dye. By measuring the 

SM fluorescence emission spectra, one can construct frequency histograms of the emission 

maxima as a function of wavelength. The shape of the distribution is crucial in determining how 

many fluorescent species contribute to the overall emission intensity in the CG-1 and CG-2 

systems. 

For the NR system, by focusing the laser beam onto individual molecules in the different 

phase-separated regions, the NR molecules doped in both continuous and discontinuous domains 

of the LB film could be examined. As a result, the frequency histograms (of both fluorescence 

intensity and on-times) and the emission spectra of NR molecules could be obtained for different 

domains separately. By conducting these measurements, the detailed variation of NR in two 

significantly different micropolarities could be observed. 

Furthermore, the APD detector which is used for SM spectromicroscopy has high temporal 

resolution and sensitivity, which will help us characterize events that are beyond the time 

resolution of the epifluorescence microscope. This would help us to determine whether there is 

any sub-millisecond photo-blinking taking place in the dye-Au MPC system due to the 

interaction between AF514 and gold nanosurface. Meanwhile, by characterizing the spectral 

dispersion of AF514 before and after conjugated with gold particles, we will gain further 

understanding on the underlying quenching mechanism.  

In addition to the confocal spectromicroscope, other microscopic techniques could also be 

applied to gain further insight into the systems of our interests. For example, simultaneous 

atomic force and fluorescence microscopy could be applied to collect both morphological and 

fluorescence images of the same sample region. This could assist us to obtain further 

understanding of the relations between the photophysical property of a fluorophore and its 

surrounding. Such measurement will be of great significance for the phase-separated LB film 
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system, since the sample morphology (molecular height difference) is closely related to the nano-

polarity. 

Total internal reflection fluorescence microscopy (TIRF) could also provide some 

complementary information of the dye molecules regarding their relative depths in the specimen. 

The penetration depth of the evanescence wave will selectively illuminate and excite fluorophore 

in a restricted region on the sample surface. As a result, we are capable of localizing the 

fluorophores: whether they are floating on the top or penetrating into the sample matrix.  

Furthermore, fluorescence lifetime imaging microscopy (FLIM) is an imaging technique for 

producing an image based on the difference in the exponential decay rate of the fluorescence in 

different sample regions. Serving as an important addition to the spectral detections, it could be 

used to recognize the variance of fluorescence lifetime of the same fluorophore in chemically 

and physically distinct nano-environments. 
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