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INTRODUCTION

Over the last decades fluorescence has become one of the major
technologies for studying biological systems [1,2]. Its main advantages are: the
outstanding sensitivity (it can measure a single molecule of a biological
substance), very high temporal resolution (down to a few picoseconds), high
spatial resolution (recently reaching below 100 nm), fast and easy detection of
biological molecules, and a relatively low cost as compared to other technologies,
for example, nuclear magnetic resonance (NMR) or mass spectrometry (MS) [3,4].
There are two important features that make fluorescence applications very
advantageous [5]. Fluorescent molecules absorb light of a certain energy
(wavelength) and emit light of a different (lower) energy (and longer wavelength).
This difference between the absorbed and the emitted energy/wavelength is
called Stoke’s shift, and it allows a simple rejection of the excitation light
background, dramatically increasing the detection sensitivity. Also, the emission
event is independent from the absorption event, and is separated in time. This
time separation when a molecule is in an excited state is called fluorescence
lifetime [6,7]. The fluorescence lifetimes for different molecules may range from a

few picoseconds to tens of nanoseconds. During this time molecules interact with



the environment surrounding them and reorient themselves, and the emitted
fluorescence photons bring in the information about these processes [8,9,10]. The
ability of fluorescence to bring in the information about the surroundings and
dynamics of the system makes the measurements of fluorescence energy and
fluorescence lifetimes a very powerful technology with many applications in
chemistry, biology, and medical diagnostics [11, 12]. Another important benefit of
fluorescence lifetime measurements is the fact that this technique fits to a
microscopy allowing the observation of cellular and subcellular processes [13,
14,15]. Since a typical low intensity visible infrared and near-infrared (NIR) light is
harmless for biological systems it is possible to monitor biological processes in-

vivo for a long time [16,17,18, 19].

Very few naturally occurring molecules are fluorescent [20]. The most
known natural fluorescent molecules are Tryptophan and Tyrosine. They belong
to a group of natural amino acids that absorb and emit in the UV spectral range.
Due to this property, Tryptophan and Tyrosine amino acids are widely used but
only for in-vitro and in-vivo protein studies [21, 22]. In the last 30 years a new
group of naturally fluorescent proteins has emerged. Green Fluorescent Protein
(GFP), a highly fluorescent visible range (green) protein, was first isolated from

Aequorea victoria [23]. In the last 15 years the field of fluorescent proteins has
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virtually exploded with numerous new fluorescent proteins ranging from blue to
red. This brought in many biological applications that have been driving new
biophysical and medical discoveries. The incredible range of biological
applications of GFP and fluorescence techniques was recognized in 2008 with the

award of a Noble Prize in chemistry.

Since the number of naturally occurring fluorescent molecules is rather
limited, the development of various artificial fluorescent substances called dyes is
a main focus of probe chemistry. Availability of the fluorescent dyes/probes is still
a limiting step for many practical uses and applications of fluorescence.
Biomedical diagnostics and fluorescence-based sensing has recently become the
main incentive for probe development [20]. The possibility of detecting extremely
low concentrations of analytes (samples of interest) in the amount of femtomoles
and smaller, in a very small volume (femtoliters) opens the road for many new
biophysical applications. One of the most prominent applications of the
fluorescence techniques is genomics (DNA sequencing) where fluorescence
detection plays a fundamental role. Genomic projects and broad biomedical
applications of fluorescence have been stimulating probe development for over

25 years [21,22].



In the last 15 years we have also been witnessing the emergence of
fluorescence applications to living cells. Increasing availability of fluorescent
probes and fluorescent proteins opens new ways for studying molecular

processes on a cellular level [21, 22].

To investigate specific molecular/cellular processes we have to
select/develop adequate dyes and a fluorescence technology that most accurately
detects the process we want to observe. For example, to study pH distribution
inside a cell one would search for dyes that are water soluble and whose
fluorescence signals are sensitive to the pH concentrations within the
physiological pH range. In order to study membrane processes one would look for

probes that will penetrate into a non-polar lipid environment [24].

One physiological process that has recently become an object of scientific
studies is mucus secretion and expansion [25]. Physiologically mucus is the first-
line of defence against the barrage of irritants inhaled into the lungs during
breathing [26, 27]. Mucus forms a thin film of viscoelastic gel on the surface of the
airways that protect the epithelial cells by entrapping foreign bodies, i.e. debris,
bacteria, and viruses, and clearing them from the airway by ciliary movement, a

process termed mucociliary clearance [28, 29, 30]. In some diseases, such as cystic



fibrosis (CF), asthma, and chronic obstructive pulmonary disease (COPD),
excessive production of mucus (hypersecretion), as well as changes in its
viscoelastic properties results in the accumulation of thick, sticky mucus in the
lungs, effectively impairing the mucociliary clearance process. This leads to
difficulty in breathing, morbidity, and in severe cases, mortality [31,32]. Mucus gel
is comprised of 1% to 2% of mucin glycoproteins that are secreted by specialized
cells. Mucus gel consists of polyanionic macromolecules that are stored in
cytoplasmic granules in a highly condensed state. Upon stimulation they are
rapidly secreted, in tens of a millisecond, by the exocytotic process and undergo

enormous, several-hundred-fold swelling/expansion [33].

Mucus is a colorless substance, and any microscope-based approach will
suffer from the lack of sufficient color contrast necessary for the visual scrutiny of
the substance. Because of this in-vivo studies of mucus release are limited, and
we still lack a basic understanding of this process. Detecting, studying, and
understanding the regulatory mechanisms of mucus swelling will play a
fundamental role in the development of the cure for Cystic Fibrosis and

prevention of many respiratory diseases [32,33].



We have recently reported an interesting observation [34, 35] of Acridine
Orange (AO) dye that accumulates in high concentrations in cellular vesicles.
When it is released, the expansion of mucus results in significant dilution of AO. In
high concentrations AO forms aggregates that have spectroscopic properties very
different from those of the monomeric form. A change in the aggregate-monomer
equilibrium reflects the mucus dilution process and can be monitored by
fluorescence. At this stage, two AO effects are observed. One is a change of AO in
color — aggregates have a longer emission wavelength centered at about 640 nm
(red color) as opposed to the emission of monomers that is centered at about 530
nm (green/yellow color). The second is a dramatic change in AO’s fluorescence
lifetime. Monomers of AO (diluted form) have a fluorescence lifetime of about 1.7
ns while the aggregates have a fluorescence lifetime of about 20 ns. Such a
dramatic difference in the fluorescence lifetimes offers an excellent opportunity

for the Fluorescence Lifetime Imaging Microscopy (FLIM).

FLIM measurements are considered to be the most sensitive and the most
suitable for cellular imaging. Unfortunately, the emission intensity of AO
aggregates is relatively weak (about 5-10 fold weaker than those from the
monomers) [34], and even the small fraction of monomers, while emitting their

signal, quickly overwhelms the aggregates’ signal. Thus, detecting a small fraction
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of AO aggregates in a quickly expanding mucus becomes a significant technical

challenge.

In this work we are presenting a new approach to the time-resolved
measurements that allow a significant increase in sensitivity to the AO aggregates
signal while detecting small fractions of long-lived species (in our case the
aggregates mentioned above). By applying a newly developed multi-pulse
excitation approach we can increase the contribution of the long-lived
fluorescence species to the emission. This way we can significantly increase the
detection sensitivity to the long-lived AO aggregates that will allow the
monitoring of mucus expansion for a much longer period of time (for the much

smaller concentrations of aggregates diluted in mucus).



BACKGROUND

Motivation

Lung mucus has a number of functions in the human airways, including its
central role in trapping and clearing bacteria and external agents. Malfunction in
the mucus swelling processes causes thick, sticky mucus accumulation on the
epithelial tissue of the lungs. This type of mucosal defect is a symptom of chronic
obstructive pulmonary disease (COPD) and cystic fibrosis (CF). Mechanisms of
mucus release and swelling have recently been a focus of multiple experiments
performed to understand the causes of the process malfunction that typically
leads to thick and viscos mucus. Malfunctions in the swelling process have
recently been implicated in disease conditions, such as cystic fibrosis (CF), asthma,
and chronic obstructive pulmonary disease (COPD), where the excessive
production of mucus (hypersecretion) and changes in its biophysical properties
(viscoelasticity) result in accumulation of thick, sticky mucus in the lungs,
effectively impairing the mucociliary clearance process. This in turn leads to
infections, difficulty in breathing, morbidity, and in severe cases, mortality

[32,33,35].



There are a number of studies that have been done in the last few decades
with the goal of revealing the structure and the properties of mucus. Phenomena
of mucus formation can be viewed from different angles. Improper functionality
of mucus secretion due to swelling of a system can cause severe symptoms that
affect normal functionality of lungs as mentioned before. The matrix of gels forms
a supramolecular network with properties that cannot be understood solely on
the basics of the properties of the molecules that make it. Polymers interact with
each other when they lie close in the matrix. One of the oldest and the most
important questions is whether mucin is a chemical gel, where branched
polymers interact with each other by the covalent S:S bond, or whether it is a
physical gel where polymers interact due to low energy electrostatic and
hydrophobic bonds and mechanical tangles. Both of these points of view can turn

out to be correct.

Mucus is not only present as a defensive mechanism in the lungs, but it
resides in the gastrointestinal tract as well. Gastrointestinal mucus is more
condensed and has different rheological properties than lung mucus; it is thicker
and denser. This fact can be related to different topology of the mucus gel.
Rheological properties of chemical gels depend on the degree of the covalent

cross-links between polymer chains, so defective s - s bonding can be a source of
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mucus malfunction. On the other hand, rheological properties of physical gels
depend on the degree of swelling (number of tangles per unit volume) of the
mucus. Tangles are formed as a result of physical interaction between mucins. In
this case, improper swelling would cause the mucus pathology. Since mucus stays
in the condensed state in the granules and then is released into the intracellular
space, swelling is a necessary stage in mucus layer formation on the epithelial

cells [31, 32, 33].

Since there is no chemical bonding between the proteins and the
interaction of the mucins depends on tangles. If a mucus gel matrix is tangled, it
will quickly relax to the equilibrium, so its swelling will depend on the volume of
water available in the system (or on any other solvent). Rheological properties of
the tangled-matrix gels depend on the tangles density, and interchain tangles
decrease exponentially when the mucus volume grows, small changes in swelling
equilibrium result in large changes in mucus rheology and improper swelling

becomes a main cause of the pathology.

On the other hand, epithelial tissue of the lung cells also contains cilia that
are beating and thus facilitating mucus clearance. The system of the epithelial

tissue consists of two components: mucus that traps viruses, bacteria, dust
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particles and toxicants and a periciliary layer (PCL) that provides the clearance of
the mucus out of the lungs. The periciliar layer consists of the beating cilia and a
certain environment that provides a possibility for the cilia beating and lubrication
of the cell-surface layer. Modern models that describe the process of the cilia
beating and mucus clearance assume that the PCL consists of the environment
that ensures the cilia beating and provides the cilia themselves that participate in
this process. The environment for the proper cilia movement has to be non-
viscous to provide proper beating of the cilia and the mucus clearance as the
result of this process. On the other hand, mucus lying on the top of the cilia
should not penetrate into the periciliar layer as demonstrated in the experiment

recently published in [36].
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Figure 1. Gel on liquid model for the beating cilia in human lungs with

demonstration of the experiment with albumin particles

For a long time a gel-on-liquid model was accepted. It considered a low-
viscosity liquid layer, which facilitates the efficient ciliary beating [36,37,38].
Experiments with beating cilia and immobile cilia have demonstrated that a gel-
on-liquid model is not quite correct and a gel-on-brush model of the airway
surface was introduced. This model better explains the mucus clearance process.
In an experiment the cilia were immobilized artificially with the purpose of
stopping mucus clearance. Two types of particles with different sizes were used in
this experiment. The smaller albumin particles of 6nm size were able to penetrate

the PCL layer, but the bigger polysterine particles of 40 nm size were not able to
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penetrate this layer. As a result it was possible to see that in case of the immobile
cilia mucus accumulates on the airway surface and clearance is constrained. The
high viscosity of mucus that prevents cilia from beating can cause mucus
clearance malfunction. As was discussed before, mucus layer formation is a result
of the swelling/expansion of mucus after it has been released from the epithelial
cells leading to the formation of a uniform protection layer. The structure of lung
mucus proteins has been studied with crystallography and/or transmission
electron microscopy (TEM). But these technologies only show static information
and cannot reveal dynamics of the release and swelling process. In order to study
the kinetics of the exocytotic release process and mucus expansion into a uniform
epithelial layer it is necessary to have an appropriate probe and technology that
is capable of monitoring the quickly expanding mucin protein. This expansion
process is very fast and lasts milliseconds, during which the protein increases its

volume few hundred times.

Recently it was observed that AO could gather in high concentration in
cellular vesicles that have lower pH [34]. Interestingly, this concentration is
sufficient to form AO aggregates that present red long-lived emission. Our
fluorescence confocal microscopy studies clearly indicate presence of AO

aggregates [36]. We also observed that when vesicles release their contents into
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the extracellular space, mucus expands significantly and quickly dilutes the
accumulated AO. Since the aggregate-monomer equilibrium is a very fast process
(occurring within microseconds) the volume increase and the AO dilution will be
reflected in the relative fractions of monomers and aggregates. Since the
emission wavelength and fluorescence lifetimes of the AO-aggregates are very
different from those of the AO-monomers, by measuring fluorescence lifetimes at
different observation wavelengths (530 nm monomers and 640 nm aggregates)
we can obtain very precise information on the aggregate/monomer ratio (relative
contribution) that accurately reflects the AO dilution. By applying time-resolved
Total Internal Reflection Fluorescence (TIRF) microscopy we will be able to
guantitatively monitor the mucus release process on the cellular level and explore

mucus formation pathology.

For the last couple of years we have been studying AO properties in the
view of its potential application to the mucus expansion processes. My Master’s
thesis presents results characterizing Acridine Orange as a fluorescent probe to
study cellular processes. These included the basic spectroscopic properties, molar
extinction coefficient, quantum yield, and absorption and emission spectra. These
recently published results [36] have demonstrated the potential of AO and that it

can be used to study the lung mucus exocytotic and expansion processes.
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Preliminary results presented by us [34,35,36] have indicated that after the initial
granules release the concentration of AO and fraction of aggregates drops very

quickly making precise quantitative detection of the aggregates very difficult.

The emission of aggregates is about 640 nm, it is shifted toward the red and
its fluorescence lifetime is over 10 times longer than the lifetime of monomers.
But the brightness of the AO aggregates is over 20 times lower than the
brightness of the monomers (the quantum vyield of the aggregates is about 10
times lower than for monomers and the extinction coefficient is more than 2
times lower than for monomers) and detecting small fractions of the AO
aggregates can be a significant challenge. We were looking for an approach that
would allow exposing a long-lived emission with the background of a short
emission. One existing approach to solve this problem is time-gated detection.
The idea for time-gated detection was developed over 20 years ago and has being
used very successfully in cellular and tissue imaging for background and scattering
elimination. The concept is to start the detection a fixed time after the excitation
pulse (Figure 2). Scattering and fluorescence intensities for species with short
fluorescence lifetimes decay quickly while the intensity of the long-lived species

decays much more slowyl. Detection started a short time after the pulsed
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excitation will detect a higher relative fraction of the long component of the

spectrum.
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Figure 2. Schematics of gated detection
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The drawback of such an approach is that by delaying the signal we are sacrificing
a significant portion of the useful emission intensity. In fact, all photons before
the gate start time are lost. This is not a problem if one can easily increase the

initial signal to compensate for the loss.

We can significantly increase the signal of the long lived component by
using a multiple pulse excitation approach. The concept was originally tested with
the long lived Ruthenium probe (Rubpy) that has a fluorescence lifetime of 350
ns. We demonstrated [39] that using 40 pulses 80 MHz increase the initial
intensity of Ruthenium more than 20 times as compared to a single pulse
excitation. While at the same time the signal from the short lived fluorescein

background (about 4 ns fluorescence lifetime) does not change at all.

Our initial simulations indicate that we can achieve significant
enhancement (pumping) of species with the 20 ns lifetime, but the required
repetition needs to be over 300 MHz. The typical repetition of the excitation laser
diodes and lasers are 80 MHz and lower. There are no easily obtainable excitation
sources that can produce pulses with a frequency over 100 MHz. Currently we are
searching for an approach that will allow increasing the repetition rate to a

desirable range. Herein we are presenting a simple approach that allows
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generating a burst of pulses with an internal repetition rate much over 100 MHz.
We demonstrate that for our AO system with a lifetime of 20 ns (for aggregates)
and 1.8 ns (for monomers) using ~ 300 MHz repetition rate in the burst we can
significantly increase the initial signal of long lived aggregates that in turn will

allow detection of significantly higher dilutions.
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Figure 3. Molecular structure of Acridine Orange

Acridine Orange (AO) is a well-known DNA intercalator [40,41,42] and has
been used for DNA studies for over 20 years. Intercalation is the reversible
inclusion of a molecule between two other molecules (DNA base in this case).
Intercalation can be monitored by fluorescence emission. At low concentrations,
(starting at 200nM) AO spectra are similar to those of fluorescein, an organic
fluorescence dye. It has an absorption maximum around 494 nm and an emission
wavelength of 525 nm. When AO binds to DNA or RNA, the emission properties

change significantly and the emission peak will shift to 640 nm.

Acridine Orange (AO) is a fluorescent dye that also accumulates in the
cellular vesicles that have lower pH (5.5). At high concentration (105mM) it forms
aggregates and at the lower concentrations (200nM and below) mostly
monomeric form is present. AO as shown in Figure 3 has molecular weight of

265.35 g/mol.
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Acridine Orange can
accumulate in
cellular vesicles

Figure 4. Accumulation of the high concentration of AO in the Calu3 cell

mucosal granule

Fraction of dimers and monomers in the solution changes with the
decrease of the concentration. Emission properties of dimers and monomers are
different as are their lifetimes. This fact allows us to detect and monitor mucus
granule release and the mucus expansion process with the help of Acridine
Orange. Mucus mostly consists of mucins, glycoproteins that are densely packed
in the granulas. During the excocytotic process packed mucins are released into
the extracellular space and unfold, forming a uniform layer on the surface of the
epithelial cells. When mucins unfold, they increase their volume by a factor of a
few hundred. Acridine Orange, which is released together with mucins will occupy
the same volume and decrease its concentration by a factor of a few hundred.
Such concentration changes can be monitored by measuring changes in the

fluorescent properties of Acridine Orange [34].
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Fluorescence Emission

Fluorescent molecules have complex electronic structures. Molecules which
are excited as a result of the absorption of photons tend to return to the ground
state. Processes that take place between the absorption and emission of a photon

are described below on the Perrin — Jablonski diagram:

Fs
S;

Sy ground electronic state

Internal
conversion

PN S, first excited electronic state
I _ S, second excited electronic state
S i % _____ vibrational level
Absorption| Fluorescence — electronic level
FLRE) 1tHs

Radialion
less decay
1¢7%s

So

Figure 5. Perrin - Jablonski diagram

The electronic states on the diagram are marked as: S, — ground state, S; —
first excited state, and S, — second excited state respectively. The excited molecule
can also exist in a number of vibrational states, which are transient and are shown

on the diagram using dashed lines. Vertical straight lines describe processes that
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promote radiative absorption or emission of a photon. Deactivation of the excited
state can be radiative as well as nonradiative, so emission of a photon is not a
necessary condition for a molecule to return to the ground state. Internal
conversion takes place when a molecule relaxes from some vibrational level of S;
or S, to the lowest excited vibrational level S;. Rate of this process is

approximately 10™%s™.

Excited fluorescent molecules return to the ground state as a result of the
emission process. Emission takes place from the lowest excited level S; Molecules
return directly to the ground state S, or one of its vibrational levels. Kasha’s rule
states that fluorescence emission spectra do not depend on the excitation
wavelength, which follows from the description above. Excited fluorescent
molecules emit photons at longer wavelength than the excitation wavelength.
This phenomenon occurs because some energy is lost while the molecule is in the
excited state and then the energy of the emitted photon is lower than the energy
of the absorbed photon. The concept for a Stoke’s shift is shown in Figure 6
[43,44]. Stokes shift is the difference between absorption and emission bands’

maximum values. It demonstrates energy loss of the emitted photon.
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Figure 6. Stoke’s shift that can be observed between absorption and emission
measurements

23



Fluorescence Lifetime

An important characteristic of fluorescence is a significant finite time
between the excitation process and the emission process called fluorescence
lifetime. As mentioned before, the rates for deactivation of the excited singlet
state are providing lifetimes that are typically on the order of nanoseconds.
Importantly deactivation of the excited state is a statistical process and
fluorescence lifetime represents the average time a molecule spends in the
excited state. The fluorescence lifetime contains information about the molecule
(a fluorophore) and is independent from many factors such as excitation
wavelength, excitation power, and to a large extent, molecular concentration.
Because of that it might provide important information about the molecular
system. For example, multi-exponential decay can supply information about the
intermolecular interaction of a fluorophore with a solvent or various complex
formations. Macromolecules often can exist in different conformations, and
multi- exponential decays of a fluorophore can give information about the
number of conformational states. The fluorescence lifetime can be expressed

through deactivation rates as:
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The lifetime = describes an average time that molecules spend in the excited
state. If we assume that initially Ny=N(t,) molecules were excited by an infinitely
short pulse of light, then the number of molecules in the excited state can be
described as a function of time by the following rate equation, where I'is their

radiative decay rate and k,, is the nonradiative decay rate:

T kN

The solution of equation (2) describes the evolution (decay) of excited molecule
populations in the absence of illumination and represents fluorescence intensity

decay, which for a single exponential is:

t
N(t) — Noeft(l—urknr) — Noe T (3)
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Intensity decay is a statistical process, and molecules in an excited state can be
found after times longer that the fluorescence lifetime, t. The decay can also be
multi-exponential in cases of complex structure of a molecule or simply because

different types of molecules are present in the mixture.

t

N(t) = Z NOie_t(Hknr)I = Z NOie_;

Due to the high sensitivity of fluorescence lifetimes to the environment
surrounding a fluorophore, fluorescence lifetime measurements have many

practical applications, especially in biology [45,46].
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Fluorescence Lifetime Measurements

Lifetime measurements require more advanced instrumentation than
emission spectra measurements, as well as more complex software for collecting
and analyzing data. The most popular types of fluorescence lifetime
measurements are time domain, frequency domain, and streak camera
measurements [46]. Herein | will only describe time domain measurements. [46,

47]

A sample is excited by an infinitely sharp pulse, which is considered to be a
0 — function. As a result, an initial excited state population is created (Figure 7).
The number of excited molecules at subsequent times can be described by the

exponential model described by equation (4).
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Figure 7. Simulation of fluorescence intensity decay

Since the experimentally available pulses are not infinitely short the
analysis of intensity decay data is a complex procedure that involves

deconvolution of the excitation pulse, instrument response and experimental

model to the assumed decay.

Fluorescence lifetime measurements are typically performed in the same
geometrical configuration as steady state measurements. A light beam is directed
onto the sample at 90° to the detector to prevent excitation light leaking into it.
An emission monochromator or a narrow bandpass filter is used for selection of

the observation wavelength. An excitation monochromator or filters can also be
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used if the excitation source is a flashlamp or a multiwavelength pulsed light
source, for instance, the super-continuum laser. Our laboratory is equipped with
PicoQuant FT300, a fluorescence time-resolved spectrometer, based on Time

Correlated Single Photon Counting (TCSPC) technique [47].
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Time Correlated Single Photon Counting

Most modern time domain system measurements utilize the time-
correlated single photon counting technique. | will outline the basic principles of

TCSPC and describe various instrumentations used.
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Figure 8. Time Correlated Single Photon Counting instrumental scheme

A sample is excited with a pulsed light source with constant repetition rate.
The repetition rate is the frequency of the pulsing laser. The detection process is

started with an excitation pulse that excites the sample and activates the
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electronics (Figure 8). The CFD, constant fraction discriminator, determines the
time of the laser pulse arrival very precisely [47]. Start and stop pulses can have
amplitude jitter that may cause time jitter in the order of the pulse’s rise time.
CFD’s electronics are designed to eliminate these effects and determine accurate
arrival time of the pulse. CFD also eliminates all possible background pulses
produced in the detector, leaving only the signal. Then the TAC, time to amplitude
converter, generates a voltage ramp that is stopped by another signal from the

CFD, which is generated after the photon has arrived.
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Figure 9. Distribution of the detected photons across the time channels

As a result, the TAC contains voltage that is proportional to the time
between the initial and the detected pulse. The transformed TAC signal is stored
in the address of the memory corresponding to the appropriate delay time. If no
photon arrives, the cycle starts again with a new laser pulse. The time distribution
of photon probability is displayed in the top part of Figure 9. Intensity of light is
considered to be low enough so that the probability of detecting two or more
photons in one signal period is negligibly small. The signal period is the time

between exciting pulses. The detection rate usually varies from 0.1 to 0.01
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photons per signal period. Higher detection rates cause shortening of the
lifetimes since only the very first channel detects photons, and measurements will
not provide the correct lifetime. Time scale is divided by the number of detector
channels. When the measurement is completed, distribution of photons across

the detector channels (bottom of Figure 9) is generated. [46,47,48].
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time

When the excitation pulse cannot be approximated by a delta function, the
effect of signal broadening by the finite width of the pulse must be considered.
Measured intensity decay is convoluted with the excitation source function, a

“lamp function”. It is so called because it is impossible to measure the impulse
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response function directly. Most instruments have a response function
approximately 0.05 — 2 ns broad. The excitation pulse can be interpreted as a
series of 5 - functions with different intensities (Figure 10). Each particular ¢ -
function of the pulse excites an impulse response from the sample proportionally
to its height. The intensity is proportional to the number of molecules in the

excited state. Mathematically it can be expressed as:

| 2U0(t) = tj L()1 (t, —t)dt ®)

where L(t) is the lamp function. The term (t; — t) appears here because impulse
response is started at t = t; and there are no molecules in the excited states before

the excitation (t; < t). For convenience, equation (5) can be rewritten as [43,44]:

1oy = [ L(t, —t)1,eedl
l (6)

The measured signal is a convolution of the lamp function and the real intensity
decay. The real intensity decay loe'tﬁ is obtained after deconvolution. Intensity
decay represents the distribution of the photons’ arrival time. An exponential
function is typically used to fit obtained data. The total goodness of fit ( °) is

expressed as a sum of corresponding variables:
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i=1

Where N° is the number of counts in a time channel, N’ is corresponding value

of the fitting function. Standard deviation (7, ) is considered to be proportional to

the square root of the number of counts in a channel:

;NN | (8)
Z{ N () }

i=1

7> depends on the number of data points, so it is not the best way to judge
goodness of the fit. Most fitting software use reduced chi squared ( x3), which
represents standard weighted least squares for the set of experimental data

points and is represented by:

36



2:1m _2:1m Nob(ti)_Ncal(ti) 2
1= L nzi IN (1) }

(9)

where n is the number of data points minus the number of fitting parameters,
and m is the number of data points. Usually chi squared number around 1
represents a good fit, and the lifetimes obtained from particular experiment are

considered to be reliable. [48,49,50]
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EXPERIMENTAL RESULTS

Absorption

Measurements of AO absorption at low concentrations were done using
standard cuvettes of various thicknesses (5 cm, 1 cm and 0.5 mm). As was
presented in my Master’s thesis [34], absorption measurements were performed
in standard cuvettes of different thicknesses. For high concentrations (more than
0.6M) “sandwiches” made of Menzel-Glaser (Gerhard Menzel GmbH,

Braunschweig, Germany) microscopy slides were used.

Figure 11. “Sandwich” prepared with Menzel-Glaser and markers

Sandwiches were prepared with markers for biological slides. For the
highest concentrations close to the solubility limit (105 mM), the samples were

squeezed without markers to limit the layer thickness to 1 — 2 microns. We have
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to stress that with such samples, slide deformation by surface tension often
resulted in non-uniform layers, making control of actual thickness difficult. The
normalized absorption spectra for various concentrations (10 M to 105 mM) are

presented in Figure 12.
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Figure 12. Absorption Spectra of Acridine Orange

Low concentrations of AO have absorption maximum around 494nm as was
reported before [34]. Starting at 0.1 mM concentration, a short wavelength bump
appears and it starts complete domination around 450 nm at concentration of
1mM and higher. Thus, excitation wavelength of excited monomers and dimers

depends on the relative fraction.
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Figure 13. Ratio of absorption spectra for highest and lowest

concentrations

Figure 13 represents ratio of absorption spectra of aggregates to
monomers, which reveals a maximum at 435 nm and a minimum at 494 nm. It
can be concluded that 435 nm excitation preferentially excites aggregates, while

494 nm excites monomers.
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Emission

Low concentrations of Acridine Orange where monomers dominate can be
measured in the square geometry with the help of standard cuvettes. For
concentrations above 3 mM due to high absorption, a front-face configuration
[34,51] must be used. Normalized emission spectra of AO at concentrations
ranging from 10 nM to 100 mM in water excited at 494 nm and 435 nm are shown

in Figure 14 and Figure 15 respectively.
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Figure 14. Normalized emission spectra of Acridine Orange with 435 nm

excitation wavelength

Monomeric form is present at low concentrations and emits preferentially
at 525 nm, while highest concentrations that contain mostly aggregates emit
around 640 nm. The quantum yield measurements of the monomeric form were
performed with the use of fluorescein (pH 9) as a reference dye, because it has

emission maximum at around the same wavelength as monomeric form of the
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AO. Quantum yield was calculated to be 0.155 + 0.003. Detailed description of a

guantum yield measurements can be found in my Master’s thesis.

Normalized Intensity
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Figure 15. Normalized emission spectra of Acridine Orange with 494 nm

excitation wavelength

Quantum vyield of aggregates with concentration of 100mM was measured
against a high concentration of Ruthenium dissolved in water as a reference dye.

It was found to be 0.015 + 0.002. Emission spectra of the highest concentration of
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AO as well as lowest concentration do not depend on the excitation wavelength;
this certifies that at low or high concentrations only a single fluorescent specie is
present in the solution. The emission spectra of intermediate concentrations
which contain both forms of AO is strongly dependent on the excitation
wavelength, since it contains both forms of AO. As predicted from absorption
spectra shown in Figure 13, excitation at 435 nm preferentially excites the
aggregated form while 494 nm preferentially excites the monomeric form. These
excitation wavelength can be obtained from the ratio of absorption spectra of
aggregates and monomers (very high and very low concentrations of the AO). As
an example of this, emission spectra measured for the two excitation wavelengths

with 2 mM and 7.5 mM AO are shown in Figure 16 and Figure 17 respectively.
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Figure 16. Normalized emission spectra of Acridine Orange at 2mM

concentration with 494 nm excitation and 435 nm excitation wavelength

For the concentration of 2 mM excitation at 494 nm reveals almost pure
monomeric form while for 7.5 mM concentration of 7.5 mM and excitation of 435

nm the emission is dominated by aggregates.
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Figure 17. Normalized emission spectra of Acridine Orange at 7.5 mM

concentration with 494 nm excitation and 435 nm excitation wavelength

The ability to preferentially excite one of the AO forms offers an
opportunity for selective imaging of monomeric or aggregated forms over very

broad concentration ranges simply by changing the excitation wavelength.

It is well known that AO accumulates in acidic intracellular compartments

(pH 4.5 — 6.0) and shows significant spectral shift due to its aggregation [34, 40,
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51]. To verify whether pH itself affects spectral properties of AO independently of
its concentration we have measured emission spectra for the AO solutions of

intermediate concentration of 4 mM and pH of 5.5 and 7.4, Figure 18.

Normalized Emission
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Figure 18. Normalized emission spectra for Acridine Orange at 3.8 mM

concentration measured at pH 5.5 and pH 7.4 with 470 nm excitation

With 470 nm excitation, the emission spectrum shows somewhat higher
content of dimer aggregates at lower pH, but a shift of almost 2 pH units had no

big effect on the emission spectra that clearly can be attributed to slightly shifted
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equilibrium between monomers and aggregates. Time resolved intensity decays
measurements were performed for various concentrations of AO. We have
analyzed time-resolved emission intensity decays for AO concentrations ranging

from a few NnM up to a saturating concentration of 105 mM.
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Figure 19. Example of fluorescence intensity decay of 3.8 mM Acridine Orange

solution observed at 530 nm and 640 nm and excited with 435 nm

Two excitation wavelengths (that preferentially excite aggregated and

monomeric forms respectively) 435 nm and 494 nm were used. Emission was
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observed at the corresponding peaks of the two forms 640 nm and 530 nm
respectively. Examples of intensity decays for a concentration of 3.8 mM with 435

nm and 494 nm excitations are shown in Figure 19 and 20 respectively.
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Figure 20. Example of fluorescence intensity decay of 3.8 mM Acridine

Orange solution observed at 530 nm and 640 nm and excited with 494 nm
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For this concentration we can observe a short time resolved intensity decay
characteristic of a monomer, or a long time resolved intensity decay characteristic

of an aggregated form.
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Wavelength

Exc =494 nm
Obs =530 nm

Exc=494 nm
Obs=640 nm

Exc =435 nm
Obs =530 nm

Exc =435 nm
Obs = 640 nm

Table 1. Recovered parameters for time — resolved intensity decays for 494 nm and 435 nm excitations and

Concentration
(mM)

<0.2
3.8
15
52
105
<0.2
3.8
15
52
105
<0.2
3.8
15
52
105
<0.04
0.2
3.8
15
52
105

71 (ns)

1.75
2.431
6.542
12.881
18.118
1.76
13.914
17.615
20.603
21.172
1.779
2.434
13.082
18.089
19.593
1.78
5.721
16.106
18.571
20.884
21.029

640 nm and 530 nm observation wavelength

72 (ns)

1.547
1.251
0.873
1.204

5.701
8.922
8.305
7.702
0.219
1.567
1.280
1.076
2.398

1.831
9.681
10.837
8.518
6.534

73 (ns)

0.504
0.396
0.302
0.313

1.492
1.262
1.004
1.408

0.476
0.409
0.360
0.255

1.765
1.546
1.178
1.230

(24]

0.07

0.011
0.094
0.363

0.541
0.720
0.87

0.861
0.989
0.026
0.098
0.497
0.786

0.077
0.452
0.680
0.885
0.89

(24

0.905
0.906
0.674
0.103

0.166
0.22

0.11

0.121
0.011
0.938
0.807
0.307
0.087

0.923
0.440
0.294
0.102
0.098

s

0.025
0.083
0.232
0.534

0.293
0.060
0.02

0.018

0.036
0.094
0.196
0.127

0.108
0.026
0.013
0.012

1.75
1.53
1.23
1.87
6.87
1.76
8.9
14.72
18.86
19.19
1.76
1.64
2.36
9.38
15.64
1.78
2.64
11.73
15.86
19.36
19.36

<>

1.75
1.48
1.07
0.65
0.54
1.76
3.8
8.78
13.72
14.48
1.64
1.47
1.15
1.16
1.74
1.78
2.13
7.42
12.43
15.26
14.81



Table 1 shows details of decay parameters measured for various AO
concentrations. Tablel demonstrates fitting parameters and characteristic
lifetimes of the monomeric and aggregated forms of AO (7; 7, 73— lifetimes of 3
components presented in the decay, a; a, a3 are fractional amplitudes, 7 and
<7> are intensity and amplitude average lifetimes). Definitions and detailed
description of these conventionally used parameters can be found in literature
[45]. For low concentrations below 200 NnM and excitation 494 nm (monomer
peak absorption) a single intensity decay of 1.75 ns is observed at both 530 nm
(monomer) and 640 nm (aggregate) emission wavelengths. Intensity decay
collected with 435 nm (aggregate absorption band) excitation and 530 nm
emission wavelengths is more complex, but average fluorescent lifetime is very
close to the result obtained with 494 nm excitation. Observation at 640 nm (peak
aggregate emission) clearly indicates the presence of a longer component already
at 200 nM, but it is absent after 3 - 5 fold dilution producing a single exponential
decay characteristic of monomeric form as presented in Table 1. Measurements
performed at an emission wavelength of 640 nm indicate presence of longer
component at 200 nM, but it is absent after 3 - 5 fold dilution and only the

monomeric component of AO remains in the solution.
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As the concentration of AO increases over 200 NnM the intensity decays
become more complex and fitting the data requires at least three components.
Intensity decays of AO concentrations above 200 nM become more complex and
require 3 components for a satisfactory fit. Lifetime measurements for a
concentration of 3.8 mM with 435 nm excitation and 530 nm emission
wavelength also become more complex, however there is no major change to the
average lifetimes. Average fluorescence lifetimes start to slightly decrease at
concentrations over 10 mM. This can only happen when the dominant emissive
species (monomers in this case) are quenched, although we are not sure about
the exact mechanism of such quenching. One possible explanation could be that
aggregate formation is a dynamic process in which the aggregates have
significantly lower quantum yield (as measured here about 10 - fold lower) and
red-shifted emission. In this case excited monomers are depopulated by the
formation of aggregates that have lower quantum vyield and long decay
component, so do not contribute to the intensity decay, especially at 530 nm
emission wavelength. Interestingly this process appears at low centrations too, so
there is the possibility of the formation of excited aggregates out of the
monomers. Intensity decay of higher concentrations of AO collected with 435 nm

excitation and 530 nm emission wavelengths has short components also. In this
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case based on the absorption spectra, we expect that we preferentially excite
aggregates. However, emission observed at 530 nm is probably the result of a
dynamic dissociation process of aggregates since the intensity decay is very
nonuniform and amplitude average lifetime appears to be shorter than that of a
pure monomer. We want to stress that because the fluorescence lifetime of a
monomer is short its diffusion is rather limited and the association of two excited
monomers are negligible. Decrease of average fluorescence lifetimes is lower with
435 nm excitation because of aggregates’ absorption, also aggregates’
dissociation process and formation of monomers that contribute to the emission.
For 494 nm excitation wavelength (monomer absorption) and 640 nm (aggregates
emission) emission wavelength a significant long lifetime component can be
observed with much longer average lifetimes already at low concentrations (mM
range). For the concentration in the range of 3.8 mM, with 435 nm wavelength
excitation shows very large change in fluorescence lifetimes indicating distinctive
contribution of aggregate emission (Table 1 and Fig. 19 and 20). As AO
concentrations increase above 3.8 mM longer fluorescence lifetimes become

dominant reaching 20 ns for concentrations above 30 mM [34].
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EXPERIMENTAL MOTIVATION

Mucosal exocytosis

Mucosal exocytosis is the process of release of a mucosal granule out of an
epithelial cell and formation of the mucosal layer on the surface of the epithelial
tissue. Cellular vesicles are formed in the Golgi apparatus.vThey are released out
of the cells as a result of the exocytotic processes and contain granule that are

represented by the densely packed mucins (Figure 21).
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Figure 21. Schematic representation of the exocytotic process in Calu 3

cell.
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Mucus plays an important role in the immune system. Mucus forms a
uniform layer on the surface of epithelial tissue that traps external agents that
may cause harm to the host organism (external pathogens like bacteria, viruses,
dust particles, toxic compound). Mucus density differs depending on the epithelial
tissue. The stomach mucus layer is much thicker than the lung mucus layer. For
example, mucus ranges in thickness from 10 um in the eye and trachea to 300 um
in the stomach and 700 um in the intestine [35, 36]. Mucus formation and proper
functionality is very important for protection of the host organism from the

severe conditions of the environment. [52]

The epithelial tissue forms a layer between viscous mucosal layer and the
organs of the host organism. These cells together with underlying leucocytes
produce a huge variety of defensive compounds into the extracellular space that
interact with the mucosal layer. These defensive compounds are very important
in the mucosal layer, because epithelial cells on human organs, especially the
lungs are facing a huge amount of aggressive external environment. To perform
their respiratory function, the lungs require a not very thick and viscous mucus,
that provides protection to the epithelial layer and organs. Mucus in living
organisms also performs lubrication of the epithelial tissue. Trapped bacteria are

killed by antibodies and bacteriophages that are present in mucus [31, 32,52]
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COPD & CF

Chronic obstructive pulmonary disease and Cystic fibrosis impact large
number of population. COPD is a major cause of disability, and it's the third
leading cause of death in the United States. Currently, millions of people are
diagnosed with COPD. Many more people may have the disease and not even

know it.

COPD develops slowly. Symptoms often worsen over time and can limit
your ability to do routine activities. Severe COPD may prevent you from doing

even basic activities like walking, cooking, or taking care of yourself.

Most frequently COPD is diagnosted in middle — aged and older adults.
There is no effective treatment for the COPD, but changes in the lifestyle and
known medical treatments can increase an activity of individuals that are
impacted by the COPD and decrease progress of the disease. Present studies
dedicated to COPD as well as mucosal activities are mostly focused on the mucin
structure, gel formation and mucosal clearance as a result of ciliar movement, but
exocytotic process wasn’t studied yet which can reveal an original problem of the

disease [31, 32, 35].
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The symptoms and severity of CF vary. If you or your child has the disease,
you may have serious lung and digestive problems. If the disease is mild,

symptoms may not show up until the teen or adult years [53, 54].

The symptoms and severity of CF also vary over time. Sometimes you'll
have few symptoms. Other times, your symptoms may become more severe. As

the disease gets worse, you'll have more severe symptoms more often.

Lung malfunction appears in early childhood in people that have CF.
Accumulation of thick, sticky mucus on the lung epithelial tissue causes breathing
problems and damages the lungs. Modern treatments can increase patient’s
lifespan and quality of life, especially if the treatment was started in the
childhood. There are complex programs that include treatment of the patient as
well as physical exercise and respiratory therapies that can improve well-being of
people suffering from the CF. All these methods are directed on the improvement
of the individual’s general conditions, including respiratory function, but they do
not provide possibility for an effective elimination of original source of the

problem, only symptoms removal and decreasing damage to the lungs.
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CF is a genetic disease in which malfunction of mucus secretion and

formation can cause problematic clearance, especially in lung mucus. Study of the

exocytotic process can have high scientific interest in this case too, as well as

possible application in healthcare.
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Figure 22. Schematic representation of the exocytotic process of the mucosal

granulas that contain Acridine Orange.

As was discussed before Acridine Orange can accumulate in the cellular

vesicles. When mucosal granules are released from the epithelial tissue mucins




unfold in the extracellular space and increase in volume a few hundred times.
Acridine Orange that is accumulated in the granules is released together with
mucins and its concentration decreases (Figure 22). Change in concentration
provides the possibility of monitoring the exocytotic process and comparing

healthy Calu 3 cells and CF or COPD like cells [34, 53, 54].
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EXPERIMENTS WITH MULTI - PULSE EXCITATION

Multipulse Approach

Multipulse excitation of fluorescent species was previously discussed for
the imaging application where increase of signal to noise ratio is crucial [39].
Strong background signal is typically caused by Rayleigh and Raman scattering of
the excitation light and intrinsic fluorescence of naturally occurring biological
compounds. Gated detection may provide some improvement to the signal to
background noise ratio, but overall signal from the system typically is not strong
enough because long lifetime fluorophores have a low quantum yield. A gated
detection approach and its advantages was briefly discussed earlier. Modern
fluorescent dyes that can be excited in the visible range and have long lifetime
that can be utilized with a gating technique typically have low extinction
coefficients and low quantum vyields that cause a low signal. Shifting of the
excitation to the near infrared range (NIR) can cause a significant increase in the
extinction coefficient, but this results in shortening of the fluorescence lifetime.
Another method for eliminating background signal connected with
autofluorescence in the cellular environment is to use a high concentration of the
fluorescent dye. But this approach is not always applicable due to possible

changes in cell’s physiology (pH change, etc.).
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We recently reported a method capable of enhancing selectively the signal-
to-noise ratio with the use of long-lived fluorescent probes [39]. We used
Ruthenium as a dye for the experiment in tissue imaging. Ruthenium lifetime is
around 350 ns and the pulse burst of 10 or more pulses with an internal repetition
rate of 80 MHz significantly increased the contribution of Ruthenium dye signal in
comparison to a short lived tissue background. The very long fluorescence lifetime
of Ruthenium was suitable for standard 80 MHz laser diode repetition rate where
pulse-to-pulse separation is about 12.5 ns. During this time only a small fraction
(~3%) of excited long-lived (350 ns) dyes will decay and each incoming pulse will
add molecules to the existing population. However during 12.5 ns almost 50% of a
dye with a 20 ns fluorescence lifetime will decay. To get a significant increase in
population the pulse separation should be about 5-10 times lower than the
fluorescence lifetime. For 20 ns this corresponds to about 2-4 ns separation
between the pulses that requires a repetition rate of 250 — 500 MHz. Presently

there are no available laser sources that can work at this repetition rate.
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Multipulse excitation theory

Except in the single molecule detection experiments, many fluorescence
based sensing/imaging experiments deal with a large number of molecules
(number of molecules in one mole is N, = 6.02*¥10%* and millions of molecules are
typically within the laser beam), but only a small fraction of molecules are excited.
Even in fluorescent microscopy measurements, where very small confocal

volumes are used only a few % of molecules can be excited.

Let’s consider an excitation pulse that can be approximated by a delta
function. It excites N. molecules out of a total number of fluorescent molecules in
the excitation volume Ny, with the condition that N; >> N.. After excitation, the
number of molecules in the excited state decreases rapidly. Decrease of the

number of molecules in the excited state can be described as:
No(t) = N ™" (10)

The number of emitted photons at any moment of time is proportional to the
number of molecules in the excited state at a given time. Fluorescence intensity
detected by the instrument is proportional to the total number of molecules in

the excited state (/(t) ~ N,(t)). For low repetition rates (RR), when the population
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of excited molecules decays completely before the arrival of the next pulse, the
average steady-state intensity will be proportional just to the pulse intensity and
the repetition rate of the laser, or in fact number of pulses per unit time.
Repetition rates that are 80 MHz or lower give a pulse separation At > 12.5 ns.
Most fluorophores decay within a few nanoseconds and molecules that have a
fluorescence lifetime less than 4 ns excited by one pulse decays almost
completely before the next pulse arrives. When the fluorescence lifetime is longer
than the pulse separation (t > At), the excited state population decays only
partially and new molecules excited by the next incoming pulse are added to the
molecules still in the excited state. In this case the number of molecules in the
excited state will increase with each pulse reaching equilibrium when the number
of molecules excited by a single pulse is equal to the number of molecules that
return to the ground state over the time interval equal to the pulse separation,
At. One can calculate the number of molecules in the excited state by analyzing
subsequent excitations. The first pulse excites N, molecules that, for simplicity, is
much lower than total number of fluorophores in the excitation volume N, << N,.
When the second pulse arrives, the number of molecules remaining in the excited
state is N; = N,e~Y/TRR and the total number of excited molecules immediately

after second pulse is: NI = N; + N, assuming that the second pulse excites the
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same number of molecules. In fact, the number of fluorophores available in the
excitation volume is lower (Ny- N;), but for our consideration we assume N, = N -
N;. Extending this for n pulses, we have a geometrical series, and the number of

molecules in the excited state after n pulses will be:

1_e—n/‘t~RR

er = Ne (11)

1—e—1/TRR

And consequently for an infinite number of pulses we have the semi-equilibrium

condition where:

Ne
1—e—1/TRR

Ner = (12)

Clearly the total number of molecules in the excited state depends on the number
of pulses and the repetition rate. As the number of pulses increases, the total
number of molecules in the excited state increases asymptotically reaching
equilibrium for a large number of pulses that only depends on fluorophore

lifetime and the repetition rate.
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Determination of the settings suitable for Acrdine Orange dilution detection

with application of multiple pulses

In the previous chapters | described how Acridine Orange can be used to
study exocytotic processes in cells. However extension of the detection range for
dilution is limited by the low fluorescence intensity of aggregates. Since the
aggregates have much longer fluorescence lifetimes we expect multiple pulse
excitation to increase the population of excited aggregates. Aggregates are
excited preferentially with 435 nm excitation and emit at 640 nm and have long
lifetime of about 19 ns. At low concentrations monomers are mostly present in
the solution. The absorption maximum for monomers is at 494 nm, but they can
be also excited with 435 nm that is preferential for aggregates. Monomers have
lifetimes of 1.7 ns. The excitation conditions should be adjusted to resolve
differences between the lifetimes of aggregates and monomers with the greatest
precision. Repetition rate of the “pulse burst” has to be selected as well as
number of pulses in the burst that should be used for the experiment to achieve

best resolution.

Number of molecules excited by the “pulse burst” can be calculated, using

equation (11). Figure 23 represents the number of molecules in the excited state
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as a function of the number of pulses for fluorophores with different lifetimes
ranging from 5 ns to 100 ns when excited with the source that allows 80 MHz RR

in the burst.
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Figure 23. Number of molecules in the excited state as a function of the

number of pulses with 80 MHz burst

It can be observed from the figure that number of molecules in the excited

state with lifetimes of 20 ns and shorter practically does not depend on the
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number of pulses in the burst when more than 4 pulses are in the burst. For long
lifetime fluorophores (50 ns and 100 ns), the number of excited molecules
increases significantly. Dyes with lifetimes of 5 ns and less will not show

significant increase of the number of molecules after 2 pulses.

We have already discussed that for shorter lifetimes the repetition rate in
the burst that is needed should be much higher. Typically selected the RR should
give separation about 5 times shorter than then the fluorescence lifetime. In the
case of 20 ns we expect that a pulse separation of 3 ns, corresponding to RR =330

MHz, will be sufficient.
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Figure 24. Number of molecules in the excited state as a function of the

number of pulses with 330 MHz burst

Simulation performed with bursts of 330 MHz rate changes the picture
dramatically (Figure 24). Separation between pulses in this case is around 3 ns. It
is possible to see that number of molecules in the excited state of fluorophores
with lifetimes of 100 ns, 50 ns and 20 ns grows dramatically, but for the
fluorophores with lifetimes of 1, 3, 5 ns number of molecules in the excited state

almost doesn’t increase.
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Acridine Orange depending on concentration will present short (1.7 ns) or
long (~20 ns) fluorescence lifetime. Using multipulse technology we want to
increase long - lived population of excited aggregates as compare to short-lived
monomers. This can be achieved when the excitation pulses in the burst has a
repetition rate suitable to pump the dye with the longer lifetime and at the same
time not to pump (or minimally pump) the dye with shorter lifetime. To
determine the proper repetition we simulated the excited state population of the
aggregates and monomers and consider a ratio of them as a function of the delay

between pulses in the burst.

Figure 25 presents the relative ratio of number of molecules for different

number of pulses as a function of pulse separation in the burst.
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Figure 25. Ratio of the number of molecules excited by the burst of 5, 10

and 3 pulses respectively. Molecules have lifetime of 1.7 and 19 ns.

The blue curve represents ratio of molecules excited with 10 pulses, red
curve with 5 pulses, and the green with 3 pulses in the burst respectively. From
the plot it is possible to conclude that for our case the number of pulses in the
burst should be 10 or more with the repetition rate of over 300 MHz to achieve

best resolution. Unfortunately such high repetition rate cannot be obtained with
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present electronics and a standard repetition rate of 80 MHz does not produce a

significant difference.

To study the AO system it is necessary to generate bursts of pulses with
internal repetition rate higher than 300 MHz. To do this we engineered a special
experimental set-up that allows splitting a single pulse to the desired number of
pulses with fixed delay. Our goal is to test experimentally if such bursts improve

detection resolution.
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Experimental setup

The experimental setup has to be designed purpose to be able to produce
“bursts of pulses” with constant time separation and constant repetition rate. The
number of photons in the pulses (pulse intensity) should also be the same. The

schematic of the generator is presented in Figure 26:

Pulsed light
source

11 i
— )

Burst of pulses Burst of pulses

I, 3

Figure 26. Schematic representation of the burst generator of in the multipulse

experimental setup

One of the easiest and most effective ways to build a burst generator is to

make a delay line with half transparent mirrors that will separate and combine
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pulses generated by a low repetition laser source. There are many low repetition

laser sources available today.

A pulsed light source, typically a laser diode, generates pulses of a certain
repetition rate. The repetition rate of the source is chosen to satisfy conditions of
the particular measurement. Relatively short lifetimes (up to 2 ns) can be easily
measured with the repetition rates of 80 MHz, because the full decay will fit into
the distance between pulses. Longer lifetimes will require smaller repetition
rates. Delays of a few nanoseconds may appear before the pulse due to
configuration of the delay lines of the instrument. For long lifetimes of 20 ns the
required repetition rate is not more than 5 MHz, because it will fit an entire

intensity decay between pulses. To generate bursts we selected the RR of 5 MHz.

We used a supercontinuum laser system (Fianium) as a pulsed source
connected with a monochromator to select the wavelength. An excitation
wavelength of 435 nm that excites preferentially aggregates was selected.
Measurements were performed using the FT 300 Fluorescent Lifetime
Spectrometer in square geometry using 0.1 mm, 0.5 mm and 10 mm cuvettes for

different concentrations of AO.
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Development of the burst generator

A few commercially available systems, like MT 200 [55] can produce a burst
of pulses with a maximum repetition of 80 MHz. This is sufficient for fluorescence
lifetimes longer than 10 ns. There are a number of possibilities to build a
generator for bursts of pulses of high repetition rate. As discussed earlier, pulses
produced by the burst generator should have a constant repetition rate inside the
burst as well as constant repetition rate between the bursts. The simplest
approach will be to generate bursts from single low repetition pulses. Such low
repetition pulses (below 80 MHz) are widely available from many commercial
systems. The burst generator should produce the burst from each single pulse of
the source. Dividing each original pulse from the generator into a few equal parts
can be realized with partially reflective glasses/mirrors. For example a 45 degree
thin glass will transmit about 90% of light intensity and reflect 10% under 90
degree angle. Using a set of a few glasses we can generate a few low intensity
beams traveling perpendicular to the direction of original beam. We can sendl|
each beam on a trajectory that generates the desired delay. Typically a 30 cm
difference in distance in air will generate a 1 ns delay. Recombining such beams
into a single beam will create the burst of pulses of a given delay. After

recombination bursts of pulses have the internal repetition rate required for the
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experiment and the burst repeats with the original repetition rate of the pulsed

source.

The schematics for such design is presented on the Figure 26:
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Figure 26. Schematic representation of the delay setup to produce burst

of multiple pulses with help of delay lines

A pulsed laser source produces pulses of a certain repetition rate.
Semitransparent mirror partially reflects incoming light and sends it to the

sample. A second semitransparent mirror is placed at a distance a that sets the
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delay between pulses. Then it is possible to add any required number of
semitransparent mirrors to split and combine the pulse. The number of mirrors
will determine the number of pulses in the burst. It is obvious that the intensity of
the beam after each reflection will be decreased, however todays laser sources
typically have sufficient power. The delay between pulses is determined by the
distance between mirrors a multiplied by two and divided by the speed of light,
since light travels in both directions. In the ideal case,the intensity of light beam
after combining back should be the same as it was before splitting. It is hard to
achieve such result in real experimental conditions, but intensity of the each
particular beam can be controlled with the help of neutral density filters that will

limit/correct light intensity.

The setup that is used was prepared with help of Thorlabs M100 kinematic
mirror mount and Menzel glasses. The distance a was chosen to be 0.45 m and
two a equals 0.9 m. Since the speed of light c equals 3*10*8 m/s then the delay
between pulses will be 3 ns or internal repetition rate of the burst will be 330
MHz. The photograph of the setup with schematics is represented on the Figure

27:
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Figure 27. Photograph of the delay setup to produce burst of multiple

pulses with help of delay lines

Fiber optics are widely used in the communication and laser technology.
Optical fibers of a relatively small diameter can transfer up to 90% of the intensity
that is produced by the source. Splitting of the fiber optics into a few channels
with equal probability for each channel to obtain photons opens a possibility to
select length of the fiber in each channel and control delay by the length of the

fiber optics. Example of such a setup is presented in Figure 28:
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Figure 28. Schematic representation of the delay setup to produce burst

of multiple pulses with help of fiber optics

Unfortunately this type of setup is hard to resolve as an engineering
problem with our capabilities. Production of the fiber optics splitter requires

precise machinery and equipment to produce precise splitter.
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MULTI-PULSE EXCITATION EXPERIMENTAL RESULTS

Preliminary results of standards measurements

We decided to test the setup with measurements of mixtures of
fluorophores with different fluorescence lifetimes. In such a way we can produce
desired concentrations/fractions of different fluorescence lifetimes. Such systems
will be important to test and calibrate measurements, since they will show the

precision of our approach.

For preliminary lifetimes measurements we selected ADOTA and ErB
(Erethrosine B) as dyes. ADOTA has a long average lifetime, around 20 ns and the
ErB lifetime is short, around 0.5 ns. Measurements of such standards (known
systems) will show how a short lifetime background can be eliminated in
comparison to long lifetime fluorescent dyes. Measurements of Acridine Orange
can be done in a similar way. First we measured instrument response function
(IRF) using the 1%, 2" and 3° line. Two lines were blocked and only one was open.
Then we measured the response function with all 3 lines open. Normalized

spectra of the IRF are presented in Figure 29.
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Figure 29. Instrument response function (IRF) that was generated with

each delay line and all three lines together

Intensity decays of ErB and ADOTA also were measured with the use of
single lines that produced pulses with an appropriate delay. Collected decays have
the same lifetimes regardless of the initial delay of the pulse. Successive pulses
excite almost exactly the same number of molecules. In the case of ErB, decay is

almost finished before the next pulse arrives, so it is obvious that bursts of pulses
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will not be pumping molecules into the excited state. In the case of ADOTA, which
has a 20 ns lifetime, the number of molecules in the excited state will be

increased with each subsequent pulse in the burst.

Examples of the intensity decays of ADOTA and ErB are presented in Figure

30 and Figure 31.

-
o

Er B Decays

Pulse 1
Pulse 2
m— Pulse 3

Normalized Intensity (a.u)
o
(3]

o
(=)

18 20 22 24

Time (ns)

Figure 30. Intensity decay of ErB measured with single pulses generated

by the delay lines
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Plotted decays were collected separately and represent the number of
molecules in the excited state after excitation with the burst of pulses. After

excitation with the burst of pulses, the number of molecules in the excited state

of each dye depends on its lifetime.
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Figure 31. Intensity decay of ADOTA measured with single pulses

generated by the delay lines
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ErB will decay fast and the number of molecules in the excited state of this

dye will not be increased significantly in comparison with the single pulse

excitation, on the other hand, the number molecules in the excited state of

ADOTA will show significant increase. This effect is demonstrated in Figure 32:
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Figure 32. Intensity decay of mixture of ADOTA and ErB excited with the

burst of 3 pulses and separation of 3 ns between pulses

These measurements clearly demonstrate the efficiency of multipulse
excitation in order to increase signal to noise ratio in the system with different

dyes that have short and long lifetimes. The number of excited molecules of the
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dye that has a longer lifetime will increase with the number of pulses; this does

not happen to molecules of the short lifetime dye.

It can be concluded from our results that the scheme of multipulse
excitation can be used for Acridine Orange measurements. At lower
concentrations, AO will present short and long lifetime components that
correspond to monomers and aggregates respectively. Successful application of
the multipulse excitation using parameters that were described before can
significantly increase the range and resolution of the mucus secretion

measurements.

85



Measurements of Acridine Orange dilution with application of multiple
pulse excitation

Concentrations of 1 mM, 0.4 mM, 0.2 mM, 0.1 mM, 0.02 mM were selected
for the experiment. These concentrations were chosen because increase in
sensitivity and resolution can be monitored in this range. Acridine Orange at a
concentration of 15 mM accumulates in the cellular vesicles has dominant long
lifetimes of the aggregates around 19 ns, but the monomeric form is also present
at a low level. At a concentration around 2 mM L emission spectra show almost
equal fractions emitted by aggregates and monomers. Concentrations of 1 mM
already can be measured on the edge of the standard 0.1 cm cuvette. This
concentration is high enough for good intensity counts and measurements of the
emission spectra and was selected as an initial concentration. Further dilution
causes rapid increase of monomers in the solution, while the fraction of the

aggregates decreases.

Figure 33 shows intensity decay of Acridine Orangeat a concentration of 1
mM excited with a 435 nm single pulse. Also it shows fractional amplitudes and

intensities of all the fluorescent species presented in the decay.
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Figure 33. Intensity decay of Acridine Orange with the table of fitting
parameters. Average intensity and amplitude lifetimes. Pie plots of the

fractional intensities and amplitudes for concentration 1 mM, 1 pulse exc.
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From Figure 33 it is easy to see that intensity decay contain a long
component around 12.4 ns and two shorter 3.2 ns and 1.27 ns components. In
fractional intensities decay, the long component dominates, but in the amplitude
decays it has only small fraction, since the number of excited monomers is bigger

at the moment.

Table below the intensity decay plot represents amplitudes and lifetimes of
species presented in the decay. Amplitude average lifetime represent
contribution of each specie to the total lifetime at t = 0. Intensity average lifetime
represent contribution of each specie to the total lifetime through all the decay.
These parameters can be used to monitor fractions of species that are present in

the intensity decay.

Figure 34 represents intensity decay of Acridine Orange at a concentration

of 1 mM excited with a 3 pulse excitation at 435 nm
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Figure 34. Intensity decay of Acridine Orange with the table of fitting
parameters. Average intensity and amplitude lifetimes. Pie plots of the

fractional intensities and amplitudes for concentration 1 mM, 3 pulse exc.
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Excitation with 3 pulses causes a small increase of fractional intensity as
well as increase in fractional amplitudes of the longest component, but the
lifetime of the longest component is shorter than in the case of a single pulse
excitation. Shortening of the lifetime of the longest component caused shortening
in the average intensity weighted lifetimes and amplitude weighted lifetimes. We
did expect certain interaction of the aggregates in the excited state or dissociation
in the excited state that probably causes shortening of the lifetime of the

aggregates.
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Figure 35. Intensity decay of the Acridine Orange with the table of fitting
parameters. Average intensity and amplitude lifetimes. Pie plots of the

fractional intensities and amplitudes for concentration 1 mM, 1 pulse exc.
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Figure 35 shows the intensity decay of Acridine Orange with a
concentration of 1 mM, excitation 435 nm, emission 640 nm. Excitation is
conducted with asingle pulse. At this concentration, the number of aggregates in
the excited state is much lower than the number of monomers. It is easy to see
from the fractional amplitudes pie plot, where the fraction of the long component
dye is not significant (around 2%). However in fractional intensities it is a little
bigger because of the long lifetime. Intensity and amplitude weighted lifetimes in

this case are lower.
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Figure 36. Intensity decay of Acridine Orange with the table of fitting

parameters. Average intensity and amplitude lifetimes. Pie plots of the
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Intensity decay of Acridine Orange with concentration 0.4 mM, excitation
435 nm, emission 640 nm with 3 pulse excitation is presented in Figure 36. Results
are similar to the concentration of 1 mM since both intensity average and
amplitude average lifetimes decreased in comparison with single pulse excitation.

This is caused by increase of fraction of the short component in the decay.
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Figure 37. Intensity decay of the Acridine Orange with the table of fitting
parameters. Average intensity and amplitude lifetimes. Pie plots of the

fractional intensities and amplitudes for concentration 0.2 mM, 1 pulse exc.
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Figure 37 shows the intensity decay of Acridine Orange with a
concentration of 0.2 mM, excited with one pulse at the same excitation and
emission wavelength as before. This low concentration, almost a hundred times
less than the saturated solution (105 mM) and five times smaller than the
previous concentration (0.4 mM), but intensity and amplitude averaged lifetimes
are very close to those of the 1 mM with 3 pulse excitation. Multipulse excitation
causes decrease of the average lifetime at low concentrations as displayed

before.
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Figure 38. Intensity decay of Acridine Orange with the table of fitting
parameters. Average intensity and amplitude lifetimes. Pie plots of the

fractional intensities and amplitudes for concentration 0.2 mM, 3 pulse exc.
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Figure 38 shows a slight increase in the average lifetime of Acridine Orange
at a concentration of 0.2 mM excited with 3 pulses. At this concentration there is
a slight increase in both intensity and amplitude average lifetimes. This effect is
first seen during this set of experiments, since all previously measured
concentrations showed a decrease of the average lifetimes. This can be caused by
the absence of the interaction at this concentration between aggregates and

monomers, since the concentration is low.

98



1000_' X=1.087

é . 0.1 mM, 1 pulse

1 Intensity decay
0 — :Etiing function . . .
5 ol Amplitude average lifetime:
=
> —
2 7, =1.68 ns
[
E 10 E

] Intensity average lifetime:

) “Wh\"iﬁnm?||Hh|| b 7=1.86 ns
10 15 20 25
Time (ns)
Parameter Value Conf. Lower Conf. ypper Conf. Estimation

A1 [Cnts] 420 113 +11.3 Fitting
1 [ns] 8.06 -1.63 +1.63 Fitting
Az [Cnts] 4378.7 -89.5 +89.5 Fitting
2 [ns] 1.5086 -0.0257 +0.0257 Fitting
As [Cnts] 2069.2 715 +715 Fitting
1 [ns] 1.9162 -0.0491 +0.0491 Fitting
Bkgr. pec [Cnts] 23.67 -1.04 +1.04 Fitting
Bkgr. rr [Cnts] 3.030 -0.135 +0.135 Fitting
Shift irr [ns] 0.01328 -0.00620 +0.00620 Fitting
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Figure 39. Intensity decay of Acridine Orange with the table of fitting
parameters. Average intensity and amplitude lifetimes. Pie plots of the

fractional intensities and amplitudes for concentration 0.1 mM, 1 pulse exc.
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Figure 39 represents the intensity decay of Acridine Orange with a
concentration of 0.1 mM. This concentration is low enough that intensity average
and amplitude average lifetimes are below the 2 ns lifetimes of the dominant

monomer fraction in the solution.
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Figure 40. Intensity decay of the Acridine Orange with the table of fitting

parameters. Average intensity and amplitude lifetimes. Pie plots of the

fractional intensities and amplitudes for concentration 0.1 mM, 3 pulse exc.
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Figure 40 shows the intensity decay of Acridine Orange at a concentration
of 0.1 mM excited with 3 pulses. In comparison with single pulse excitation
intensity average lifetime is longer. It can be assumed that interaction of
aggregates is low enough at this concentration, they do not quench with each
other when they are in the excited state, so there is a slight increase in the

intensity average lifetime.
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Figure 41. Intensity decay of Acridine Orange with the table of fitting
parameters. Average intensity and amplitude lifetimes. Pie plots of the

fractional intensities and amplitudes for concentration 0.02 mM, 1 pulse exc.
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Figure 41 shows the intensity decay of Acridine Orange at a concentration
of 0.02 mM excited with a single pulse. The intensity decay can be fitted with a
single component, but it was fitted with 3 to see if a small fraction of aggregates
are present. In this case fitting with 3 components can be treated as artificial, but
intensity and amplitude average lifetimes are short and will be the same as in the
case of single component fitting. Intensity and amplitude average lifetimes are
extremely close to those of 0.1 mM concentration. It can be concluded that
monomers are dominating at this low concentration, regardless of the excitation

of 435 nm that excites preferentially aggregates.
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Figure 42. Intensity decay of Acridine Orange with the table of fitting
parameters. Average intensity and amplitude lifetimes. Pie plots of the

fractional intensities and amplitudes for concentration 0.02 mM, 3 pulse exc.
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Figure 42 presents intensity decay of Acridine Orange at a concentration of
0.02 mM excited with a single pulse. Decay is also fitted with 3 components, but
easily can be fitted with a single one. Intensity average and amplitude average
lifetimes are exactly the same as those with single pulse excitation. Monomers
dominate at this concentration, so there is no pumping of the aggregates,
concentration of 0.1 mM shows this already and 0.02 mM completely certifies this

statement.
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Emission spectra measurements

We also performed emission spectra measurements in order to see
changes between spectra obtained with single pulse excitation and multiple
pulses. Figure 43 displays plots of normalized Acridine Orange emission spectra
excited with a single pulse and 3 pulses. Concentration are 1 mM, 0.4 mM, 0.2

mM, 0.1 mM and 0.02 mM, excitation wavelength 435 nm.
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Figure 43. Emission spectra of Acridine Orange collected with 1 and 3 pulse

excitation. Excitation wavelength 435 nm.
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Emission spectra have similar shape in both cases of excitation for these
concentrations. Spectra collected with the single pulse excitation include more
background noise, since excitation with the single pulse has lower intensity than
the excitation with the 3 pulses. There is no apparent change in the emission

spectra, since there is now strong pumping of the aggregates.
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Tail fitting results

There is no apparent increase in lifetime of Acridine Orange with the fitting
procedure that includes deconvolution of the decay together with fitting to a
three exponential model. Because of this we decided to apply global tailfitting.
This technique is conventionally used in fluorescence intensity decay

measurements. Results of the tailfitting are presented in the table below:

1 pulse 3 pulse
Conc. (mM) FA(11.8 ns) FA (1.79 ns) FA (11.8 ns) FA (1.79 ns)
1 25% 75% 38% 62%
0.4 4% 96% 7% 93%
0.2 3% 97% 6% 94%
0.1 1% 99% 2% 98%
50 ps delay

Table 2. Fractional Amplitudes (FA) of different species presented in Acridine
Orange decay (short and long lifetimes). Excitation performed with 1 and 3

pulses.

Excitation with 3 pulses gives an apparent increase in fractional amplitude
of the aggregates which have longer lifetimes. A concentration 1mM shows an
increase of 13% that is not very large, but lower concentrations show a doubling
of the FA of aggregates. This can be caused by dissociation of excited aggregates

when they interact during excitation-deactivation process at relatively high
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concentrations. Lower concentrations have a much higher increase in the

amplitude since interaction between excited aggregates is much lower.

Tailfitting is different from conventional fitting, so IRF function and
deconvolution is not required for the procedure [43, 56]. We did perform fitting
starting with 50 ps delay from the maximum of the function. Delay is needed to

avoid negative components in the fit.

1 pulse 3 pulse
Conc. (mM) FI(11.8 ns) FI(1.79ns) FI(11.8 ns) FI (1.79 ns)
1 68% 32% 79% 21%
0.4 19% 81% 30% 70%
0.2 18% 82% 29% 71%
0.1 4% 96% 9% 91%
50 ps delay

Table 3. Fractional Intensities (Fl) of different species presented in the Acridine
Orange decay (short and long lifetimes). Excitation performed with 1 and 3

pulses.

Table 3 represents fractional intensities that correspond to multiple
concentrations of Acridine Orange excited with 1 and 3 pulses. It also
demonstrates an increase in fractional intensities when the sample is excited with
3 pulses. However, increase in fractional intensities is a little bit less than the

increase in fractional amplitudes that can be caused by interaction between
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aggregates during the deexcitation process that lasts up to 15 ns total. On the
other hand, a very low concentration of 0.1 mM shows similar behavior to the
case of fractional amplitudes. Increase in signal is 5% that more than doubles the

total signal up to 9% in comparison single pulse excitation.

Increase in fractional amplitudes is slightly higher than in fractional
intensities, that is caused by interactions described above. On the other hand at
very low concentrations, the increase in fractional intensities is the same as in the
fractional amplitudes (2 times more), but total intensity fraction is dramatically

bigger than the amplitude fraction ( 4% vs 1%, 1 pulse and 9% vs 2% 3 pulse).

As a result of analysis of the intensity decay, both fractional intensities and
fractional amplitudes can be obtained. Both of them can be used to determine
Acridine Orange concentration from the intensity decay and reveal the increase in
sensitivity with the application of multiple pulse excitation. However, fractional
intensity analysis can provide more reliable information about the system
because they are bigger than the fractional amplitudes and will provide much

bigger numerical change between concentrations.
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EXPERIMENTL RSULTS, DISCUSSION

Experimental results can provide us with information about the change of
the fraction of monomers and aggregates in the solution with the change of
concentration. In the introduction it was discussed how Acridine Orange can be
used as a dye to study exocytotic processes in the Calu 3 cells. It can accumulate
in the cellular vesicles that are transported to the cellular membrane and release
into extracellular space together with mucin that unfold and form a uniform layer
on the epithelial tissue of the lung. Mucus plays a defensive role in the living
organism from the barrage of external viruses and batteries. Figures 13 represent
how excitation wavelength was selected from the absorption spectra. It was
determined that each specie, has its own preferential excitation wavelength.

Aggregates can be excited with 435nm and monomers with 494 nm.

Emission spectra on Figure 14 and 15 showed that aggregates and
monomers emit at different wavelength also. Monomers have emission peak
around 530 nm and aggregates around 640 nm. From the multiple measurements
of different concentration (from 105 g/L to 0.02 mM) it is possible to see that the
fraction of aggregates in the solution decreases with the decrease of the
concentration. This can allow to monitor differences in mucus exocytotic process

of healthy Calu 3 cells and CF — like cells.
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Mucus release is a fast process (order of milliseconds) it can be monitored
with the microscope in vivo. Measurements of the intensity decays of different
concentrations performed during mucosal granula release can help to determine

concentration of the mucins at a particular moment.

The extinction coefficient and quantum yield measurements revealed that
aggregates have higher extinction coefficient than monomers (around 2-3 times),
but they have 10 times lower quantum vyield. Moreover, the highest soluble
concentration cannot accumulate in the cellular vesicles, only concentrations
around 15 mM can accumulate and mucin swelling causes increase in volume few
hundred times, low concentration of the Acridine Orange almost do not contain
aggregates. We did develop an approach to use multiple pulse excitation to
increase the range and resolution of the measurements. We expect that this will

help in the productivity of the measurements.

Application of multiple pulse excitation with calculated parameters for the
resolution of the aggregates and monomers intensity decays appeared to be

useful and can improve the sensitivity of the measurements.

Intensity decays of multiple concentrations that were fitted with 3

exponential decays did not demonstrate any significant change in fluorescent
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lifetimes as well as fractional intensities and amplitudes. This result was expected
and is caused by the fact that the lifetime of the fluorophore is obtained after
deconvolution of the lamp function and collected decay. Since the region where
all 3 pulses are present is included in the selected fitting region, there shouldn’t
be any change in the conventionally defined lifetime. Lifetime of the fluorophore
will not change, regardless of whether it is excited with the single or 3 pulses in

particular case.

Tail fitting doesn’t use deconvolution of the collected decay and the lamp
function. Fitting can be applied to the slope of the intensity decay starting at any
point. Good fitting requires start of the fitting to be close enough to the maximal
value of the intensity decay. We tried to follow this statement and applied a delay

of only 50 ps to avoid any unexpected negative components of the fit.

Results obtained with tail fitting are dramatically different from those
obtained with fitting after deconvolution. Tail fitting is used only at the region
where the decaying part of the intensity decay is present. This type of fitting can
demonstrate increase of the fraction of the aggregates that have longer lifetime.
Fractional intensities and fractional amplitudes of the aggregates grow as a results

of this. Fitting results that are presented in the Table 2 and Table 3 demonstrate
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that excitation with 3 sequential pulses significantly increased the fraction of the
long lifetime component in the decay. Fractional amplitudes increase about 2
times as well as fractional intensities, as shown in Table 1 and Table 2. Fractional
intensities are a few times bigger than the fractional amplitudes, a result caused

by the relatively long lifetime of the aggregates.

It can be concluded that multiple pulse excitation of Acridine Orange can
significantly increase the sensitivity of measurements in comparison with classic
single pulse excitation. Application of tail fitting together with global fitting
reveals possibility to perform analysis of the intensity decays and monitor change
of the concentration of Acridine Orange as a function of the fractional intensities

and amplitudes.

Application of multiple pulse excitation together with total internal
reflection (TIRF) to the fluorescent microscope reveals possibility to monitor
concentration change of Acridine Orange in healthy and CF — like or COPD - like
cells in vivo. Multiple pulse excitation will significantly increase sensitivity of the
measurements and reveal the possibility for a slight extension of the range of
measurements. Ratiometric detection discussed in my Master’s thesis can be

combined with techniques described above. Together with multiple pulse
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excitation and TIRF it will provide with sufficient information about mucosal

granule release process that happens in the range of milliseconds.
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ABSTRACT

APPLICATION OF MULTIPULSE EXCITATION TO STUDY EXOCYTOTIC PROCESSES IN
CELLS STAINED WITH ACRIDINE ORANGE
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Thesis Advisor:
Dr. Zygmunt (Karol) Gryczynski, Professor — Physics Biomedical
Mucus secretion is the first-line of defence against the barrage of irritants
inhaled into human lungs, but abnormally thick and viscous mucus results in many
respiratory diseases. Investigation of processes underlying mucus pathology is
hampered, in part, by lack of appropriate experimental tools for labeling and
studying mucin granule secretion from live cells with high sensitivity and temporal
resolution. Fluorescence spectra and fluorescence lifetime of AO measurements

reveal significant changes due to aggregation, and this properties can be useful

for determination of mucus expansion.

In particular report | introduce an original technique that enchances quality
of the exocytotic process study in Calu 3 cells. Multi - pulse excitation significantly
increases number of excited aggregates at low concentration of Acridine Orange

that reveals possibility to monitor lower concentration than with classic single



pulse excitation. Increase of the signal strength increases sensitivity of
measurements that is very important for the detection of small concentrations

(up to nanomolars).



