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CHAPTER I 

INTRODUCTION 

Time resolved fluorescence spectroscopy has been used 

for several years to resolve a spectrally selected decay 

curve into its individual fluorescing components. This 

technique may be applied to mixtures composed of up to 

three non-interacting fluorophores with discrete life-

times, When the fluorescence of a system, however, is due 

to a large number of decays forming lifetime distribu-

tions, this method is strictly a model and does not depict 

the underlying physical situation. Recently, a method has 

been proposed to probe the underlying distributions of a 

system. This project entails investigating this method 

and applying it to the analysis of blood serum. 

More specifically, the first part of this work 

focused on implementation of the method of distribution 

analysis. Of primary consideration was the selection of 

input parameters to the technique in order to not bias the 

final results. To this end, two approaches were delin-

eated: the constant coefficient method and the constant 

contribution method. The merits and validity of each will 

be discussed. 



In the second phase, the distribution method was 

applied to human blood serum. The underlying components 

and distributions are characterized and presented for six 

different emission wavelengths. A substrate-labeled 

fluoroimmunoassay for amikacin in human blood serum was 

then performed and the data analyzed to determine the 

feasibility of using the method for developing calibration 

curves. 



CHAPTER II 

THEORY OF FLUORESCENCE 

Fluorescence is the emission of electromagnetic 

radiation following the absorption of a quantum of energy 

by a molecule. However, there are a number of processes 

which compete with the fluorescence process for deex-

citation of the molecule. Thus, in order to properly 

understand the phenomenon of fluorescence, absorption of 

radiation and a number of deexcitation mechanisms will be 

reviewed. 

The absorption of electromagnetic radiation by a 

molecule results from the interaction of the electric 

field component of light with the electrons in the mole-

cule. One pictorial model is to view the molecule as a 

vibrating dipole. It then absorbs energy from the oscil-

lating electromagnetic radiation at the resonance condi-

tion. Since each electronic state of a molecule is 

characterized by a certain charge distribution or dipole 

moment, the absorbed energy will result in a change in 

electronic charge distribution, and thus, an electric 

dipole transition is said to have taken place. 

Another model is that the molecule absorbs a photon, 

and as a result, a transition occurs from the ground state 



energy level to an excited state. Since these electronic 

energy states are discrete, only light of specific wave-

lengths or frequencies will be absorbed and this gives 

rise to the characteristic absorption bands. 

Due to the quantum mechanical nature of the phenome-

non, one can only talk about the probability of a transi-

tion occurring between any two states. This transition 

probability for absorption from a state m to a s1:ate n is 

given by the Einstein B coefficient as follows [11 

where 

and 

B = 1 ^ 2 |R m-'-n 3h2 1 nm 

nm 1 nm| 

X = (ifj* I E X . 
nm n 1 1 

2 
f 

2 + (Z I 2 (2.1) 
nm! I nml 

Here the sum is taken over all the participating elec-

trons. X is thus the matrix element for the x-component 
nm ^ 

of the dipole moment. Therefore, the probability of 

transition depends on the probability of an electric 

dipole interacting with an electric field. 

A Jablonski diagram (Figure 1 in Appendix) is often 

used to describe absorption and emission processes [21. 

An important principle used in the treatment of these pro-

cesses is the Franck-Condon principle. According to this 

principle, the transition from ground to excited state is 

essentially instantaneous compared to the time for the 

nuclear coordinates to change or thermally relax (Table 1) 



TABLE 1 

Lifetimes of Emission Processes 

Process Lifetime 

Absorption 

Internal Conversion 

Fluorescence 

Phosphorescence 

Change of Nuclear Coordinates 

10-l^s 

10-^-10-12^ 

10-^s 

-5 10 -several seconds 

10 s 

[31. Thus, relaxation processes can be treated after the 

electronic transition rather than at the same time. 

The principle is based on the Born-Oppenheimer 

approximation which states that the electronic and 

vibrational-rotational energy states do not mix or are 

separable. The argument here is that the nuclei move 

slowly compared to electrons and therefore may be con-

sidered at rest in solving for the electronic wave func-

tion. Thus, the total wave function can be written as ^ = 

y^ y^ . A further approximation is that the chanqes in 
e vJ' 

rotational energies are so small that they can be 

neglected in electronic transitions. Consequently, the 

transition probability takes the form 

B a I e/H' *Zx.H' dx./H' * H* dx P. (2.2) m-̂ n I ne 1 me i nv mv v' 



where the subscripts e and v denote the electronic and 

vibrational wave functions, respectively [41. The overlap 

integral of the vibrational wave functions is then evalu-

ated at constant internuclear distance. 

Once a molecule is in an excited state, there are a 

number of processes by which it can return to the ground 

state. Fluorescence always occurs from the lowest vibra-

tional level of the first excited singlet state, as will 

be explained later. Thus, deactivation processes from 

higher excited states or vibrational levels to this lowest 

level of the first excited state will be examined first. 

Then deactivation from the first excited state to the 

ground state will be discussed. 

Vibrational relaxation and internal conversion are 

the primary means by which an excited molecule reaches the 

lowest vibrational level of the first excited state. 

Often, the excited molecule will be in a vibrationally 

excited state. This excess vibrational energy is given up 

stepwise in the form of either infrared quanta or kinetic 

energy imparted to molecules with which it collides. This 

-14 vibrational relaxation takes on the order of 10 to 

-12 10 seconds. 

Once a molecule is in the lowest vibrational level of 

an excited state, the only way it can lose its excitation 

energy is by going to a lower electronic state. This may 

be accomplished in-one of three ways [31. The first, 



called direct vibrational coupling or internal conversion, 

occurs when the highest vibrational level of the lower 

electronic state overlaps the lowest vibrational level of 

the higher electronic state. The lowest vibrational level 

of the lower state will then be reached through vibra-

tional relaxation. If the two electronic states do not 

overlap but are separated by a small energy gap, then the 

lower state can still be reached by a tunneling mechanism. 

A third process, radiative deactivation, occurs when the 

energy separation between two electronic states is large. 

However, in most molecules, the upper electronic states 

are much closer than are the ground and first excited 

state. Therefore, for transitions from states other than 

the first excited state to the ground state, internal 

conversion almost always dominates radiative deactivation. 

Since the time for vibrational relaxation is short 

relative to the time for radiative deactivation to the 

ground state, deactivation of the first excited singlet 

state to the ground state occurs from the lowest vibra-

tional level. If the energy gap is small, the molecule 

may undergo internal conversion as described previously. 

On the other hand, if the energy gap is large, the excita-

tion energy may be lost through nonradiative intersystem 

crossing to the lowest triplet state or radiative transi-

tion to the ground state. 
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Intersystem crossing is the mechanism whereby an 

electron changes spin and thus populates the lower energy 

triplet state. Quantum mechanically there is some proba-

bility that the transition can occur because of spin-

orbital coupling. However, this probability is relatively 

low compared to that for internal conversion, and thus the 

lifetime of intersystem crossing (10"^) is longer than 

that for internal conversion. Once in the triplet state, 

vibrational relaxation occurs such that the molecule 

reaches the lowest vibrational level of the state. 

Further deactivation can take place by phosphorescence or 

radiationless processes. 

Phosphorescence is the radiative transition from the 

lowest triplet state to the ground singlet state. Because 

of the spin forbiddenness, triplet states are long lived. 

Therefore, internal conversion, collisional quenching, and 

energy transfer processes can effectively compete for 

deactivation of the state. In fact, except for the 

shortest lived phosphorescence, phosphorescence is not 

observed in fluid media. 

Competing with intersystem crossing is a radiative 

transition from the lowest excited singlet state to the 

ground state. This transition results in fluorescence 

which is radiation in the ultraviolet or visible region. 

The lifetime of the excited state which deactivates by 

-9 this means is about 10 s. However, the actual transition 



takes approximately 10--^^s—much less time than that 

required for vibrational relaxation during the transition. 

Therefore, the Franck-Condon principle applies, and in 

general, the molecule will reach an excited vibrational 

level of the ground state. Since the molecule absorbs 

energy from the lowest level of the ground state, the 

excitation wavelength is shorter than the emission wave-

length. This phenomenon is known as the Stokes shift. 

Since a number of processes are possible for deac-

tivation of the first excited singlet state, it is useful 

to look at the probability of transition through the 

fluorescence mechanism. Einstein used a thermodynamical 

argument to determine the transition probability, A, for 

spontaneous emission between two energy states [11. As 

shown below, this probability is proportional to the 

probability of absorption of light of the same frequency: 

A = ( 8 7 r h / c 3 ) v 3B ( 2 . 3 ) 
n->-m nm m->̂ n 

= ( 3 2 7 r 3 / 3 c 3 h ) V 3 | R | 2 . 
nm I nml 

Thus, a good absorber will also be a good emitter of 

fluorescence. Also, the transition probability is propor-

tional to the cube of the frequency of emitted radiation, 

V 3, and there is a different probability for a transi-
nm 

tion to each of the various vibrational levels of the 

ground state. Therefore, the total transition probabil-

ity, A^ is 
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A^ = I A (2.4) 
n m nm v . / 

where the sum is over all the lower levels to which a 

transition can occur. 

The coefficient, A^, is important in that it can be 

used to describe the fluorescence behavior. If N is the 
n 

population density of the excited state, then the rate of 

decrease of the population density of the state n is then 

dN 
-Jz- = -A N . (2.5) 
dt n n 

Integration of the equation (2.5) then describes the 

population density as a function of time: 

N = N e""̂ n̂̂  

" ° -t/x <2-6) 
= N e ^^^. o 

N represents the population density at t = 0. Therefore, 

at a time T = 1/A , the population density is 1/e of its 

initial density. This is commonly known as the mean 

spontaneous lifetime of the excited state. That this is 

the mean lifetime can also be seen from the definition of 

the mean time: 

t = 7tP(t)dt = 7tA^e"\^dt = -^ = T, (2.7) 
0 0 n A 

where P(t)dt is the probability that one molecule in the 

excited state makes a transition within the time interval 

t and t + dt. Of course, this is only an average and any 



dN n 

d t 

1 = 1 + 1 
T T T 

N 
n 

T 

sp 
• 

N n 

T 

nr 

N n 

T 
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one molecule can emit radiation at a number of probable 

times greater or less than T. Also, this is the radiative 

lifetime of the excited state assuming fluorescence is the 

only means of deactivation. 

VJhen nonradiative processes are present, the observed 

lifetime is different from the spontaneous lifetime. Let-

ting T^^ denote the nonradiative decay time, then equation 

(2.5) may be expanded to show the depopulation of the 

excited state through nonradiative processes. 

(2.8) 
dt T T T 

sp nr 
1 1 1 

where 
T T 

sp nr 
Here, T is the actual or observed lifetime of the excited 

state. 

The above concepts can be combined to yield important 

qualitative information concerning fluorescence behavior 

in the time domain. The radiant power emitted from N 
n 

molecules in making a transition from the excited state 

may be expressed as follows: 
dE 1 
—^ = IN^hv A^^ = N^Zhv^ A e-'̂ '̂', (2.9) dt rn n nm nm o nm nm 

where m once again sums over the various lower levels. In 

an experimental setting, fluorescence is observed at a 

specific wavelength, and thus fluorescence from only one 

of the transitions in the sum of the equation will be 

observed at any one time. However, it can be seen from 
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equation (2.9) that all transitions will behave the same 

in the time domain. In other words, all the transitions 

will decay with a lifetime of T. A corollary then is that 

the decay time is independent of wavelength. On the other 

hand, as the wavelength is varied, the intensity will vary 

due to the wavelength dependence of the Einstein coeffi-

cient. 

The spectral intensity of fluorescence is related to 

the behavior of the fluorescence in the time domain. If 

the fluorescence intensity in the time domain at a given 

wavelength, I(X, t), is represented as follows 

I(X,t) = A{X)e~^^'', (2.10) 

where A(X) is called the preexponential coefficient, then 

the fluorescence intensity in the wavelength domain can be 

readily found: 

I(X) = 7A(X)e"''̂ '̂̂ dt = A(X)T. (2.11) 
0 

Thus, if the preexponential coefficient and lifetime of a 

substance are known, then the substance is fully char-

acterized in the time and spectral domain. Of course, for 

a system of i fluorophores, 

-t/T 

I(X,t) = lA.(X)e 

(2.12) 
so I(X) = ZA.(X)T. 

i 
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Therefore, the total intensity produced by a multicompo-

nent system is the sum of the intensities produced by 

each fluorophore. 

The intensity is often used analytically to determine 

unknown concentrations of fluorescing substances. This is 

done by developing a calibration curve using known concen-

trations. The relationship between fluorescence intensity 

and concentration can be determined using the Lambert-Beer 

law [51. This law states that 

I^ = I lO"^^^ (2.13) 
t o 

where I. and I are the transmitted and incident inten-t o 

sities on a sample, e is the molar absorptivity, b is the 

optical path length, and c is the molar concentration. 

The absorbed light intensity, I , is then 
a 

I^ = lo-Tt = I Q ( 1 - 1 0 - ^ ^ ^ ) . (2.14) 

The fluorescence intensity is related to the absorbed 

intensity through the quantum yield, c})̂ . By definition, 

the quantum yield is the fraction of excited molecules 

that deactivate through the fluorescence mechanism. Thus, 

If = *f^a='*'flo^l-l^^^^^ ^2.15) 

or upon expanding 
2 

^ /1 /1 '̂  ort-í i_ , (2.303ebc) .. I = 4)̂ 1 (1-(l-2.303Ebc + -̂  p-| . . .)), 

where I^ is the fluorescence intensity. When the product 

ebc is small, the expression simplifies to 
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I- = 4)̂ 1 2.303ebc. (2.16) 
f f̂ o 

Thus, a plot of intensity versus concentration should 

yield a straight line. 



CHAPTER III 

APPARATUS 

A fast analog technique is utilized to acquire the 

data. This is accomplished through the fluorescence 

microscopy system shown schematically in Figure 2 (see 

Appendix). A nitrogen-pumped tunable dye laser is the 

source of near-ultraviolet light to excite fluorescence in 

the sample. The light from the laser is coupled to the 

Leitz MPV3 microscope system with a liquid light guide. 

An emission monochromator spectrally selects the emitted 

fluorescence which is then detected by a two-stage micro-

channel plate (MCP) photomultiplier tube. The output of 

the MCP is directed to a waveform digitizer where a spec-

ified number of pulses is averaged. A summary of the 

instrument parameters is shown in Table 2. A more detail-

ed discussion of the appratus and method is presented in 

references 6, 7, 8, and 9. 

The dye laser is an EG&G Model 2100 which is operated 

at a pumping rate of lOHz. A number of dyes are available 

providing a wide range of excitation wavelengths. In this 

project, the dye employed was BBQ, and thus the excitation 

wavelength for the experiments was 388nm. Calorimetric 

measurements indicate a pulse energy greater than lOyJ. 

15 
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TABLE 2 

nstrument Parameters 

Parameter Specification 

Diameter of analyzed area 5-250pm 
Tuning range of emission monochromator 220-800nm 
Range used 435-485nm 
Monochromator bandwidth l-7nm 
Dye laser pulse duration (FWHM) < 600ps 
Dye laser tuning range 370-780nm 
Excitation wavelength used 3 8 8nm 
Laser bandwidth 0.04nm 
Pulse energy > lOyJ 
Peak power > 10^^^ 
Pulse repetition rate 1-lOOHz 
Typical pulse rate lOHz 
Instrument response risetime < 700ps 
FWHM of instrument response < 1.25ns 
Single pulse digitization rate 10-lOOGHz 
Number of pulses signal averaged 64-2048 

The output of the laser is directed into the microscope 

through a light guide. Also, a photodiode monitors the 

laser output and provides the trigger pulse for the 

digitizer. 

The Hamamatsu R1564U-01 microchannel plate photo-

multiplier tube is operated at 2.5kV and detects the 

spectrally selected fluorescence. Each anode pulse 

contains on the order of lO^ to lO^ photoelectrons and is 

digitized by a Tektronix 7912AD digitizer. The digitizer 

has a maximum sampling rate of lOOGHz which corresponds to 

lOps per channel. However, most of the data are acquired 

with lOOps per channel. The time and vertical scales are 

both divided into 512 channels although only 128 data 
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points are actually used in the data processing. Typi-

cally, 512 or 1024 pulses are acquired according to user 

specification. The digitizer averages 64 pulses at a time 

and sends the result to the computer. The computer is a 

Tektronix 4052A with a built in memory expansion unit and 

a 4050E01 ROM expander. 



CHAPTER IV 

METHOD 

Since a substance can be characterized by the life-

time of its associated decay, observing fluorescence in 

the time domain can provide useful information regarding 

the substances responsible for the fluorescence signal. 

However, since any given signal may be the result of a 

number of fluorescing components, a method must be employ-

ed which allows the measured signal to be separated into 

the apparent underlying components. The iterative recon-

volution technique in conjunction with the Marquardt 

algorithm for least squares fitting is such a method and 

can be used for various assumptions regarding the underly-

ing contributions to the signal. 

An important consideration in analyzing fluorescence 

decay curves is realizing that the measured signal is not 

the actual fluorescence signal. The fluorescence signal 

is convolved with the finite duration of the laser pulse 

and the time response of the system—the finite time 

response of the photomultiplier tube and the 700MHz band-

width of the digitizer input amplifier. Thus, the decay 

signal must be extracted from the measured signal. 

18 
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This can be accomplished using a deconvolution technique 

called iterative reconvolution. 

A model of the system is shown in Figure 3 (see 

Appendix). The convolved fluorescence decay M (t) is 

t 
M^(t) =/P(t)F(t-u)du (4.1) 

o 

where P(t) is the excitation pulse and F(t) is the actual 

fluorescence decay curve. This is by definition the 

convolution of the pulse with the decay curve, so equation 

(4.1) can be rewritten as 

M (t) = P(t)*F(t) (4.2) 
o 

where the asterisk is used to denote the convolution. The 

convolved signal M (t) is then convolved by the system 

time response S(t). Thus, the actual measured signal M(t) 

is 

M(t) = P(t)*F(t)*S(t) , 
(4.3) 

or M(t) = F(t)*P(t)*S(t) . 

If we let I (t) represent the total instrument response 

function, then equation (4.3) can be rewritten as 

M(t) = F(t)*I(t) , 
(4.4) 

where I (t) = P(t)*S(t) . 

The fluorescence decay curve can then be found by deconvo-

lution (denoted by 1/*) as follows 

F(t) = M(t) [l/*]I(t) . (4.5) 
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Since the instrument response function can be measured 

(Figure 4 in Appendix), a technique for deconvolution can 

then be employed to determine the fluorescence curve. 

The method of iterative reconvolution allows for 

determination of the fluorescence signal if a decay curve 

is assumed. One way to model the fluorescence signal is 

to assume a multiexponential decay 

m , 
F^(t) = ZA.e'^^'^i; m = 1, 2, or 3 (4.6) 
^ i=l^ 

where once again the parameters A. and T. are the pre-

exponential coefficients and lifetimes, respectively. The 

fitting function M (t) is then ^ a 

m t -(t-u)/T . 
M (t) = LA./I(u)e ^du. (4.7) 
a • T1 1=1 o 

The parameters A. and T. are initially assumed and then 

adjusted to give the best fit to the measured signal M(t). 

The best fit is found by minimizing the chi-squared error 

sum 

N 
X2 = I[M(t)-M.(t) ] 2/0.2, (4.8) 

j = l ^ ^ 

where the sum is over the number of data points used in 

the analysis (128), and 0.2 is a weighting function indi-

cating the uncertainty in each point. 

The minimization of the error sum is an iterative 

process which employs the Marquardt algorithm for least 
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squares fitting [10]. The method is a combination of a 

linearization of the fitting function and a gradient 

search along the chi-squared hypersurface, where the 

relative contributions of each to the iteration is deter-

mined by a weighting factor. The weighting factor is such 

that when chi-squared is far from the minimum, the gra-

dient dominates while close to the minimum, the linear-

ization dominates. 

In general, the process involves incrementing the 

parameters in such a way as to reduce the error sum. 

These new parameters are then used along with the model of 

the fluorescence signal to construct a fluorescence 

signal. This signal is convolved with the actual instru-

ment response function to yield the fitting function. The 

new chi-squared error sum can then be calculated. This 

process is repeated until successive iterations do not 

reduce the error sum by more than 3%. The set of pre-

exponential coefficients and lifetimes which yields the 

smallest chi-squared is the desired result. 

This technique has been successfully employed in 

analyzing data which can be modeled by up to three 

exponential decays. However, the resolution requires that 

a factor of two or three exist between the lifetimes for a 

two or three exponential decay, respectively, and that the 

minimum percentage contribution to the total intensity be 

10% to 15% [6, 11]í Furthermore, the sensitivity of the 
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technique is 150ps as determined by deconvolving the 

instrument response function with itself. 

A program developed by Greg Sullivan implements the 

technique and is used in the laboratory [12]. The final 

result of the program is a plot of the measured signal, 

the fit, and the residuals (Figure 5 in Appendix). Also, 

the preexponential coefficients, lifetimes, reduced chi-

square, mean lifetime, and percentage contributions are 

supplied as output by the program. The percentage contri-

bution of a component is defined as the percentage of the 

total intensity which is attributed to that component, or 

mathematically, 

A. T . 

P̂  = T T M - ^ 100, (4.9) 
1 Li\ . T . 

. 1 1 
1 

where P. is the percentage contribution of the i-th 

component. The mean lifetime, T , is nothing more than a 

weighted average lifetime: 

T = (ZP.T.)/100. (4.10) 
m . 1 1 

1 

A given fit is evaluated by its residuals and reduced 

chi-square. Typically, a fit is considered "good" if the 

peak residual is less than 2% of the peak of the decay 

curve and if the reduced chi-square is approximately 1. 

Often, the question arises as to the number of exponen-

tials which appropriately describe the fluorescence. This 
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can be determined by comparing the reduced chi-squares in 

going from a single to a double or to a triple exponential 

fit. Generally, the reduced chi-square must decrease by a 

factor of three for each additional exponential. When 

this does not hold true, the lower number of exponentials 

is assumed to better represent the actual number of 

fluorophores. 

It must be emphasized that assuming discrete multiex-

ponential decays is only a model. While a "good" chi-

squared may result from using the model, the results may 

not represent the actual physical situation. Essentially, 

the model can be erroneous with regards to the underlying 

physical situation in at least two obvious cases. The 

first is when the fluorescence is due to several discrete 

specific components which decay exponentially, but the 

corresponding lifetimes are unresolvable using the tech-

nÍQue. The second situation is when the system is intrin-

sically complex and the fluorescence is due to underlying 

lifetime distributions. Such a situation is plausible for 

fluorescent probes in biological macromolecules and 

polymers. 

The exponential series method has been proposed by 

James and Ware to recover underlying distributions [13]. 

Ideally, the model for the fluorescence signal would be 

given by 

F^(t) = 7A(T)e"''̂ '̂ ''dt (4.11) 
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where A(T) is the distribution function of lifetimes. In 

discrete form, the signal can be written as 

N 4./ / X 

F^(t) = la{m)e'^^''^^\ (4.12) 

^ m=l 

Unlike the previous model where N is no greater than 3, N 

here could be rather large to approximate a continuous 

distribution. The method then involves using this dis-

crete form with large N to approximate the lifetime 

distributions where the lifetimes T(m) are fixed and the 

coefficients a (m) are determined using a least squares 

fitting routine. 

In im.plementing the method, the Marquardt algorithm 

for least-squares fitting was utilized; however, it was 

modified to constrain the preexponential coefficients to 

positive values. Further, the iterations were terminated 

when the successive chi-squares were within 0.001 of each 

other. It was found that such a small difference was 

required for convergence, in line with findings by James 

et al. [14]. Also, due to computer memory limitations, 

the number of lifetimes which could be assumed was limited 
to 24. 

Unlike the method proposed by James and V.'are, no 

lifetimes were discarded if the preexponentials became 

sufficiently low [15]. There are several reasons for 

this. First, this facilitates the quantitative comparison 

of various distributions. When the number and spacing of 
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lifetimes are changed, the results vary somewhat. Al-

though the different results may not alter a qualitative 

interpretation, they could adversely affect quantitative 

interpretations. Secondly, the coefficients may be small 

for long lifetimes, yet the intensity aT associated with 

that lifetime may be significant. James proposes discard-

ing terms when the coefficients become less than 1% of the 

maximum coefficient. A case will be shown later where 

such a criterion would have resulted in discarding terms 

which actually contribute significantly to the total 

intensity and provide information regarding the underlying 

distribution. It is thus suggested that if terms be 

discarded, the criteria should be based on relative 

percentage contributions. 

A problem with implementing the distribution model is 

that the results vary somewhat with the initial guesses 

for the preexponential coefficients. These initial values 

determine where one begins the iterations on the chi-

squared hypersurface. For the discrete model, when the 

initial values are far from the final results, the iter-

ations may follow a path along the hypersurface which 

leads to convergence at a point where the results are 

unreasonable. Although this is a rare occurrence for the 

discrete model, perplexingly enough it is not unusual for 

the distribution model. Thus, of concern in implementing 
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the exponential series method is the choice of initial 

preexponential coefficients. 

James and Ware propose that the initial values of the 

coefficients be fixed to the same value in order to not 

bias the results [15]. The method employed here, however, 

assumes that the percentage contribution to the total 

intensity for each lifetime be equal. Thus, an initial 

guess is made for the preexponential coefficient associa-

ted with the shortest lifetime. All other coefficients 

are then determined by using the following equation 

a(l)T(l) = a(m)T(m); m = 2,3,. . . (4.13) 

It was initially felt that this would introduce less bias 

as each lifetime would initially contribute the same to 

the total intensity or, in other words, the same number of 

photons. When constant coefficients are used, the impli-

cation is that the intensity is due primarily to the 

longer lifetimes. 

An investigation was made to determine the validity 

of using the constant percentage contribution method. 

This was accomplished by analyzing a true single exponen-

tial and a distribution using both the constant coef-

ficient and constant contribution method and comparing the 

results. In Figure 6 (see Appendix), the results from the 

analysis of anthracene are shown. The analysis was first 

performed using the equal contribution method for the 

initial guesses of the coefficients. Five runs were made 
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with the preexponential coefficient associated with the 

shortest lifetime T^ = 1.5ns set at 50, 75, 100, 150, and 

200mV, respectively. The remainder of the coefficients 

were determined using equation (4.13). It is seen that 

the results were identical for the cases where the coef-

ficient was initially 50 and 75mV and then for the cases 

when the coefficient was 100, 150, and 200mV. However, 

there appears to be better resolution for the latter cases 

(i.e., the distribution is not as broad). 

This better resolution can be explained by the fact 

that the higher initial coefficients better approximate 

the final results. Since the fluorescence was relatively 

intense and due to a mid-range lifetime fluorophore, the 

initial guesses for the coefficients in the mid-range 

should be large. With the constant contribution method, 

the initial coefficients decrease linearly with increasing 

lifetime; therefore, the 50 and 75mV initial guesses for 

a(l) produced initial coefficients too low in the mid-

range. 

The data were then analyzed using the constant 

coefficient method. Once again, five cases were run where 

all the coefficients were set equal at 50, 75, 100, 150, 

and 200mV, respectively. The results in all five cases 

were almost identical, and the distribution was similar to 

the best case under the constant contribution method. 
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Regardless of the method used, however, the mean lifetime 

is virtually the same. 

The fluorescence of the molecular rotor p-N, N-

dialkylaminobenzylidene malononitrile in polymethyl 

methacrylate was also analyzed using the two methods. 

Such fluorescence is due to underlying distributions as a 

result of the molecular motion or inhomogeneity of the 

polymer matrix. These results are shown in Figure 7 (see 

Appendix). Both methods were run as with the anthracene 

but with initial coefficients of only 50 and 150mV. The 

two cases for the constant coefficient method produced 

similar results for the first three distributions but 

different results for the fourth distribution. The 

differences in the preexponential coefficients for this 

last distribution were small for the two cases, but small 

differences in coefficients for long lifetimes can result 

in rather significant differences in contribution to the 

total intensity. In fact, when the coefficients were 

initially set at 150mV, a fifth distribution of very long 

lifetimes which contributes to 4% of the intensity was 

indicated. Using the constant contribution method, the 

mean lifetimes of its four distributions do not change 

over a wavelength range of 4 60 to 5 20nm indicating that 

the fifth distribution here is an artifact. The appear-

ance then of this fifth distribution depicts the improper 

biasing of the longer lifetimes in this particular case 
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using this method. It is also worth noting that several 

of the longer lifetimes had coefficients less than 1% of 

the maximum coefficient. Had these been discarded during 

the analysis, information regarding the last distribution 

might have been lost. 

On the other hand, the results for the constant 

contribution method were identical for the two cases. 

This is a rather remarkable result in light of the com-

plexity of the system. The constant contribution method 

corresponds rather well to the constant coefficient method 

when the a(m)=50mV: the peaks for the third and fourth 

contributions correspond to the same lifetimes. The 

constant contribution method seems to delineate the last 

distribution better. 

In summary then, both methods seem to yield fairly 

consistent results. However, the best results are 

obtained when the initial guesses of the coefficients 

reflect the final values, and this, of course, means 

having some prior knowledge of the results. Several 

guidelines can be suggested, however, concerning the 

appropriateness of the two methods. The constant coef-

ficient method should work well over small ranges of 

lifetimes. In this way, the differences in the initial 

percentage contributions would not be so significant as to 

introduce a bias. Further, over short ranges, the assurp-

tion of constant coefficients would fairly well depict the 



30 

final results. On the other hand, for large ranges of 

lifetimes, the constant contribution method is recom-

mended. Then, the longer lifetimes are not improperly 

weighted. Generally, for the distributions which have 

been considered in this laboratory, the final coefficients 

are larger for the shorter lifetimes and decrease as the 

lifetime increases. For such cases, the constant contri-

bution method is well suited as the pattern of the initial 

coefficients more closely reflects the final pattern. 

Thus, for the types of distributions to be analyzed 

herein, the constant contribution method will be used for 

analysis. 

If distribution analysis is to provide information 

regarding true underlying physical phenomena, the analysis 

must be able to differentiate between discrete components 

and actual distributions. Preliminary work indicates that 

if the lower and upper lifetimes of a "distribution" are 

within a factor of two, then the "distribution" actually 

represents a discrete component. For instance, the 

exponential series method was applied to a mixture of 

popop and anthracene with the results shown in Figure 8 

(see Appendix). The two distributions extend from 0.75 to 

1.5ns for popop and 2.5 to 5ns for anthracene, respec-

tively. This factor of two spread is clearly evident for 

both components. The mean lifetimes of the distributions 

are 1.2 and 4.0ns.- This corresponds well to the known 
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lifetimes of 1.2 and 4.2ns for popop and anthracene, 

respectively. 



CHAPTER V 

APPLICATION TO BLOOD SERUM 

Blood serum is a complex system of organic molecules 

primarily found in the form of proteins. Thus, it was 

expected that applying the exponential series method to 

serum fluorescence would produce interesting underlying 

distributions. Furthermore, serum. fluorescence can inter-

fere with immunoassays involving fluorophores, so the 

time-resolved characterization of serum could prove useful 

in developing new fluoroimmunoassays. 

The first part of the investigation entailed applying 

the discrete and distribution models to serum fluorescence 

at various wavelengths. The blood serum utilized in the 

experiment was that contained in the Ames TDA test kit for 

amikacin. In a polystyrene cuvette, 7 0yl of the serum was 

mixed with 2.5ml of bicine buffer solution. The buffer 

solution was prepared according to the test kit instruc-

tions. Then, Iml of the diluted serum was transferred to 

a quartz cuvette for the fluorescence measurements. The 

time-resolved fluorescence was acquired at emission wave-

lengths of 435nm to 485nm in lOnm increments with an 

excitation wavelength of 3 88nm. The data used in the 

analysis were the result of signal-averaging 1024 pulses. 
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The discrete model was initially applied to the data 

to ascertain whether in fact the application of the dis-

tribution model would be appropriate. The discrete model 

produced a two-component fit. For each of the components, 

the average lifetime over all wavelengths was found, and 

then the lifetimes at each wavelength expressed as a 

percent of the average. The results for each of the 

components as well as for the weighted average (mean) 

lifetime are shown in Figure 9 (see Appendix). The 

average lifetime for the short component, designated Tl in 

the graph, was 0.8 25ns. The actual lifetimes for this 

component ranged from 81% to 113% of this average. The 

longer lifetime component had an average of 5.345ns with 

actual lifetimes ranging from 90% to 106% of this value. 

The variability of the lifetimes, particularly the shorter 

lifetime component, indicates more than two components or 

distributions underly the actual fluorescence. 

The exponential series method was, therefore, per-

formed on the same data with the results shown in Figure 

10 (see Appendix). The analysis was done using twenty 

exponentials with lifetimes ranging from 0.5ns to lOns in 

increments of 0.5ns. It is immediately apparent that the 

fluorescence is due to three components or distributions. 

There is insufficient information to say whether the first 

peak is a discrete component or a distribution. However, 

the second group of points begins at 1.5ns and terminates 
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around 4ns, and since this is a width greater than a 

factor of two, an actual distribution is indicated. The 

lifetimes of the last group of points, on the other hand, 

fall within a factor of two range; consequently, this 

reflects a discrete component. The weighted average life-

time for each distribution at each wavelength was deter-

mined using equation 4.10, and the average then taken with 

the following results: T = 0.5165+0.077ns, T = 2.5201 

0.236ns, and T^ = 7.678±0.446ns. 

The discrete model can be understood in terms of the 

distribution model. The shorter lifetime component of the 

discrete model represents a compromise between the first 

and second distributions while the longer lifetime compo-

nent represents a compromise between the second and third 

distributions. 

A corrected spectrum for each component or distribu-

tion was determined and is shown in Figure 11 (see 

Appendix). The intensities associated with the lifetimes 

comprising a single distribution at a given wavelength 

were summed to find the total intensity for that distri-

bution. The shorter lifetime component has no peak over 

the range of wavelengths; however, the 2.5ns and 7.7ns 

components have peaks at 4 45nm and 4 65nm, respectively. 

The total intensity for serum is also shown and exhibits a 

continual decline over the range of wavelengths. 
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The second part of the investigation involved using 

the exponential series method in conjunction with a 

fluorescence assay to determine the feasibility of devel-

oping a calibration curve when a background signal was 

significant. Since serum has a strong fluorescence which 

causes a high background signal, the sensitivity of the 

fluorescence assays is often adversely affected by the 

serum matrix [16]. - In fact, it is this high background 

which results in the detection limits of many probes in 

serum to be 5 0- to 100 0-times those where the probes are 

in a pure buffer. Also, the background can be affected by 

strong scattering; however, this effect can often be 

reduced through the proper choice of filters. Another 

potential problem is the absorption of the serum in the 

ultraviolet. (However, this is not a strong effect for 

excitation wavelengths above 320nm.) 

Of interest in this research are the competitive 

binding assays. These assays are a group of analytical 

methods used to determine unknown concentrations of an 

analyte (ligand) in samples. The procedure is based on 

the competition of a ligand with its labeled derivative 

for a limited number of available protein binding sites. 

A number of types of competitive-binding assays have been 

developed using radioisotopes, enzymes, and fluorophores 

as the markers to label the ligands. Before comparing 
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several of these assays, a more in-depth explanation of 

competitive-binding assays is presented. 

In the assay, unlabeled ligand is added to a mixture 

of labeled ligand and specific binding protein. Assuming 

all the labeled ligand L* is bound to antibody Ab several 

things occur when unlabeled ligand L is added. First, the 

unlabeled ligand competes with the labeled ligand for 

antibody-binding sites. Also, an excess of total ligand 

results. The following describes the reaction: 

L + Ab: L* ..;—̂  Ab: L + Ab:L* + L + L*. 

The amount of labeled ligand bound to antibody is then 

measured and plotted against the amount of unlabeled 

ligand added. If this procedure is repeated several times 

for various additions of unlabeled ligand, a dose-response 

curve may be generated. The assay may then be performed 

using an unknown concentration of unlabeled ligand, and 

through interpolation of the results on the dose-response 

or standard curve, an estimation of the concentration can 

be made. 

The fluorescence assays are all homogeneous assays 

capable of determining subnanomolar levels of ligand. All 

of these assays but one are capable of measuring both low 

and high molecular weight ligands. Of particular interest 

in this proiect is the substrate-labeled fluorescent 

immunoassay (SLFIA). This assay, specifically, has a 
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detection limit on the order of nanomolar concentrations 

of ligand, 

The SLFIA may be used for both low and high molecular 

weight ligands and incorporates a fluoregenic enzyme 

substrate label. The labeled ligand, of course, competes 

with the unlabeled ligand for a limited number of specific 

antibody binding sites. The labeled ligand which remains 

unbound t.o antibody is hydrolyzed by the addition of the 

enzyme to yield a fluorescent product. However, the 

antibody-bound labeled ligand is prevented from being 

hydrolyzed. Thus, the bound labeled ligand may be distin-

guished from the unbound labeled ligand without the need 

for separation steps. A representation of the assay is 

shown in Figure 12 (see Appendix). As the concentration 

of ligand in the sample increases, the amount of bound 

labeled ligand decreases, and fluorescence production 

increases. Consequently, the amount of fluorescence is 

proportional to the concentration of sample ligand. 

The substrate-labeled fluoroimmunoassay for amikacin 

was the particular assay used in this experiment. The 

Ames Division of Miles Laboratories produces a kit for 

this assay with all the necessary reagents. Five cali-

brators are provided which contain amikacin in normal 

human serum at concentrations of 0, 5, 15, 25, and 

40yg/ml. The general procedure is to first mix 50yl of a 

calibrator in 2.5ml of buffer solution. The 50yl of this 
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diluted calibrator is combined with 50yl of the antibody/ 

enzyme reagent (AER), 50yl of fluorogenic drug reagent 

(FDR), and 1.5ml of buffer solution. Thus, the serum is 

so diluted that there is no detectable serum fluorescence. 

The stated sensitivity under these conditions is 2yg/ml. 

Since in this experiment the feasibility of back-

ground rejection was under consideration, the procedure 

was modified to ensure the detectability of serum̂  fluores-

cence. Thus, 70yl of calibrator was mixed with 2.5ml of 

buffer solution. Then Iml of the diluted calibrator was 

combined with 28yl of AER and 28yl of FDR. This, of 

course, results in extremely different proportions than in 

the normal test run. The fluorescence from the five 

calibrators was then measured at an emission wavelength of 

4 55nm. 

The results from this experiment are shown in Figure 

13 (see Appendix). Once again, twenty exponentials were 

used with lifetimes ranging from 0.5ns to lOns in equal 

increments of 0.5ns. An interesting consequence of the 

addition of AER and FDR is that the third component 

disappears all together. Further, the intensity of the 

first component has decreased. 

A second test was performed where an additional 20yl 

of FDR was added to each cuvette. The results are shown 

in Figure 14 (see Appendix). Here, the first component as 
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well as the third component has disappeared. The analysis 

was initially performed using twenty exponentials; how-

ever, because the short component no longer existed, some 

of the data sets did not properly converge. Therefore, 

the final analysis was based on eleven exponentials over 

the range 1 to 6ns in increments of 0.5ns. It is unclear 

what mechanisms are involved in the elimination of fluo-

rescence from the first and third components. 

The data were utilized to investigate the feasibility 

of developing calibration curves. It was suspected 

initially, since the fluorescence from. the assay is due to 

coumarin, that a curve might be developed from the inten-

sity corresponding to the lifetime of 3ns. However, there 

is no definite pattern with increasing concentration. 

This is not surprising since serum has a distribution 

around this lifetime. If changes took place for the other 

two distributions, then probably changes are occurring for 

this distribution as well. However, these changes would 

not be discernible, and the intensity at 3ns would not 

necessarily be linear with changes in amikacin concentra-

tion. 

An attempt at constructing a calibration curve was 

made by summing the intensities of each of the lifetimes 

in the second distribution to get the total intensity for 

that distribution and then plotting that against the 

amikacin concentration. These curves are depicted in 
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Figure 15 (see Appendix). It appears that saturation is 

reached for low amikacin concentrations probably due to 

the manipulation of the reagent proportions. Also, it 

might be noted that the addition of FDR resulted in an 

overall increase in intensity as would be expected. 

Finally, lifetimes were examined which in general 

have no fluorescence due to serum. For instance, from 

Figure 10 (see Appendix), the serum exhibited no fluores-

cence at 1 and 1.5ns and 5 to 6ns. By examining Figure 13 

(see Appendix), it was found that at 1.5ns, the intensity 

for 0, 5, and 15yg/ml formed a perfectly straight line 

with a slope of 0.12 units/yg/ml. A similar result was 

found for the case where FDR was added, Figure 14 (see 

Appendix). For this case, the intensities corresponding 

to the 1.5ns lifetime were plotted against concentration. 

The intensities for 0, 5, 15, and 25yg/ml fell along a 

straight line. Thus, a linear regression was performed on 

these four points. Figure 16 (see Appendix) displays the 

fitted line. The slope is 0.38 units/yg/ml with a y-

intercept of 3.65 units. To determine the sensitivity, 

the standard deviation for the intensity was first calcu-

lated. The concentration was then found which would have 

an intensity equal to the y-intercept plus two standard 

deviations in the intensity measurements. This concentra-

tion, 1.37yg/ml or 2.35 ymol/L, then corresponds to the 

sensitivity at a 95% confidence level. This is comparable 
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to the stated sensitivity for the assay of 2yg/ml over the 

range of 0 to 40yg/ml. Therefore, by employing the 

exponential series method, background rejection was 

achieved and a calibration curve was developed with a 

sensitivity comparable to that when no background was 

present. 



CHAPTER VI 

CONCLUSION 

The exponential series method of data reduction and 

fluorescence analysis promises to be a useful technique in 

determining the underlying physical phenomena of complex 

systems. However, because of the newness of the method, 

much work remains to be done in both the areas of imple-

mentation and interpretation. This project has uncovered 

a number of opportunities for further research. 

The major thrust of research at this time should 

focus on the implementation of the method. Three types of 

investigations are needed to gain understanding and con-

fidence in the method. First, further experimentation is 

needed to develop standards for applicability of the 

constant coefficient and constant contribution methods of 

inputting the initial preexponential coefficients. As was 

seen for the polymer probe, the choice of method can 

affect the results in such a way that different qualita-

tive interpretations can be deduced. 

Second, the discarding of exponentials based on the 

relative values of the preexponential coefficients should 

be evaluated against discarding terms based on the rela-

tive values of the percentage contributions. Although the 
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choice of criteria would have little or no effect on the 

shorter lifetime distributions, the effect could be signi-

ficant for longer lifetime distributions where small pre-

exponential coefficients can represent a non-negligible 

contribution to the total intensity. In such cases, the 

choice could result in losing important interpretative 

information. 

Third, the effect of unequal increments between 

lifetimes and the size of the increments on the dis-

crimination of the distributions should be investigated. 

Work has begun in the laboratory in this particular area. 

As might be expected, smaller spacings between the life-

times of a distribution result in a narrower width of the 

distribution. However, it would seem that there might be 

some lower limitation to the spacing between decay times. 

The applications of this method are just beginning to 

be explored. In this laboratory, the study of polymers by 

fluorescent probes has been greatly enhanced by using the 

exponential series method. Also, the characterization of 

coal macerals using this data analysis technique is being 

examined. This project has indicated the possibility of 

background rejection and calibration curve construction 

for even a complex system. This could have important 

implications in the field of clinical chemistry. Thus, a 

glimpse at only a few applications indicates already the 

potential usefulness of the technique. 
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Figure 6. Distribution analysis of anthracene. CC 
and CP in the graph denote the constant 
coefficient and constant contribution 
methods, respectively. The numbers 
following the designated method are the 
initial guesses for the preexponential 
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Figure 7. Distribution analysis of a molecular rotor 
in a polymer. Each peak designates an 
underlying distribution. The molecular 
rotor was p-N, N-dialkylaminobenzylide 
malononitrile, and the polymer was poly-
methyl methacrylate. Refer to Figure 6 
for description of legend. 
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Figure 8 Distribution analysis of a mixture of 
popop and anthracene. A factor of two 
between the lower and upper lifetimes of 
each distribution indicates that the 
distributions represent discrete 
fluorophores. 
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Figure 9. Blood serum lifetimes as a percentage of 
the averages (Tl, T2, and T ) over the 
wavelength range of 435 to ?85nm. A two-
exponential fit was used as the model. 
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Figure 10. Distribution analysis of human blood 
serum over the wavelength range of 435 to 
485nm. Three distributions are evident 
as determined by the number of peaks. 
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Figure 11. Spectra of underlying distributions of 
human serum. (a) The total intensity. 
(b) Intensity of the three distributions. 
Tl, T2, and T3 are the mean lifetimes of 
the distributions. 
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Figure 12 Fundamentals of substrate-labelec 
fluorescent immunoassay. 
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Figure 13. Distribution analysis of a modified SLFIA 
for amikacin. The concentrations were 
adiusted to ensure serum fluorescence. 
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Figure 14. Distribution analysis of SLFIA for 
amikacin with 20pL of FDR added to 
samples of Figure 13. 
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Figure 15. Intensity as a function of concentration 
for the modified SLFIAs. 
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Figure 16. Cal ibration curve for amikacin. 
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