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Abstract

Induced Optical Fluorescence Spectroscopy of Laser Excited

Microorganisms in Water

By
SARHAN MAHMOUD MUSA

Advisor: Professor Samir A. Ahmed

This thesis presents a study of the laser induced optical natural fluorescence of
Giardia lamblia cysts. 1t shows that the auto-fluorescence spectra of untagged Giardia
lamblia cysts excited by visible lasers can be detected using fiber-optical fluorescence
microscopy. The peak of the fluorescence spectrum agrees with the amino acid
tryptophan in aqueous solution at ail the excitation wavelengths used. While G.lamblia’s
fluorescence is very similar to ather translucent microorganisms such as paramecium and
rotifer under 458 nm excitation, a clear difference is revealed under blue laser excitation
at 401 nm, where oniy G.Jamblia matches tryptophan in fluorescence. A reproducible
decay of the fluorescence intensity is also observed in Giardia lamblia under continuous

excitation.
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Chapter 1
Introduction

1.1 Background
The spontaneous fluorescence of waterbome microorganisms (such as Giardia

lamblia, Paramecium, and Rotifer) without adding dyes is referred to in the thesis as
optical natural fluorescence (ONF). The autofluorescence spectroscopy is useful because
it does not require any chemical manipulation for the sample, gives real time results
immediately from the sample reaction, and supplies information about the biological
structure of the cell through its fluorophores. This technique is compatible with
microscope optics and sensitive to weakly fluorescing microscopic samples. [t can be
used to distinguish the microorganisms from each other.

Giardia lamblia is a common mmfsnnal protozoan (which consists of a single cell for
its body) that causes giardiasis (gastrointestinal disease, symptoms including diarrhea,
nausea, and/or stomach cramps, can be fatal to immune suppressed individuals), which
has been distributed worldwide and implicated in recent outbreaks of illness in the US
[1,2,22-23]. G lamblia is commoanly found in surface waters (rivers, lakes, streams, etc.)
especially where there is contamination from sewage or ammal wastes [6]. It lives
mainly in cysts forms that are resistant to disinfections. The cysts of G. lamblia are oval
in shape and are approximately 8 to 14 um in size (width by length) [3-5,7]. Because of
its translucent appearance and low concentration in natural waters [8], G. lamblia is not
easy to detect, but even a few cysts are enough to make a person severely sick.

There were a number of methods proposed for the detection of G. lamblia cysts, such as

conventional microscopy, flow cytometry (FC) [9-10,24], "UV-VIS Spectroscopy”
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method [11-12], enzyme-linked immunosorbent assay (ELISA) [13], and polymerase
chain reaction (PCR) [14] These methods are at various stages of development, some of
them being incomplete. Many of them have problems for ascertaining G. lamblia cysts in
water [2,6,28]. For example, conventional microscopy needs an experienced person
dedicated to the observation and is inefficient in time and prone to error. The FC method
relies on the ability of the instrument to analyze particles individually in a suspension,
which means the method needs to have a highly trained full-time operator. This method
is limited in efficiency due to losses occurring during sample concentration, and the
purified and concentrated samples are stained with antibodies specific te G. lamblia cysts.
For "UV-VIS Spectroscopy” method, the background particles such as algae and
nonbiotic particulate cause spectral patterns that mask the deconvolution of the target
organism fingerprint, and the antibody labeling is used to enhance the signal and allow
differentiation. In ELISA method algae present in the sample can pick up the antibody
reagents and give false-positive readings, which reduce the analytical sensitivity. In
addition, the PCR method has limitation during the sample collection and elution
Organic matter and dissolved solids can be concentrated in the sample and these
compounds (such as humic substances) can interfere with the activity of the enzymes
used in PCR.

The current state-of-the-art technique for detesting G. lamblia relied upon microscopic
immunofluorescence assay (IFA) method that uses antibodies directed against the cyst
forms of the Protozoa  This method uses specific antibodies labeled with fluorescent dye
to tag G. lamblia cysts, which are then viewed through an UV flucrescence microscope

[15, 25, 26]. To use this method, it is first necessary to determme the antigen of G.
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lamblia in order to make the antibody specific to the cyst membrane, although several
commercial sources of antibodies for G. lamblia are already available. In practice, there
is a slight possibility of cross-reactivity for the antibody because different organisms may
share similar surface antigens [27]. Interference with the immunoassay signal may also
arise from nonspecific binding of the antibody or autofluorescence from other
microorganisms and the background [16-18]. While a number of commercially
developed antibodies are highly specific to G. lamblia, it is impractical to deploy a large
quantity of them for continuous field sensing. In practice, water samples need to be taken
to a laboratory for the assay, which can delay the detection of cysts in time. At the same
time, the viability of the cysts can not be determined unambiguously without additional
staining or other procedure [20] Therefore, the limitations of the current methods
prompt a need to develop a detection method that passively senses the natural
characteristics of this microorganism.

In this work, a fiber-optical fluorescence microscope is specifically designed to excite
and collect the fluorescence from G. lamblia cysts. For the geometric convenience of the
work, optical fibers will be used for the transmission of the laser excitation to the sample
and for collecting the fluorescence light emitted and bringing it to a spectrometer
detector. This approach is also in concert with a potential ultimate application of these
techniques: namely the direct optical detection of microorganisms in reservoirs and other
natural bodies of water.

Through this expenimental setup, the laser-induced auto-fluorescence of G. lamblia
cyst is extensively studied and compared with that from a few benign microorganisms

such as Paramecium and Rotifer. The ONF of G. lambiia is found to have a distinctive
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spectral shape under 401 nm excitation and a unique decay feature under 458 nm
excitation compared to the other natural protozoa. Although the fluorescence microscope
technique in this work is not in-situ yet, the result of this study oa auto-fluorescence will
facilitate the development of in-situ fluorescence probes for the detection of G. lamblia

Cysts.

1.2 Thesis Statement and Organization

This thesis will focus on examining stimulated ONF of natural microorganisms using
visible light sources (lasers) as 2 source of excitation. The stimulated emission spectra
obtained from G. lamblia cysts will be analyzed and compared with other
microorganisms, such as G. muris, Paramecium, and Rotifer. As part of an effort seeking
to determine root causes for the fluorescent characteristics of G. lamblia, the fluorescent
properties of amino acids and coenzymes will be studied for fundamental causative
features relating to G. lamblia's autofluorescence. The proposed work will examine
untagged species of G. lamblia and other microorganisms as appropriate to the aim of this
work. It will also seek to determine the cptimal excitation source and wavelength that
will assist in characterizing fluorescence excited from G. lamblia cysts. This optimal
excitation condition would be investigated with a view to exciting uniquely charactenstic
optical natural fluorescence spectral features of G. lamblia cysts, enabling their detection
with minimal interference from optical natural fluorescence of other waterborne
microorgamsms and particles.

The research part of this thesis will be presented in chapters 2 through 6. In chapter 2,

the experimental setup that permits the successful investigation results is described.
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Chapter 3 reports the laser induced ONF spectra of G. lamblia cysts. The ONF spectra of
other microorganisms (Paramecium, Rotifer) in comparison with G. lamblia is reported in
chapter 4. In chapter 5, the fluorescence of the aromatic amino acid L-tryptophan is
discussed relating to the causes for the ONF of G. lamblia cysts. Finally, the fluorescence
intensity from G. lamblia and other microorganisms as a function of excitation time in

photobleaching is reported in chapter 6.

W
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Chapter 2
Experimental Setup
2.1 Introduction

The chapter will focus on the experimental setups that are used to study the ONF of G.

lamblia, other microorganisms, and amino acids.

2.2 Experimental Setup (1)

The schematic of the experimental setup used for studying ONF of G. lamblia cysts
and other microorganisms is shown in Figure (2.1).

A CW Argon ton laser (Lexel model 95) has been used as an excitation source. This
laser has a high power output and is ideal for research such as fluorescence spectroscopy.
Its output is selectable at 458 nm, 476 nm, 488 nm, 456 nm, and 514 om. The
wavelength 458nm has been used to excite the fluorescence of G. lamblia cysts, because
it induces the clearest ONF and least amount of noise among all the wavelengths.

In the setup, the laser output is low in height, so two plane mirrors are used to raise the
laser beam. The reflected beam then goes through two equilateral dispersion prisms. The
dispersion prism ensures that the spontanecus emission background from the laser (which
may overiap with ONF) is minimized. Otherwise it would be mixed with the
monochromatic excitation and contribute to the scattering noise. The laser beam is then
reflected by a third plane mirror and enters 2 miniature fiber optical coupler. Inside the
coupler, there is a small lens (dia. 5 mm, f1. 10 mm) that focuses the laser into the core of
one branch of a bifurcated multi-mode fiber (200 pm core, N.A. 0.22). Although the

laser output is linearly polarized, the output from the fiber is unpolarized.
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It is impontant to center the laser beam in the aperture of the fiber optical coupler, and
to tilt the beam at the right angle with respect to the coupler to maximize the coupling
efficiency. Because of its large core, the fiber can easily provide good coupling
efficiency. The output of the optical fiber becomes a clean Gaussian beam, which
corrects any spatial non-uniformity in the onginal laser beam profile. Sometimes, neutral
density filters (ND 0.3) are used in front of the fiber optical coupler in order to attenuate
the laser inteasity at the fiber output.

The light exiting the fiber is sent iato a Nikon microscope (Optiphot) through the epi-
iliumination port on the side of the microscope. The cptics assembly of the illumination
port is partiaily disassembled, leaving a single 100-mm focal length lens remaining inside
the port. The excitatior beam entering the microscope is first converged by this lens. An
internal beam spiitter window then reflects the collimated light downwand along the
optical axis of the microscope, with a reflection coefficient around 25%. The
transmission spectrum of the beam splitter is showed in figure (2.2). The reflected light
by the beam splitter is focused by the microscope objective lens on the microscope slide.
The microscope objective lens used in most experiments has a power of 20X (Japanese
standard JIS, f1. 8.55 mm, w.d. 3 mm) and a numerical aperture (N.A) of 0.40, which
corresponds 1o a half angular aperture of the objective 8 = 23.58°.

The objective lens of different power, 20X (N.A. 0.4) and 5X (N.A. 0.1) often induce
the same fluorescence spectra in shape. however, the intensity of the image increases
with the power of the objective (lower N.A. means lower power). The standard objective

used for the experiment is 20X. The targets that appear non-fluorescent with a power of

it
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5X may appear weakly fluorescent with a power of 20X for the objective because 20X
has a bigger N.A. of 0.4 and focuses the laser more tightly on the sample. Sometimes the
objective of 5X is used in order to see the tasget in a small magnification.

The G. lamblia samples to be observed are prepared in a Fisher drop slide, which has a
concavity of 0.5 mm depth and 18 mm diameter. The Fisher drop slide is covered with a
slim cover glass (Fisher, premium cover glass, size 24 x 50mm). In addition, a flat glass
microscope slide (plain Fisher 3x1x1mm) with the slim cover glass (Fisher) is used for
the paramecium, rotifer samples to reduce the movement of the microorganisms.

The light emitted bythesamplepasesthroughme’meobjective lens of the
microscope, transmits through the beam splitter, passes a prism in the microscope, and
finally goes through a relay lens assembly to form a real image above the microscope.
Before the image plane, the output light also goes through an optical long pass filter
(Schott GG495, Schott OG 515, Coming 3-69 and Corning 3-72 filters for various laser
wavelengths) that is placed in front of a detection fiber. The filter is necessary to ensure
that the laser scattering signal does not swamp the detector for the relatively low-level
fluorescence signal. The filter passes the fluorescence on the red side of the laser line
and blocks unwanted laser scattering. The optical long pass filters match the proper
excitation wavelength: coming 3-72 ~ 401 nm; GG 495 ~ 458 nm; Coming 3-69 or
OGS15 (better than 3-69) — 496 nm.  The transmission spectra of these long pass filters
(LPF) have been measured using the setup in Figure (2.5), and the results are shown in
Figure (2.3). These are measured by using Ocean Optics white light source with ND3.0

attenuation. The setting for spectrometer chanrel is (6, 100) for (integration time (msec),
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average number). Different LPF does change the shape of the spectra, but it does not
change the decay (photo-bleaching) character of the microorganisms.

Another multi-mode fiber (Ocean Optics, 400 pm core, N.A. 0.22) is aligned above the
photographic port of the microscope and is coaxial with the optical axis of the
microscope 10 detect the emission light of the object. The real image mentioned above is
sent into the core of this fiber. The other end of this collecting fiber is connected to an
fiber optical spectrometer (Ocean Optics S2000), which is interfaced with a computer
that has LabView software displaying the emission spectra integrated by the
spectrometer’s CCD array detector. The integration time typically used with the
spectrometer is 4 second. The S2000 Spectrometer has high detection sensitivity (86
photon/count, 2.9 x 10™"7 Jcount, which is equivalent to 2.9 x 10" watts/count for 1-
second integration). The spectrometer accepts light transmitted through multi-mode
optical fiber and disperses it via a fixed grating across the CCD amay, which is
responsive from 187-879 nm (effective range).

The approximate FWHM optical resolution (OR) is related to the dispersion (D) and
the resolution (R) of the spectrometer by
OR=DxR.

The dispersicn is calculated from the spectral range of the grating (S) and the number

of detector elements (N):
p-S
N

For the S2000 Spectrometer, the spectral range of the grating is 650 nm [1], the
number of the detector elements is 2048 [1] and the resolution for a 25 pm slit is 4.2

pixels [1], so the calculated optical spectral resolution of the spectrometer is 1.3 nm
13

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(FWHM). The acquired spectra were smoothed and the final spectral resolution is 16.6
nm

A white light source (Ocean optics LS-1) is used to align both the excitation and
collection fibers. A circular spot of size 25 um represemting the circle of illumination and
another circular spot of size 40 um representing the circle of collection are located at the
center of the cross hairs in the microscope’s field of view. The laser power coupled into
the excitation fiber output was either 2.5 or 10 mW. The throughput of the microscope
for the excitation is approximately 1%. Therefore, the direct excitation intensity on the
slide sample is about 4-16 W/cm®.

Before taking the measurements in the experimental setup, the microscope is first
focused on an individual object (for example, a G. iamblia cyst) by adjusting the height
of the stage that carries the slide (z-direction) and observing through the eyepiece. The
excitation and collection fibers are then translated along their longitudinal axes until they
form sharp images on the same plane as the object. The sharp images are viewed through
the eyepiece as sharp circular reflections of the fiber’s illumination by the glass slide.
The two fibers are then translated along their transverse axes until their images overlap
concentrically on the cross hairs of the field.

The image of the excitation and detection fibers on the cross hairs of the eyepiece of

the microscope is shown in the following figure.

Detectica spot (40 um)

14
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The target microorganisms are first transiated away from the cross hair where the laser
would be focused. The auto-fluorescence spectrum of the substrate (blank buffer solution
or water) is then measured and saved as a background by choosing a store dark mode on
the spectrometer software. The background spectrum is then automatically subtracted
from the signal (by using Scope-dark mode). The microorganisms are then moved to
center on the cross hair while the laser is blocked. Subsequently, the signal spectra are

saved as soon as the laser is unblocked. The measurements are always taken in a dark

roomm at room temperature.

2.3 Experimental setup (2)

The experimental setup used in studying ONF of G. lamblia and other microorganisms
is schematically shown in Figure (24). A CW semiconductor laser (blue laser, Power
technology, PPM04) has been used as an excitation source. The laser emits light of 401
nm from a 5-mW gallium nitride-based laser diode. The spectral line width is less than |
nm. The experimental setup using the blue laser (figure 2. 4) is similar to the setup in

figure (2.1) without using the two equilateral dispersion prisms.

2.4 Experimental setup (3)

A schematic display of the experimental setup (Ocean Optics FHS-UV) for measuring
the transmission spectra of the long pass filters is shown in figure (2.5). The fibers are
attached to two collimators, which have lenses inside (5-mm dia., £2 optimized for UV-
VIS). The two collimators are aligned so that the output light from one fiber 1s

collimated by the first lens and properly focused into the other fiber by the second lens.

I3
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The filter being tested is inserted in the path of the colimated hght between the two
collimators. A Tungsten halogen white light source (Ocean Optics LS-1) is used. Its
output runs continuously from 360nm 10 2 pm, offering high color temperature and
extremely efficient output. An ND 3.0 filter is often inserted in a slot in the white light
source 1o reduce the power of the light and prevent the saturation of the spectrometer
detector.

A fiber optic cuvette holder (Ocean optics CUV-ALL 4-way) is also used in the optical
setup when it is necessary to transmit collimated light through samples contained in
cuvette. The cuvette holder can accommodate a 1-cm cuvette and has four fiber optic
collimators (one on each side) that are identical to those used in the filter transmission
setup. Optical multi-mode fibers can be attached to these collimators to illuminate the
sample and collect light from it. When combined with the spectrometer and light source,
the CUV-ALL assemblies can measure transmission, fluorescence, and scattering.

The collimators are screwed into the four sides of the sample well of the cuvette
holder. One the optical fiber is connected to one of the collimator and the light source,
creating the illumination part of the optical setup. Another optical fiber is connected to
the other collimator and to the spectrometer, creating the detection part of the optical
setup. Without the collimators, the light out of the fiber would diverge faster than what is
needed for efficient transmission and collection of the signal. These collimators have the
advantage of higher collection efficiency and better spatial resolution as both the
transmission and acceptance angles are easily optimized.

The measurement of the transmission spectrum is taken when the room light is off

Store dark function is used when the white light 1s blocked at the light source, then store
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reference function is used when the white fight is let to pass without obstruction to be
saved as a background. Finally, the transmission mode is used to take the transmission
measurement. Integration time and average number are properly selected to minimize the
refreshing time of the program. In general, it is better to use a more senmsitive
spectrometer channel (such as the slave channel) so that a small integration time may be
used to obtain a large signal. On the other hand, the average number can be set to be as

large as possible in order to smoothen the signal.

2.5 Experimental setup (4)

A schematic display of the experimental setup for 90° detection in Figure (2.6) is used
to measure the fluorescence of an amino acid solution. The blue diode laser and the
Argon ion laser are used as excitation sources. The excitation light is reflected by a plane
mirror (M), and then coupled through the optical fiber coupler (C) to the optical fiber that
is 200 um in core diameter. For the Argon ion laser, the two dispersion prisms always
are used to the output beam. The other end of the fiber is connected to a collimator on the
fiber optic cuvette holder, which holds a fluorescence/scattering cell (NSG type 23, 4
windows polished, path length 10 mm, outside dimeasion 12.5 mm sq. x 49.0 mm k)
containing a solution of the amino acid. The emitted light from the cell is detected at 90°
angle by a second optical fiber (400 um core) through another collimation lens. The
other end of the collection fiber is connected to the spectrometer S2000, which is turn

connected to the computer. No long pass filter s used here.

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



2.6 Experimental setup (5)

A Schematic display of the experimental setup for 180° detection in figure (2.7) is used
to measure the fluorescence of an amino acid solution.

The light beam leaving the laser source (dicde laser or Argon lon laser) is reflected by
a plane mirror and then coupled through optical fiber coupler to one leg of a bifurcated
fiber optic probe. The output light of the fiber enters a thin cuvette that contains the
sample and the fluorescence is collected by a second fiber (side by side with the first) in
the same probe. This second fiber guides the fluorescence light to the other leg of the

bifurcated fiber and then to the spectrometer S2000 that is connected to the computer.

2.7 Experimental setup (6)

A Schematic display of the experimental setup for 0° detection in figure (2.8) is used
to measure transmission/absorption of the amino acid solution. The source of excitation is
a Xenon flash lamp (Ocean Optics PX-1). The pulsed Xenon lamp is a high energy hght
source with a short arc flash lamp opumized for UV measurements from ~ 220 to 750
am. It offers excellent pulse-to-pulse stability. The output light of the lamp enters a fiber
of 400 pum core dia. The other end of the fiber is connected to a collimator on a long-path
transmission cell (Ocean Optics 10cm cuvette sample holder). The collimated Light first
passes through an ND3 filter to reduce the output power of the source, then passes
through 2 10 cm cell, and finaliv goes to another collimated lens connected to a second
multimode fiber with same diameter as the excitation fiber. The other end of the

collection fiber is connected the spectrometer S2000 that is connected to the computer.

18
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The Xenon lamp is also connected to the Spectrometer for its pulse repetition rate

control.

2.8 Experimental Setup (7)

A Schematic display of the experimental setup for 90° detection in figure (2.9) is used
to measure the fluorescence of the amino acid solution. The source of excitation is the
Argon laser or the diode laser. The laser beam goes through the sample directly (without
the fiber waveguide) and the fluorescence is collected by the fiber at 90° location through

the long pass filter.

2.9 Experimental Setup (8)

A Schematic display of the experimental setup for 180° detection in figure (2.10) is
used to measure the fluorescence of an amino acid solution.

The light beam leaving the laser source (diode laser or Argon Ion laser) is reflected by
a plane mirror and then coupled through optical fiber coupler to one leg of a bifurcated
fiber optic probe. For the Argon ion laser, the two dispersion prisms always are used to
the output beam. The output light of the fiber enters a beaker that contains the sample
and the flucrescence is collected by a second fiber (side by side with the first) in the same
probe. This second fiber guides the fluorescence light to the other leg of the bifurcated
fiber, which is connected to a collimation lens of a filter holder. After going through a
long pass filter, the light goes through anather collimation lens connected to the other end
of the filter hoider, which is connected through ancther fiber (400 um core) to the

spectrometer S2000 that is connected to the computer.
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2.10 Material

The G. lamblia cysts introduced into the slide cavity for excitation and observation are
normally prepared in a PBS solution (2 phosphate buffer saline solution with penicillin,
streptomycin, and gentamicin). The sources of the cysts are experimentally infected
gerbils. The cysts are purified from feces by sucrose and Percoll density gradient
centrifugation. The storage condition for the sample is 4 to 6 degrees Celsius (ie.
refrigerator temperature). Suspensions of live cysts expire 21 days after the date of
shipment. It is obtained from Waterbome Inc. Paramecium and rotifer are cultured in
spring water were obtained from North Carolina biological supphes. L-tryptophan and

FAD (Flavin adenine dinucleotide) are obtained from Sigma-Aldrich.

2.11 Discussion:

It is important that the background signal of the sample is small in order to obtain clear
fluorescence spectra of large amplitude (after to the subtraction of the background from
the emission spectra). A large background will greatly reduce the signal to noise ratio of
the fluorescence even with background subtraction. Note that when a shorter laser
wavelength is applied. a stronger background from the autofluorescence of the sample
substrate can occur. Therefore, for the 401 nm excitation wavelength, the background is
higher than that from the 458 nm wavelength excitation.

When the white light and the fibers are used for the alignments, the fibers give several
images that come from the front surface of the multi-mode fibers. These images can be

explained by the Cloud theory.
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The Cloud theory for the image of the fiber on the slide can be expressed as the
following:
The reflections from planes above and below the focai plane create the cloudy (fuzzy)

image, but the sharp image comes from the reflection from the plane of the focus.

The cloud for the excitation fiber is about a factor of five larger than its sharp image,
and the cloud for the collection fiber is about a factor of three larger than its sharp image.
The size of the cloud also depends on the type of the microscope slide used in the
experiment. Slides with wells (cavities) give larger cloud image than flat shdes.

In order to minimize the background, the following steps must be followed:

On the microscope. use the objective lens of a power 5X to locate the protozoa
(rmicroorganisms) and a relatively clean background surrounding the protozoa. Then use
the objective iens of 20 X and adjust the sample stage until the protozoa are on focus.
Send white lLight into the two fibers. Look for their images on the focal plane of the
protozoa. Move the fibers along their longitudinal axes. Multiple positions along these
axes can be found that form a sharp image of the same size. accompanied by cloudy

images of different sizes. Choose the position that gives the largest relative size
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cloudy image. This position spreads out the unwanted background fluorescence to 2
maximum degree and will give the minimum background in the collected signal.

The reason why there ave bigger cloud images of the fiber on the well slide than the
flat slide is that the light goes deeper from the plane of focus (POF) in well slide, which

creates more cloudy image, as showed in the following figure.

POF POF
C - Y v - Y 1
A
v 4
Flat Shide Weil Slide

A light beam (white light or laser) is brought to a point of focus by the objective lens at
the level labeled "plane of focus™. The fluorescence is emitted by the specimen from the
point of focus (solid rays) and passes back through the objective lens, through the beam
splitter to the fiber and the detector (spectrometer). However, autoflucrescence will also
be emitted by the substrate background from planes above and below the plane of focus
(dashed hnes), but this light will be prevented from reaching the spectrometer by the
detector fiber, which has a small core diameter. The more spreaded out the background
tmage is. the less efficient the background can reach the spectrometer. Thus, only the

light originarting from the plane of focus is most effectively collected by the detector.
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Note that G. lamblia (and other microorganisms) can sit at different depth in the well
slide. which can make the focus of the microscope and the focus of the fibers difficult.
Therefore, a piece of rock or plant is sometimes focused on as a reference for the plane of
focus.

The microscope for the setup is designed to illuminate the sample with the excitation
light (laser) and collect the emitted light while excluding the laser scattering by using

long pass filters.

2.12 Conclusion

The experimental setup above has been used to study the optical natural fluorescence
(ONF) of G. lamblia cysts and other microorganisms. The main components counsist of
optical multi-mode fibers used as waveguides for illumination and detection, a highly

sensitive spectrometer, long pass filters, and suitable CW blue excitation sources.
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2.14 Figures

Ar” Laser

Sample’s shde

2D Transnational stage {x & v-direction) !

Fig. 2.1. Schematc display of the expenmental setup: M, flat mrrors C. fiber coupler: EF.
Excitavon fiber; DF: Detection Fiber: L. lens: BS. beam spiiter; OL. objective lens: E.
eveprece (ocular); LPF. long pass filter
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OEM Drode}

PC S2000

Sample’s slide

2D Transnational stage (x & v-direction)

Fig. 2.4. Schematic display of the expenmental setup: M. flat mirror: OC. fiber coupler; EF.
Excitatton fiber: DF. detecnion fiber: L. lens: BS. beam sphitter; OL. objecuve lens: E. evepiece
(oculary: LPF, long pass filter.
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i

Fig. 2.5. Schemanc display of the experimental semp for 0° detection: EF. Exaation
fiber: DF. detection fiber S2000. Spectrometer: CL. collimanng lens: NDF. natural deasity
filter. using L PF. long pass filter.

Cell
CL
Cuvertte Holder
DF ol
S2000
EF
PC
.
— C
J M
Diode blue/Argon lon laser

Fig. 2.6. Schemanc display of the experimental setup for 90° detecnon: M.
flaz mirror; C. fiber coupler: EF. excitation tiber: DF. detecuion fiber; CL.
collmenng fems.
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Light source —&\d

T

Fig. 2.7, Schemanc display of the expenmental setup for 1807 detecton: BM.
bafurcated mixed opuical fiber: M. tlat muror.

Cell
10 cm Cuvette Holder

DF

Fig. 2.8. Schemasic display of the experimental setup for 0° detection: MMF, multi-mode
fiber; S2000. Spectrometer: CL. collimating lens: using 10 cm cell.
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Fig. 2.9. Schemanc display of the experimental setup for 90° detection: DF.
detection fiber: CL. colirmanng lens: LPFE. long pass filter.
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Fig. 2.10. Schemanv display of the expenmental semup for 1807 detevnon:
BM. bufurcated mixed opucal fiber: M. flat muror. CL. collimated lens. C.
opucai coupler. [ PF. long pass filter. DF. detected fiber.
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Chapter 3
A Study of Laser Induced- Optical Natural Fluorescence Spectroscopy

of Giardia lamblia Cysts

3.1 Introduction

This chapter will concentrate on the autofluorescence spectra of Giardia lamblia cysts
that were measured using the experimental setup mentioned in the previous chapter. The
excitation wavelength was focused on the blue side in the visible range due to the
observation that blue light excites stronger flucrescence from G. lamblia than green light
and visible light experiences less absorption by water and glass than true UV.

Unless otherwise mentioned, the optical natural fluorescence (ONF) of G. lamblia
refers to the data acquired from a cluster of cysts that were never exposed to laser before.
The sample was always stored at refrigerator temperature and then prepared and tested at
room temperature  The background emission by the medium in the sample under the
same excitation condition as G. lamblia was always subtracted from the raw data from G.
lamblia to produce the net ONF. This chapter and the rest of the thesis wall not

investigate the viability of G. lamblia.

3.2 Spectral Results and Discussion:
3.2.1 The ONF Spectra of a CLUSTER of G. lamblia Cysts Excited at 458 am
(Argon ion laser line)

The power of the laser coming out of the excitation fiber (Pf) was usually set at 10

mW. This power corresponded to an intensity of 16 W/em® falling directly on the
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microscope slide that carried the G. lamblia sample. A Schott GG495 long-pass filter
was always used in front of the detection fiber to block laser scattering.

The raw ONF spectra of G. lamblia of the same age are first plotted (after smoothing)
to check for the data’s reproducibility. Once they are reproducible in shape, the raw data
are first averaged before any further processing. The result is then smoothed (across a
window of 8.5 nm) and normalized according to the primary fluorescence peak height.
The average spectra of G. lamblia of different ages (and from different samples) are then

compared to see if the age of the cysts affects the emission spectrum.

32.L1 Pf=10 mW

Figure (3.1) shows the ONF data from young G. lamblia that were 1, 4, and 5 days old
respectively. The spectra overlap with each other in the major band, which peaks at 525
nm and has a full width half maximum (FWHM) of 75 nm. The negative peaks on the
blue side in some of the spectra are caused by excessive subtraction of the laser scattering
background.

Some additional peaks at 561 and 637 nm are believed to represent the fluorescence of
pigments (such as chlorophyll) of algae impurity in the G. lamblia sample. These peaks
are not an intrinsic part of G. lamblia's ONF because they are not reproducible in
magnitude relative to each other and to the major band.

Figure (3.2) shows the ONF from slightly older G. lamblia that were 11, 12, 14, and 16
days old respectively. Likewise, figure (3.3) shows the ONF from G. lamblia that were
25 and 27 days old; figure (3 4), 40 and 44 days old: figure (3.3), 50 and 54 days old.

Firally, figure (3.6) is from 60 and 111 days old samples.
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Each figure above indicates that the ONF spectra of G. lamblia of a similar age are
reproducible in shape under 458 nm excitation. Therefore, the spectra in each figure can
be averaged to represent typical spectrum of G. lamblia in each age group. As a test, the
average spectrum from very old cysts (60 to 111 days old) is compared with that from
very young ones (1 to 5 days old) in figure (3.7). The result indicates that, although the
two groups of Cysts that are extremely different in age, their ONF spectra are very similar
in shape. A similar conclusion may be drawn from G. lamblia of all other ages.
Therefore, the age of the G. lamblia sample does not seem to have any effect on the ONF
spectra shape. Consequently, the entire set of ONF spectra from G. lamblia of all age
groups can be averaged, as shown in figure (3.8). The resulting spectrum has a full width
half maximum (FWHM) of 83 nm and a primary peak at 519 nm.

Besides the age, the preparation condition for the sample was also varied to see its
effect on the ONF of G. lamblia. Figure (3.9) shows a group of ONF spectra from G.
lamblia cysts that were initially stored at refrigerator temperature until it was 45 days old,
and then aged over night at room temperature. kI is believed that room temperature
condition can greatly quicken the aging of G. lamblia. During this aging process, the
sample was kept wet. This figure shows that the ONF spectra from aged G. lamblia cysts
also overlap with each other. An average of these spectra is then compared with that
from a fresh sample, as shown in figure (3.10). The two spectra still overlap. This result
confirms that the ONF spectral shape does not change even if the sample has aged

enormously. In conclusion, the age of G. lamblia does not change its ONF spectrum.
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3.2.1.2 P1 higher or lower than 10 mW

To find out whether the excitation intensity affects the spectral result of G. lamblia, the
power of the laser out of the excitation fiber (Pf) was also varied. For example, figure
(3.11), (3.12), and (3.13) show a group of ONF spectra from G. lamblia (1 day old) while
the power out of the fiber was 20 mW, 5 mW, and 2.5 mW, respectively. Similar to the
result obtained at 10 mW, each figure shows that the spectral shape is reproducible at 2
fixed excitation intensity. The average of the spectra at each excitation power is then
taken and plotted together in figure (3.14). The result proves that the excitation intensity

used in this experiment has no effect on the spectral shape of ONF of G. lamblia.

322 The ONF spectra of SINGLE G. lamblia cyst excited at 458 nm (Argon ion
laser line)

The ONF spectra from single cyst are measured in the same manner as that from a
cluster of cysts. Ahhough it is easier to get higher emission intensity from a cluser of G.
lamblia cysts, it is equally important to study the ONF from single G. lamblia cyst in
order 10 estimate the detectior limit of the experimental setup. The S/N ratio of a single
cyst spectrum will serve this purpose. In addition, it is necessary to compare the spectral
shape of single cyst with that of a cluster to ensure that the ONF spectrum shape does not

depend on the number of cysts excited.

3221 Pf=10 mW

Figure (3.15) shows a group of ONF spectra from single voung G. lamblia cyst that

was | and 4 days old respectivelv. Like wise, figure (3.16) is for cyst that was 12 and 14
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days old respectively; figure (3.17), 26 and 44 days old; figure (3.18), 60 and 111 days
old. Each of these figures indicates that, similar to a cluster of cysts, single G. lamblia
cyst at each age gives reproducible ONF in shape under 458 nm excitation.

The average spectra from single cyst that were 1 to 4 days old is compared with the
average for 12 1o 14 days old sample, as shown in figure (3.19). Likewise, the average
for 1 to 4 days old cyst is compared with that for 60 to 111 days old, as shown in figure
(3.20) These tests indicate that, like a cluster of cysts, single cyst emission is
independent of age

Consequently, the data from single G. lamblia cyst of all ages may be averaged
together, as shown in figure (3.21). The resulting spectrum has a FWHM of 84 om and a
peak at 517 nm Compared to the average of ONF from a cluster of cysts, has a FWHM of
83 nm and a peak at 519 nm.

On the other hand, Figure (3.22) shows a group of ONF from single G. lamblia cyst
that was stored at room temperature over night. This figure shows that the ONF of aged
single cyst is also reproducible in shape The average from aged cyst is then compared
with the average from fresh cyst stored at refrigerator temperature, as shown in figure
(3.23). Like that from a cluster of cysts, the spectral shape of ONF from a single G.

lamblia cyst 1s not dependent on its age.

3222 Pf=25mW

Figure (3.24) shows a group of ONF spectra of single G. lamblia cyst that was 58 days

old. Because the spectra are reproducible in shape. they can be averaged together. This
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average spectrum is then compared to the average spectrum from a cluster of G. lamblia

cysts, as shown in figure (3.25).

3.23 The ONF spectra of a CLUSTER of G. lamblia cysts excited at 401 nm (blue
diode laser)

The 401 nm emission of a blue diode laser was used to excite the ONF spectra from G.
lamblia of different ages. The power out of the excitation fiber was 2.2-2.5 mW and the
long pass filter used was Corning 3-72. The spectral data are processed in the same way
as those obtained through 458 nm excitation.

Figure (3.26) shows a group of ONF spectra of G.lamblia cysts that were 32 and 36
days old. The spectrum has a FWHM of 79-nm approximately and a primary peak at 497
nm. The secondary peaks at 678 and 636 nm are again assigned to the pigments of algae
impurity in the Giardia sample. These peaks basically agree with their counterparts at
661 and 637 nm in the data from 458 nm excitation. This figure shows that the ONF
spectra of G. lamblia of the same age are reproducible in shape under 401 nm excitation.
Thus these spectra can be averaged together.

Likewise, figure (3.27) shows a group of ONF spectra of G. lamblia cysts that are 27
days old The spectra are again reproducible in shape. They can also be averaged
together. Figure (3.28) then plots the average of the two sets of data together. Because
the two average spectra agree in shape, all the raw data may be averaged, as shown n

figure (3.29).

et
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3.2.4 The ONF spectra of SINGLE G. lamblia cyst excited at 401 nm (blue diode
laser)

Figure (3.30) shows a group of ONF spectra of single G. lamblia cyst that was 32 and
36 days old respectively. This spectrum shows that the ONF spectra of single G. lamblia
of the same age are also reproducible in shape under 401 nm excitation. Thus these data
can be averaged together.

Figure (3.31) shows a group of ONF spectra of single G. lamblia cyst that was 91 days
old. These data are also reproducible in shape and can be averaged.

The average spectra of these two sets of data are then compared in figure (3.32). The
result shows that the aging of single G. lamblia cyst does not change its ONF spectral
shape under 401 nm excitation. This result is similar to the 458 nm excitation result.
Because all of the single cyst data (from 401 nm excitation) overiap in shape, they can be

averaged together, as shown in figure (3.33).

3.2.5 The ONF spectra of G. lamblia cysts excited at 496 am (Argon ion laser line)
When the excitation wavelength was 496 nm, the power out of the excitation fiber was
varied between 10 and 2.5 mW. The long pass filetr used was Schott OG 515.
The spectral data are processed in the same way as those obtained through 458 nm
excitation.
In figure (3.34). a group of ONF spectra of G. lamblia under 496 nm excitation are
plotted. The approximate age of the sample was 2 days. The power out of the fiber was
also set at 10 mW. This spectrum shows that the ONF of G. lamblia is reproducible in

shape under 496 nm excitation. Thus, ali the data in figure (3.34) can be averaged The
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result is shown in figure (3.35). The average spectrum has a full width half maximum
(FWHM) of 88 nm approximately and a primary peak at 646 nm. The secondary peaks
appear at approximate 666 and 631 nm are aiso attnibuted to pigments of algae impurity
in the G. lamblia cysts sample.

Under a lower excitation power of 2.5 mW, a group of ONF spectra of G. lamblia was
measured and the data plotted in figure (3.36). The approximate age of the sample was 5
days. These data are again reproducible in shape. Thus they can be avearged and
compared with the data obtained at higher excitation power. Figure (3.37) plots these
averages together. The result shows that the excitation power does not affect the shape of

ONF spectra under 496 nm excitation.

3.3 Miscellaneous results of the observed ONF spectra of G. lamblia cysts

Figure (3.38) compares the ONF spectra of G.lamblia cysts when the excitation
wavelength is changed from 458 to 401 nm. The individual data have been divided by
the transmission spectrum of the long pass filters respectively. Likewise, figure (3.39)
compares the ONF specira of G.lamblia cysts when the excitation wavelength is changed
from 458 to 496 nm. Figure (3.40) shows all of three excitation (401, 458, and 496nm)
wavelengths together. This figure proves that the ONF spectral peak of G.lamblia cysts
shift to longer wavelength by increasing the excitation wavelength.

Some typical ONF data from a cluster of G. lamblia cysts. as well as their associated
background spectra, are shown in figure (3.41) for two exciiation wavelengths at 458nm
and 496nm. This figure gives an exampie of the magnitude of G. lamblia fluorescence

intensity compared to the sample background.
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Figure (3.42) shows a group of background spectra of the G. lamblia sample at 458 nm
excitation, when the power out of the excitation fiber was set at 10 mW. Figure (3.43)
shows the ONF spectra of the background of G.lamblia cysts under 401 nm excitation
with the power out of the excitation fiber at 2.2-2.5 mW.

The excitation power was changed 1o check the linearity of the fluorescence data. As
shown in figure (3.44), the integrated fluorescence intensity of G. lamblia cysts is linear
with respect to the laser power, which confirms that the excitation intensity used is low
enough.

A pair of cross polarizers were used as an alternative method 10 reject laser scattering,
which was assumed to be more polarized than the spontaneous emission of fluorescence.
When one polarizer polarizes the laser output from the excitation fiber, another one was
aligned at 90 degree in front of the collection fiber so that the laser scattering reaching the
detector was minimized. The transmission spectrum of these linear polanizers was
measured and shown in figure (3.45).

The ONF spectrum of G. lamblia obtained through the above method is then compared
with that from the standard method (long pass filter), as shown in figure (3.46). This
figure shows that, under 458 nm excitation, there is a reduction of the ONF ntensity on
the blue side of the spectrum by the long pass filter GG495. The distortion is noticeable,

but insignificant for the shape of the spectrum.
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3.4 Conclusion

This chapter reports the ONF spectra of G. lamblia excited and detected using the
setups described in the previcus chapter. The laser excitations used are of blue
wavelength (458, and 401 nm). At 458 nm excitation, the peak of the ONF for G.
lamblia cysts is located at 525 nm; at 401 nm excitation, the peak of the ONF is located at

496 nm approximately.

41
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3.5 Figures
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Fig. 3.1. Companson of ONF spectra for G. lamblia of
samples |. 4. and 5 davs old. Excitation wavelength is 458
nm and the power out of the excitation fiber is i0 mW.
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Fig 3.2. Companson of ONF spectra for G lamblia of
samples 11, 12, {4, and 16 days old Exctation
wavelength is 458 nm and the power out of the excitation
fiber 1s [0 mW.
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Fig. 3.5. Comparison of ONF spectra for G. lamblia of
samples 50 and 54 days old. Excitation wavelength is 458
nm and the power cut of the exaitation fiber is 10 mW.

7
1000+ - - i
= ,u 3
€ ! i
5800 :
T .
] : 8
- i e m
0 ) .
n <
2 ;
thOw - ey
© » | :
g M -
§ 200 i
(3 : §
-3 : B
[:+3 H : s
- X s
W Qll?\‘lvﬁ\f b
w !

400 S00 60C 700 800 800
Waveiength (nmj}

Fig. 3.6. Comparison of CNF spectra for G. lamblia of
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Chapter 4
Laser Induced Optical Natural Fluorescence Spectroscopy of Giardia

lamblia Cysts Compared to Other Microorganisms

4.1 Introduction

ONF spectroscopy will be demonstrated to be an effective method for distinguishing
Giardia lamblia from other waterborne microorganisms such as Paramecium (single
cellular) and Rotfer (multi-cellular), as well as Giardia nmris (another species of
Giardia). The goal of the study is to find the characteristic ONF spectra for G. lamblia
cysts in comparison to other microorganisms that exist in water. This thesis will not
directly study the difference in the internal organization between G. lamblia cyst and the
other microorganisms. Rather, through the ONF spectra of each microorganism at
vanious excitation wavelengths, the differences between these microorganisms are
reflected.

While the excitation wavelengths of 458 nm and 401 nm have been used to excite the
fluorescence from these microorganisms, it is found that only 401 nm excutation is able to

distinguish the ONF spectra of G. lambha from the other microorganisms.

4.2 Spectral Results and Discussion:
4.2.1 Introduction to Paramecium
Paramecium is a small unicellular organism that is found commonly in patural water

sources. such as lakes ponds, and streams. It is 180-300 um long, cylindrical-shaped
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with a compact micronucleus and a rounded anterior {1]. Paramecium comes from
commercial source as culture in spring water. They should not be stored at refrigerator
temperature or exposed to direct sunlight. They shouid be kept at room temperature with
sufficient oxygen above the water surface.

To prepare a sample, it is necessary to mount the Paramecium sample on a plane
microscope slide that has no concavity in order to facilitate the drying of water from the
sample. As water gradually dries, Paramecium slows down its motion. In the end, 1t
completely stops. This is a good and critical moment to do ONF spectroscopy, for on one
hand, Paramecium is fixed; on the other hand, immediately after it stops, Paramecium
begins to lyse. As the body of Paramecium breaks down to many pieces, the ONF

spectrum collected loses meaning.

4.2.2 ONF spectra of Paramecium at 458 nm excitation (Argon ion laser line)

The power of the laser coming out of the excitation fiber (Pf) was usually set at 10
mW. This power corresponded to an intensity of 16 W/cm’ falling directly on the sample
slide, if a 20X microscope objective is used. Sometimes, a smaller power of
magnification such as 10X was used instead to excite a larger part of Paramecium’s body.
The intensity in that case was 4 W/cm®. A Schott GG495 long-pass filter was always
used in front of the detection {iber to block laser scattering.

The raw ONF spectra of Paramecium from the same sample, measured within a similar
period of time, were first plotted (after smoothing) to check for the data'’s reproducibility.
Once they are reproducible in shape, the raw data are first averaged before any further

processing. The result is then smoothed (across 2 window of 8.5 nm) and normalized
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according to the primary fluorescence peak height. The average spectra of Paramecium

from different samples are then compared to see if they overlap.

4.2.2.1 Pf=10mW

Figure (4.1) shows the ONF data that was measured on several days from the same
sample (#1) of Paramecium. The spectra overlap with each other in the major band,
which peaks at 523 nm and has a full width half maximum (FWHM) of 73 nm. The
negative peaks on the blue side of some of the spectra are caused by excessive
subtraction of the laser scattering background.

Figure (4.2) shows the ONF data from Paramecium that was taken on several days
from a different sample (#2) of Paramecium that was either newly acquired or recultured
from old sample. Likewise, figure (4.3) (4.4), and (4.5) show the data from samples #3,
4, and 5 respectively.

Each figure above indicates that the ONF spectra of Paramecium from the same
sample are reproducible in shape under 458 nm excitation. Therefore, the spectra in each
figure can be averaged to represent typical spectrum of Paramecium of one sample. Asa
test, the average spectrums from sample #! to #5 are compared in figure (4.6). The result
indicates that the ONF spectra from different samples are also similar in shape.
Consequently, the entire set of ONF spectra of Paramecium from samples #1-5 under 458
nm excitation can be averaged, as shown in figure (4.7). The resulting spectrum has a

full width half maximum (FWHM} of 77 nm and a primary peak at 515 nm.
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4222 Pf=2.5mW

To find out whether the excitation intensity affects the spectral result of Paramecium,
the power of the laser out of the excitation fiber (Pf) was reduced. Figure (4.8) shows the
ONF spectra from Paramecium when the power out of the excitation fiber was 2.5 mW.
Because the spectra are reproducible in shape, they can be averaged together. This
average spectrum is then compared to the average spectrum when the power out of the
excitation fiber was 10 mW, as shown in figure (4.9). The result proves that the excitation
intensity used in this experiment has no effect on the spectral shape of ONF of

Paramecium.

4.2.2.3 P{ = 10mW using objective lens of power 10 X

Figure (4.10) shows the ONF data from Paramecium that was measured using 10X
microscope objective (MO) lens. The figure indicates that the ONF spectra of
Paramecium obtained through low power MO are also reproducible in shape. These
spectra can then be averaged and compared to the average spectrum obtained through the
20 X objective lens. Figure (4.11) shows that the power of the MO does not make a
difference in the ONF spectra! shape. Therefore, although the 20X MO covess a relative
small part of Paramecium's body, the resulting ONF is representative of the whole

organism's emission under laser excitation.

4.2.3 ONF spectra of Paramecium at 401-um excitation (blue diode laser)
The 401 nm emission of a blue diode laser was used to excite the ONF spectra from
Paramecium. The power out of the excitation fiber was 2.2-2.5 mW and the long pass
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filter used was Coming 3-72. The spectral data are processed in the same way as those
obtained through 458 nm excitation.

Figure (4.12) shows the ONF data of Paramecium from the same sample (#i). The
spectra overlap with each other in the major band, which peaks at 538 nm and has a full
width half maximum (FWHM) of 95 nm. Likewise, Figure (4.13) shows the ONF data of
Paramecium from a different sample (#5).

Each figure above indicates that the ONF spectra of Paramecium from the same
sample are reproducible in shape under 40! nm excitation. Therefore, the spectra in each
figure can be averaged to represent typical spectrum of Paramecium of one sample. The
average spectrum from sample #4 and S are compared in figure (4.14). The result
indicates that the ONF spectra from different samples are also similar in shape.
Consequently, the entire set of ONF spectra of Paramecium from sample #4 and 5 under
401 nm excitation can be averaged, as shown in figure (4.15). The resulting spectrum has

a full width half maximum (FWHM) of 97 nm and a primary peak at 533 nm.

4.2.4 ONF spectra of Paramecium at 496 nm excitation (Argon ion laser line)

When the excitation wavelength was 496 nm. the power out of the excitation fiber was
10 mW. The long pass filter used was Corning 3-69. The spectral data are processed m
the same way as those obtained through 458 nm excitation.

Figure (4.16) shows the ONF data of Paramecium from sample #1, measured with 20 X
objective lens. The spectra overlap with each other in the major band, which peaks at
546 nm and has a full width half maximum (FWHM) of 84 nm. Likewise, Figure (4.17)

shows the ONF data of Paramecium from sample #3, measured with 10 X objective lens,
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which covers a larger percentage cf the Paramecium body. Each figure above indicates
that the ONF spectra of Paramecium from the same sample are reproducible in shape
under 436 nm excitation, when they are measured with a fixed objective lens power.
Thus, the spectra in each figure can be averaged to represent typical spectrum of
Paramecium from one sample. Furthermore, the average spectrum from sample #1 (20X)
and #3 (10X) are compared with each other in figure (4.18). The result indicates that the
ONF spectra are slightly different in shape when different percentage of the Paramecium
body are excited; however, such a difference is not conclusive due to the small amount of

data

4.2.5 Comparing the ONF spectra of G. lamblia cysts (cluster) with Paramecium

Figure (4.19) compares the ONF spectra of G. lamblia with that of Paramecium when
the excitation wavelength is 401 nm. When using 401 nm excitation, G. lamblia can be
distinguished from Paramecium m the ONF spectra.

Figure (4.20) compares the ONF spectra of G. lamblia with the ONF of Paramecium
when the excitation wavelength is 458 nm. When using 458 nm excitation, G. lambha
can not be distinguished from Paramecium because their ONF spectra are almost
identical.

Figure (4.21) compares the ONF spectra of G. lamblia with the ONF of Paramecium
when the excitation wavelength is 496 nm. When using 496 nm excitation, G. lamblia
can not be distinguished from Paramecium because their ONF spectra are almost
identical.

Figure (4.22) compares the ONF spectra of Paramecium when the excitation
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wavelength is changed from 458 to 401 nm. The individual data have been divided by
the transmission spectrum of the long pass filters respectively. The figure shows an
interesting reverse shift of the ONF specirai band as the laser wavelength is shifted.
Paramecium exhibits a 15 nm red shift when the laser is blue shifted by 57 nm from 458
to 401 nm, in contrast to the normal shift shown in G. lamblia.

Figure (4.23) compares the ONF spectra of Paramecium when the excitation
wavelength is changed from 458 to 496 nm. This shows a weak shift or almost no shift

compared to G. lamblia, which has a little shift.

4.2.6 Miscellaneous results of the ebserved ONF spectra of Paramecium

The background of the Paramecium sample can vary in the spectral intensity within the
sample. Figure (4.24) shows a baich of background spectra of Paramecium i
springwater at 458 nm excitation with the power out of the excitation fiber at 10 mW.
This shows that the background intensity is better to be at a maximum range of 160
counts. Figure (4.25) shows a batch of background spectra of Paramecium sample at 401
nm excitation with power out of the excitation fiber at 22-2.5 mW. The intensity of the
background and scattering are increased at 401 nm excitation wavelength compared to

higher excitation wavelength.

4.2.7 Introduction to Rotifer
Rotifers are multi~cellular microorganisms that are typically 0.1 to Imm long and are
found in a variety of aquatic habitats [2]. Rotifers are very common in inland waters. In

order to keep the Rotifer alive, the cultures should never be placed at refrigerator
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temperature or in direct sunlight. They should be kept cool (20 to 22 C) with lids placed
lightly over the storage jars. Rotifer cannot survive for long time because they increase
rapidly and soon they exhaust their food supply. Therefore, most of the time they need to
be cultured. They can be cultured on wheat medium with spring water in the same way

as Paramecium.

4.2.8 ONF Spectra of Rotifer at 458 nm excitation (Argon ion laser line)

The ONF spectra of Rotifer were detected when its body stopped moving, after which
the body did not lyse. The excitation was focused most of the time on the stomach of
Rodfer. The power of the laser coming out of the excitation fiber (Pf) was usually set at
10 mW. A Schott GG495 long-pass filter was always used in front of the detection fiber
to block laser scattering.

The raw ONF spectra of Rotifer from the same sample were plotted (after smoothing)
to check for the data's reproducibility. Once they are reproducible in shape, the raw data
are first averaged before any further processing. The result is then smoocthed (across a
window of 8.5 nm) and normalized according to the primary fluorescence peak height.
The average spectra of Rotifer from different samples are then compared to see if they
overlap.

Figure (4.26) shows the ONF data of Rotifer from sample A. The spectra overlap with
each other in the major band, which peaks at 524 nm and has a full width half maximum
(FWHM) of 85 nm. Because the spectrz are reproducible in shape, they can be averaged

together as in figure (4.27).

i3
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4.2.9 ONF Spectra of Retifer at 401 nm Excitation (blue diode laser)

The 401 nm emission of a blue diode laser was used to excite the ONF spectra from
Rotifer of different ages. The power out of the excitation fiber was 2.2-2.5 mW and the
long pass filter used was Coming 3-72. The spectral data are processed in the same way
as those obtained through 458 nm excitation.

Figure (4.28) shows the ONF data of Rotifer from sample B. The spectra overlap with
each other in the major band, which peaks at 517 nm and has a full width half maximum
(FWHM) of 107 nm. Likewise, Figure (4.29) shows the ONF data of Rotifer from
sample B.

Each figure above indicates that the ONF spectra of Rotifer in the same sample are
reproducible in shape under 401 nm excitation. Therefore, the spectra in each figure can
be averaged to represent typical spectrum of Rotifer from one sample. The average
spectrum from the two samples is then compared with each other in figure (4.30). The
result indicates that the ONF spectra from different samples are also similar in shape.
Consequently, the entire set of ONF spectra of Rotifer from sample A and B can be
averaged, as shown in figure (4.31). The resulting spectrum has a full width half

maximum (FWHM) of 95 nm and a primary peak at 515 nm.

4.2.10 ONF spectra of Rotifer at 496 nm excitation (Argoa ion laser line)

When the excitation wavelength was 496 nm, the power out of the excitation fiber was
10 mW. The long pass filter used was Corning 3-69. The spectral data are processed in
the same way as those cbtained through 458 nm excitation.

Figure (4.32) shows the ONF data of Rotifer from sample D, measured using the

c_j
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objective lens of power 10X. The spectrum has a peak at 546 nm and has a full
width half maximum (FWHM) of 84 nm. Because there is only one spectrum shown

here, the reproducibility of the data is uncenain.

4.2.11 Comparing the ONF spectra of G. lamblia cysts (cluster) with Rotifer

Figure (4.33) compares the ONF spectra of G. lamblia with that of Rotifer when
the excitation wavelength is 401 nm. When using 401 nm excitation, G. lamblia can
be distinguished from Rotifer in the ONF spectra.

Figure (4.34) compares the ONF spectra of G. lamblia with the ONF of Rotifer
when the excitation wavelength is 458 nm. When using 458 nm excitation, G.
lamblia cysts cannot be distinguished from Rotifer in the ONF spectra because the
two are almost identical.

Figure (4.35) compares the ONF spectra of Rotifer when the excitation
wavelength is changed from 458 to 401 nm. The individual data have been divided
by the transmission spectrum of the fong pass filters respectively. The figure
indicates that the ONF spectra of Rotifer show a small shift (9 nm) when the laser
wavelength is shifted; however, the spectrum is broader at 401 nm excitation
compared to 458 nm: the FWHM is broadened to 106 nm, whereas G. lamblia

maintains an 83 nm FWHM.

4.2.12 Miscellaneous results of the observed ONF spectra of Rotifer

Figure (4.36) shows a batch of background spectra of the Rotfer sample at 458

nm excitation with the power out of the excitation fiber at 10 mW. Figure (4.37)
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the excitation fiber at 2.2-2.5 mW. The laser scattering and the background do increase at

401 nm excitation compared to other higher excitation wavelengths.

4.2.13 Introduction to Giardia muris cysts

Giardia muris is a flagellated intestinal protozoan [3]. The cyst is about 6 to 9
micrometers in diameter and 8 to 12 micrometers in length [4]. The excitation conditions
for G. muris is the identical to that used for G. lamblia. The media of the sample is

water, which is different from G. lamblia that was suspended in PBS solution.

4.2.14 ONF spectra of Giardia muris cysts (cluster) at 458 nm excitation (Argen ion
laser line)

Figure (4.38) shows the ONF data from G. muris that were 1 day old . The spectra
overlap with each other in the major band, which peaks at 516 nm and has a full width
half maximum (FWHM) of 71 nm. Therefore, the spectra in the figure can be averaged
to represent typical spectrum of G. muris under 458 nm excitation with the power out of
the excitation fiber is 10 mW. This average is then compared with the ONF spectrum of
G. lamblia as in figure (4.39). The figure indicates that two species of G. muris have
similar ONF spectra in shape at 458 nm excitation. Further work is needed to confirm
this result. In addition to the work at 458 nm, it is worthwhile using 401 nm to excite G.
muris cysts to find out if its ONF differs from G. lambhia cysts.

4.2.15 ONF spectra of single Giardia muris cyst at 458 nm excitation (Argon ion
kaser line)

Figure (4.40) shows the ONF data from singie G. muns that were 1 day old. The
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from G. lamblia cysts.
4.2.15 ONF spectra of single Giardia muris cyst at 458 nm excitation (Argon ion
Iaser [ine)

Figure (4.40) shows the ONF data from single G. muns that were 1 day old. The
spectra overlap with each other in the major band, which peaks at 524 nm and has a
full width half maximum (FWHM) of 77 nm. Therefore, the spectra in the figure
can be averaged to represent typical spectrum of single G. muns. This average is
then compared with the ONF spectrum of cluster of G. muns, as in figure (4.41).
The result proves that the ONF spectra of single and cluster of G. muns overlap in
shape under 458 nm excitation.

Furthermore, the data of single G. muris cyst is compared to that of single G.
lamblia cyst, as in figure {4.42). The result shows that the ONF spectra of single cyst
from the two species of Giardia are also similar to each other under 458 nm
excitation.

4.2.16 Miscellaneous results of the observed ONF spectra of Giardia muris cysts

Figure (443) shows two background spectra of G. mums sample at 458 mm
excitation with the power cut of the excitation fiber at 10 mW. The background has
low intensity compared to the cluster intensity.

4.3 Conclusion

When the excitation is biue-shifted to 40l nm, G. lamblia shows a unique
fluorescence spectrum that differs from Paramecium and Rotifer in its peak
position and spectral width. while at 458 am excitation, all three microorganisms

and G. murs show overlapping emission spectra.
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Fig. 4.1. Normalized the ONF spectra of Paramecium for
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Chapter 5
The ONF spectrum of Giardia lamblia cysts compared to the

fluorescence spectrum of Amino Acids

5.1 Introduction

It is observed that proteins play a significant and common role in the excited spectra
obtainable from Giardia lamblia cysts. Proteins are the organic molecules that are
essential ingredients in all aspects of the structure and function of microorganisms [4].
Proteins typically make up 50% or more of the cell’s dry weight [1,19-21] and are
composed of units of about 20 different amino acids, which are organic compounds that
contain both the amino (_NH2) and carboxyl (_COOH) groups [2.19-21].

The general structural formula for an amino acid 1s

R R 0
! V4
H>NCHCO,H = H;N Ca——- C\

OH

Ca is the alpha carbon atom in the center; R is a vanable group that the molecules of the

20 standard amino acids different from one another; H2N is the amino group; COOH 1s

the carboxyl group.
Most of these amino acids differ only in the nature of the R substituent. The standard

amino acids are therefore classified on the basis of these R groups._Three natural amino
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acid residues have the highest fluorescence efficiency [5], and they may contribute and
play a key role in the cell fluorescence. They are: L-tyrosine, L-trypiophan, and L-
phenylalanine. Most proteins are endowed with an intrinsic UV fiuorescence property
because they contain these aromatic amino acids that have absorption in the UV. The
absorption of proteins at 280 nm is due to both tyrosine and tryptophan residues. At
wavelengths longer than 295 nm, the absorption is due primarily to tryptophan [10}.

L-Tryptophan is the most efficient fluorescent amino acid in proteins: It has the highest
quantum yield of fluorescence. The L-tryptophan residues of proteins generally account
for about 90% of the total fluorescence from proteins [10]. Thus, the fluorescence of most
proteins is dominated by the tryptophan residues. On the other hand, tyrosine is highly
fluorescent in solution, but its emission is generally weaker in proteins than tryptophan
[10]. Furthermore, the quantum yield of phenylalanine in proteins is small, so the
emission from this residue is rarely observed [10].

While the amino acids mentioned above are major contnbutors to cellular
fluorescence, coenzymes derived from vitamins [14] such as FAD and NAD are also
known to be strong fluorophores in cell [9,11,15-17,31.34]. Although their cellular
concentrations are much lower than tryptophan [9], their fluorescence efficiency can be

much higher.

52 The fluorescence of L-tryptophan solution compared to the ONF spectra of G.
lamblia
Aqueous solution of the amino acid L-Tryptophan (C11HI2ZN202, FW (formula

weight): 204.2 g/mol) at the concentration of 12.5 and 25 mM was prepared m distilled
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water. Like the excitation used for microorganisms, 401, 458, and 496 nm excitation
were used to excite the tryptophan solution. The power of the excitation fiber was 2.5,
20, and 32 mW and Comning 3-72, Schoit GG495, and OGS515 were used respectively as
long pass filters.

Figure (5.1) compares the smoothed ONF spectra of L-tryptophan when the excitation
wavelength is changed from 458 to 401 nm. The individual data have been divided by
the transmission spectrum of the long pass filters respectively. Likewise, figure (5.2)
compares the ONF spectra of L-tryptophan when the excitation wavelength is changed
from 458 to 496 nm. These figures show that the fluorescence spectrum of L-tryptophan
shifts to the longer wavelength with increasing excitation wavelengths, which is similar
to the ONF spectra of G. lamblia cysts. Figure (5.3) shows all of three excitation (401,
458, and 496nm) wavelength together.

The narrow peak at about 3150-3650 cm-1 from the excitation wavelength is attributed
to the Raman peak of water, caused by the stretching vibration group of O-H [6]. Figure
(5.4) compares the ONF spectra of G. lamblia with the fluorescence of L-tryptophan
solution when the excitation wavelength is 401 nm. The longpass filter used for taking
the two data were the same. The averaged baseline height between 200 and 300 nm is
subtracted from the entire spectrum for L-tryptophan. Likewise, figure (5.5) compares
the ONF spectra of G lamblia with the fluorescence of L-tryptophan when the excitation
wavelength is 438 nm, and figure (5.6) compares the two when the excitation wavelength
is 496 nm. These figures show that the L-tryptophan fluorescence spectrum largely

agrees with the ONF spectrum of G. lamblia cyst at all three excitation wavelengths.
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5.3 The fluorescence of FAD (Flavin adenine dinucleotide) solution compared to the
ONF spectra of G. lamblia

Aqueocus solution of coenzyme FAD (C27H3IN9O15P2N22, FW (formula weight):
829.5 g/mol) at a concentration S to 10 uM was prepared in distilled water. The power
out of the excitation fiber was 0.55, 1.25,1.25 mW for 401, 458, 496 nm excitation and
Comning 3-72, Schott GG495, OG 515 long pass filters were used, respectively.
Figure (5.7) compares the smoothed fluorescence spectra of FAD when the excitation
wavelength is changed from 458 to 401 nm. The individual data have been divided by
the transmission spectrum of the long pass filters respectively. Likewise, figure (5.8)
compares the ONF spectra of FAD when the excitation wavelength is changed from 458
to 496 nm. These figures show that the fluorescence of FAD does not shift with
increasing excitation wavelength Figure (5.9) shows all of three excitation (401, 458,

and 496nm) wavelength together. This is clearly different from G. lamblia.

5.4 Discussions

At all three excitation wavelengths (401, 458, 496 nm), the fluorescence spectra of
Giardia and tryptophan agree reasonably well (Fig. 5.4, 5.5, and 5.6). Like G. lamblia,
tryptophan exhibits clear spectral shift when the laser excitation wavelength is changed
(Fig.5.1-3). On the other hand. when the same excitations are applied to another major
fluorescent molecule in cell, FAD, the results stand in sharp contrast to those from
Giardia and L-trytophan (Fig.5.7-9). No spectral shifts are observed here when the laser

excitation wavelength is changed.
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The fiuorescence of tryptophan has been extensive investigated under UV excitation
[7-13,27-28,30]. However, as far as the author knows, there has not been any report on
tryptophan fluorescence under visible excitation. The main reason for this is that the
absorption bands of tryptophan are all located in the UV spectral range [7,30]. The study
of the ryptophan molecule itself is naturally best undertaken with UV excitations. While
excitation in the UV spectral range may be a better match to absorption bands of protemns
and other constituents in microorganisms, the use of excitation sources in the visible for
these experiments was dictated by the considerations of (i) availability, (i) strong
absorption of UV excitation inside the microscope optics; and (iit) strong absorption of
UV excitation by water, which makes UV excitation impractical for potential remote
sensing applications in natural water.

Although the visible excitations used to excite Giardia are far from the major
absorption band of tryptophan, the concentration of the tryptophan sample in this work is
high enough to allow the absorption edge to extend to 401 and 458 nm. At the same
time, the concentration is kept low enough so that it does not exceed the average amino
acid concentration in a cell, and fluorescence quenching does not occur {9}.

When they are excited at 458 nm, Giardia lomblia, Paramecium, and Rotifer emit
flucrescence of almost identical spectral shape that is similar to tryptophan in aqueous
solution. This result suggests that the chromophores in these compounds that absorb long
wavelength excitations are similar tc each other. This result may be explained by the fact
that the long wavelength excitation tends 1o excite a sub-ensemble of the chromophores

(tryptophan) that are more homogenecus than the entire sampie.
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In contrast, when the excitation is blue-shified to 401 nm, Giardia shows a unique
fluorescence spectrum that differs from that of paramecium and rotifer in its peak
position and spectral width, yet continues to match that of tryptophan. These resuits may
be understood in the following context.

The major fluorescent molecules in cells can be divided into proteins and coenzymes.
Tryptophan has been recognized as the major cause of natural fluorescence in proteins
[7.9]. Thus, the predominant concentration of proteins in cell suggests that tryptophan
plays an important role in cell fluorescence. Vitamin-derived coenzymes [15] suchk as
FAD and NAD are also known 1o be strong fluorophores in cell [9,11,16-18]. And,
although their cellular concentrations are typically much lower than tryptophan [9}, therr
fluorescence efficiency can be much higher. However, the results presented in Fig.. show
that induced fluorescence from FAD alone exhibits no spectral shift at different excitation
wavelengths, implying homogeneous broadening of excited states at room temperature.
These results therefore rule out the possibility of FAD and other coenzymes as the major
cause of Giardia fluorescence since the latter shows distinct shifts with excitation
wavelengths. The reason why these coenzymes are not causing Giardia fluorescence may
have to do with the passive metabolism of Giardia cysts. Since these coenzymes are
mainly involved in cellular metabolism [15], their concentration in Giardia can be
expected to be refatively low.

The similarities of excited spectra observed for all three microorganisms and
tryptophan for 458 nm excitation are in marked contrast to the match obtained for Giardia
and tryptophan with 401 nm excitation and the differences observed for rotifer and

paramecium. These differences may be due to the fact that compared to paramecium and
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rotifer, Giardia is 2 much more primitive eukaryote [35], making it probable that at the
shorter wavelength excitations the fluorophores in Giardia interact differently with their
surroundings from those in paramecium and roufer.

The unique properties of enzymes arise largely from their enormous structural and
functional diversity that makes it possible to distinguish the ONF spectra of G. lamblia
cysts from other microorganisms effectively. All these microorganisms, in response to
their changing needs, have the activity of therr enzymes increased, decreased, or even
turned off entirely, which creates a different environment for the fluorophore
(tryptophan) in a cell and affects the cellular fluorescence spectrum.

The results in this work show that FAD resembles organic dye molecules that are
highly efficient in fluorescence Like dyes at room temperature, the fluorescence of FAD
shows no spectral shift at different excitation wavelengths because its absorption line is
homogeneously broadened. This result rules out FAD as the major cause of G. lamblia
fluorescence. The same conclusion may be drawn regarding other common coenzymes
such as FMN, NAD, NADH, and the fluophore riboflavin itself. The reason why these
coenzymes are not causing Giardia fluorescence may have to do with the passive
metabolism of Giardia cysts. Since these coenzymes are mainly involved in active
cellular metabolism [14], their concentration in Giardia can be expected to be
insignificant.

Other evidence pointing to protein’s role in G. lamblia fluorescence comes from a
study of green fluorescent protein (GFP)[18.22-26,29]. which shows a very similar

temporal behavior in its emission intensity. While it is an interesting question, the exact
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nature of the fluorophore (fluorescent material in the cell) responsible for Giardia cysts is

beyond the scope of this work.

5.5 Conclusion

The fluorescence spectra of L-tryptophan shift to longer wavelength with increasing
excitation wavelength. There is a great similarity between the spectra shape of L-
tryptophan solution and that of G. lamblia cysts under visible laser excitations. This
result supports the conjecture that L-tryptophan plays a predominant role in the ONF of

G. lamblia cysts.
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Chapter 6
A study of the integrated fluorescence intensity from G. lamblia cysts
and other microorganisms as a function of time under continuous

excitation

6.1 Introduction
This Chapter will concentrate on the fluorescence intensity of the microorganisms
versus time under continuous laser excitation. The charactenistic decay of the intensity as

a function of excitation time can be used to help distinguish G. lamblia cysts from other

MICTOOTEANISINS.

6.2 The integrated fluorescence intensity as a function of excitation time for a

CLUSTER of G. lamblia cysts excited at 458 nm (Argon ion laser line)

621 Pf=10 mW

The 458 nm emission of the Argon ion laser was used to excite the ONF from G.
lamblia of different ages. The power of the laser coming out of the excitation fiber (Pf)
was usually set at 10 mW. This power comresponded to an intensity of 16 Wicm® falling
directly on the microscope slide that carmed the G. lamblia cysts sample.

The following figures plot the imtegrated fluorescence intensity (IFI) as a function of
the excitation time. Each curve stands for one continuous excitation of a fixed sample
and is normalized according to the maximum intensity, which usually occur during the

first few seconds upon initiation of excitation.
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Figure (6.1) shows a batch of IFI decay from G. lamblia that were 4 days old. The
total lengths of the excitation were 120, 184, 192, and 356 seconds respectively. Each
data point corresponds to an integration time of approximately 4 seconds. This figure
shows a reproducible decay of IFI for Glamblia cysts. Likewise, Figure (6.2) shows a
batch of IF1 decay from G. lamblia that were 60 days and 111 days old. The total lengths
of excitation time are 1890, 128, 80, 200, 240, 220, 152, and 220 seconds. This figure
again shows a reproducible decay of IF1 for G.lamblia cysts under 458 nm excitation.

Therefore, the decay in each figure can be averaged to represent typical decay of G.
lamblia in each age group. The average decay from very old cysts (60 to 111 days old) is
compared with that from very young ones (4 days old) in figure (6.3). The result
indicates that, although the two groups of cysts that are extremely different in age, their
decay are very similar in shape.

More data were taken to verify the reproducibility of the decay of IFI from G. lamblia
cysts. Figure (6.4) shows a group of IFI decay from G. lamblia that were 47 days and 50
days old, where each data point corresponds to an integration time of approximately 5
seconds. The total lengths of the excitation were 475 and 435 seconds respectively. The
decay is reproducible too. Likewise, figure (6.5) shows the [FI decay from a sample that
were 5 days old, and the total lengths of the excitation were 100 seconds, which also
overlap with each other. Therefore, the decay in each figure can be averaged to represent
typical decay of G. lamblia in each age group. The average decay from old cysts (47 to
50 days old) is compared with that from very young ones (5 days old) in figure (6.6).
These results confirm that the age of the G. lamblia sample does not have any apparent

effect on the decay of the IFL
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622 Pf=25mW

In addition to the 10 mW power used above, G. lamblia cysts were also excited at
lower excitation power of 2.5 mW out of the excitation fiber. Figure (6.7) shows a batch
of IFI decay from a sample that were 1 10 5 days old under such low power excitation,
where each data point corresponds to an integration time of approximately 4 seconds.
This figure show that the IFI decay of G. lamblia also decays under lower power
excitation and the decay is reproducible in general. The variation among these decays is

small enough to allow an average of all the data.

6.3 The IF1 as a function of excitation time for SINGLE G. lamblia cyst excited at
458 nm (Argon ion laser line)

The laser power out of the excitation fiber is 10 mW for this experiment. Lower
excitation power was not used because the emission intensity of single cyst under 2.5
mW excitation was too low to be detectable.

Figure (6.8) shows a decay of IF1 decay from single G. lamblia that werel9 days old,
where each data point corresponds to an integration time of 4 seconds. This figure shows
that slower decay and more fluctuations compared to the IFI from a cluster of G. lamblia
cysts. It may be that due to the bleaching of the cell exceeded to the background

surrounded it.
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6.4 The IFI as a function of excitation time for a CLUSTER of G. lamblia cysts
excited at 401 om (blue diode laser)

The 401 nm emission of a blue diode laser was used to study the ONF decay from G.
lamblia. The power out of the excitation fiber was 2.2-2.5 mW. This corresponds to an
excitation intensity of 4 W/em’.

Figure (6.9) shows the IF1 decay from G. lamblia that were 2 days and S days old, and
the integration time for each data point was 4 seconds. Likewise, figure (6.10) shows the
IFI decay from G. lamblia that were 32 days old. The vaniation among the data is small
enough to allow an average of the [FI decay that represents typical decay of G. lamblia in
each age group. The average decay from old cysts (32 days old) is compared with that
from young ones (2 to 5 days old) in figure (6.11).

The result indicates that, although the two groups of cysts that are different in age,

their decay are similar in general.

6.S The IFI as a function of excitation time for SINGLE G. lamblia cyst excited at
401 nm (blue diode laser)

The 401 nm emission of a blue diode laser was used to study the ONF decay from
single G. lamblia. The power out of the excitation fiber was 2.2-2.5 mW.
Figure (6.12) shows the [FI decay from single G. lamblia cyst that was 36 days old,
where the integration time for each data point was 4 seconds. The decay appears to be
slower compared to that for a cluster of cysts at 401 nm excriation; however, further work

1s needed to confirm this result.

120

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.6 The IFI as a function of excitation time for Cluster of G. lamblia cysts excited at
496 nm (Argon ion laser line)

When the excitation wavelength was 496 nm, the power out of the excitation fiber was
varied between 10 and 2.5 mW. The integration time for each data point is 4 seconds.
Figure (6.13) shows a batch of IF1 decay of G. lamblia sample that were 2 days old,
measured with the power out of the excitation fiber at 10 mW. The vanation among the
data is small enough to allow an average of the IFL, as in figure (6.14). Likewise, figure
(6.15) shows a batch of IF1 decay of G. lamblia that were 5 days old, measured with the

power out of the excitation fiber at 2.5 mW.

6.7 The [F1 as a function of excitation time for Paramecium excited at 458 nm

The excitation condition for Paramecium under 458 nm is similar to that used fo G.
lamblia. The power out of the excitation power was set at 10 mW. Where each data point
corresponds to an integration time of approximately 5 seconds.
Figure (6.16) shows a batch of decays of [FI decay from Paramecium of sample # 1. The

variation between the decays is much larger compared to that for G. lambhia.

6.8 The IFI as a function of excitation time for Paramecium excited at 401 nm

The excitation condition for Paramecium under 401 nm excitation is similar to that
used fo G. lamblia. The power cut of the excitation power was set at 2.2-2.5 mW. Where
each data point corresponds to an integration time of approximately 4 seconds.

Figure (6.17) shows a batch of IFI decay for Paramecium of sample #2. In contrast to

the data at 458 nm and those for G. lamblia, the IFI data for Paramecium under 401 nm
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excitation do not show a monotonic decay. This may due to the 401 nm effecting on the

internal structure of paramecium decay.

6.9 The IF1 as a function of excitation time for Rotifer excited at 458 nm

The excitation condition for Rotifer under 458 nm is similar to that used for G.
lamblia The power out of the excitation power was set at 10 mW.

Figure (6.18) shows the IFI1 decay for Rotifer of sample A, measured using the
objective lens of 20X. The integration time for each data point is § seconds. On the
other hand, figure (6.19) shows a decay of Rotifer of sample A measured with objective
lens of 10 X. The power out of the excitation power was set at 10 mW. The integration
time for each data point is 4 seconds By changing the integration time and the objective

lens it may have an effect of the bleaching of the microorganism.

6.10 The IF1 as a function of excitation time for Rotifer excited at 401 nm

The excitation condition for Rotifer under 401 nm excitation is similar to that used fo
G. lamblia. The power out of the excitation power was set at 2.2-2.5 mW. Where each
data point corresponds to an integration time of 2pproximately 4 seconds.
Figure (6.20) shows a batch of IF1 decay for Rotifer of sample B. In contrast to the data
at 458 nm and 40lnm those for G. lamblia, the IFI data for Rotifer under 401 nm
excitation show a monotonic decay. It may be that due to the bleaching of the cell

exceeded to the background surrounded it.
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6.11 The IF] as a function of excitation time for Rotifer excited at 496 nm

The excitation condition for Rotifer under 496 num cxcitation is simular to that used fo
G. lamblia. The power out of the excitation power was set at 10 mW. Where each data
point corresponds to an integration time of approximately 4 seconds.
Figure (6.21) shows the IFI decay for Rotifer of sample A measured with the objective

lens of 10 X. This figure shows a non-monotonic decay compared to the G. lamblia.

6.12 The IF1 as a function of excitation time for a CLUSTER G. muris excited at 458
nm

The excitation condition for G.muris under 458 nm excitation is similar to that used fo
G. lamblia. Figure (6.22) shows a batch of IFI decay for a cluster of G. munis cysts that
were | day old, under 458 nm excitation, measured with the laser power out of the
excitation fiber at 10 mW. The integration time for each data point was 4 seconds. The

variation among the data is larger compared to G. lamblia.

6.13 The IFI as a function of excitation time for single G. Muris excited at 458 nm
Figure (6.23) shows a batch of IFI decay for single G. muris cyst that were 1 day old,

under 458 nm excitation, measured with the laser power out of the excitation fiber at 10

mW. The integration time for each data point was 4 seconds. The vaniation among the

data is similar compared to single G. lamblia cyst under 458 nm excitation.
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6.14 Comparison of the decays of IF1 for Giardia lamblia cysts excited at different
wavelengths

Figure (6.24) shows that the averaged [Fi decay for G. lamblia cysts (cluster} excited at
different wavelengths (401 nm, 458 nm, and 496 nm) and collected with the same
integration time of 4 seconds. The laser power out of the excitation fiber is fixed at 2.5
mW. The figure shows that 401 nm excitation induces the slowest decay in IFI from G.
lamblia cysts compared to 458 nm and 496 nm under the same excitation intensity.
Figure (6.25) shows the averaged I[Fl decay for G. lamblia excited at 458 nm with
different excitation power (2.5 mW and 10 mW out of the excitation fiber). The
integration time was fixed to be 4 second. The decay (photobleaching) of the IF1 for G.

lamblia is faster when the excitation intensity is higher.

6.1S The recovery of IF1 for G. lamblia during relaxation between excitations

Figure (6.26) shows that the IFl decay for G. lamblia under 458 nm excitation,
measured with the laser power out of the excitation fiber at 10 mW. The integration time
was 5 seconds. The excitation was interrupted during the photobleaching in order to
investigate the effect of recovery of fluophores. Likewise, figure (6.27) shows the ONF
spectral recovery shape for the data in figure (6.26).

The initial excitation lasted for 65 seconds: the laser was blocked and the G. lambiia
cysts were allowed to refax in darkness for 10 minutes 24 second; then they were excited
again for another 40 seconds and then allowed to relax for 12 minutes 24 seconds; finally,

they were excited again for 35 seconds.
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When the excitation light is kept focused on the cell, the cell's auto-fluorescence drops
continuously. But when the excitation light is interrupted and blocked from reaching the
excited cell, the flucrophore in the cell from the areas surrounding the excited spot will
spread to it. which causes ti.e fluorescence intensity to recover. This is called
Fluorescence recovery after photobleaching [1]. It notice that the IF1 for G. lamblia has
recovered approximately 40% of the first IFI during the first relaxation and 30% of the

first IFI during the second relaxation.

6.16 The ONF spectra for G. lambiia during the decay of its [F1

The ONF data during the decay and recovery of [Fl are normalized to compare their
spectral shape. When figure (6.27) is normalized as in figure (6.28) where the recovered
signal gets a little broadening to the right. The initial excitation lasted for 65 seconds; the
laser was blocked and the G. lamblia cysts were aliowed to relax in darkness for 10
minutes 24 second; then they were excited again for another 40 seconds and then allowed
to relax for 12 minutes 24 seconds; finally, they were excited again for 35 seconds.
Figure (6.29) shows the first ten ONF of G. lamblia upon the initiation of excitation at
458 nm, where the excitation power out of the excitation fiber is 10 mW and the
integration time is 4 seconds. The spectra are all normalized to their maximal as in figure
(6.30). The figure shows that during the initial decay of the [F1, the ONF are stll
reproducible in shape even thcugh photobleaching was decreasing the IFI by a substantial

amount.
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However, Figure (6.31) shows the ONF spectra of G.lamblia after 80 second and 180
second of excitation with that at the beginning of the excitation The excitation
wavelength is 458 nm, with power out of the excitation fiber is 10 mW and the
integration time is 4 seconds. In addition, after longer excitation time, the ONF spectra
are broadened compared to the initial one. As in figure (6.32) that compares the ONF
data for of G. lamblia after 80 second and 180 second of excitation with that at the
beginning of the excutation. This concludes that the ONF spectra are for broadening foe

longer continuous excitation time until the broadening is stopped.

6.17 Discussions

Another main limitation is the finite duration of emission as a result of photobleaching
(Photodestruction of fluorophores). It always depends on the presence of molecular
oxygen, which shortens the fluorophore’s dark triplet excited state by quenching;
producing the highly reactive singlet oxygen that then attacks the fluorophore and
bleaches it. Removing oxygen will prolong the fluorophore lifetime with respect to
photobleaching but at the same time will increase the triple-state fifetime [ 3].
However, due to that thousands of different chemical reactions take place within the
microorganism’s cells, Such as diverse activities as the synthesis and breakdown of
chemical building blocks and macromolecules, the conversion of chemical energy, and
the transmission of genetic information [1]. In addition, living organisms have enzymes
10 speed up the rate of chemical reactions and the microorganism’s cells manufacture

several thousand different enzymes, each enhancing the rate of different chemical
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reaction [1]. These can be a factor of different reactions of the continuous excitation on
the microorganisms compared to the G. lamblia cysts in the factor of time.

The photobieaching of G. lambiia may due to chemical reactions of the excited
molecule, which destroy it or destroy its fluorescence. The speed of the photobleaching
is proportional to the fraction of the total time that the molecule of the cell spends in the
excited states where the ground state is stable. The fraction of the time that the molecule
spends in the excited states depends on the how often the molecule is irradiated in the
excited state and how long it is stays there each time [4].

However, when Giardia lamblia is excited at 401 nm under the same excitation power
used for 458nm excitation, the fluorescence intensity levels off at a much higher value
relative to its maximum during its decay.

Furthermore, the G.lamblia cell is excited with continuous and constant illumination
intensity, which means that the molecules of the cell are excited and reexcited at same
rate. Thus G.lamblia is bleached fast at 458 nm excitation is due to molecules spending
of longer of time in the excited state which means there is more chances for molecules of
the G.lamblia cell to decomposition. In contrast, G.lamblia is bleached slower at 401 nm
excitation.

On other hand. the speed (lifetime) of bleaching G.lamblia has been changed by
changing the illumination intensity. Thus, it is imponrant to know that the bleaching
lifetime (speed) of the intrinsic fluorescent molecule in the G.lamblia cell to destroy the
molecule of the cell controlled by the time and the exposure imtensity.

During the fluorescence experiment, the microorgamisms (G. lamblia, Paramecum,

Rotifer, and G. muris) studied in this work were observed to emit time-dependent
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fluorescence intensity under continuous laser excitation. The intensity of G. lamblia
tends to decrease rapidly at the beginning of the excitation. The decay gradually slows as
the excitation time is increased unui the intensity levels off to a relative stable vatue.
Although, as shown in chapter 3. G lamblia shows similar fluorescence spectrum to
Paramecium and Rotifer under 458 nm excitation, there is a clear difference between
them in the decay of the fluorescence intensity at this excitation wavelength. Giardia
lamblia is observed to show a highly reproducible decay as a function of excitation ime
under fixed excitation intensity. In contrast, due to their complex intermal structure as
well as motility and rapid lyses of prepared sample, both Paramecium and Rotifer exhibit
highly unstable decay as a function of excitation time. It probably that, for Rotifer and
Paramecium uncontrolled or unknown changes in the environment may cause spectral
diffusion and changes in quantum efficiency.

On the other hand, the clearly different decay feature in the fluorescent intensity of
Giardia, paramecium, and rotifer reveals that the excitation dynamics is different in these
organisms. G.lamblia cyst has the smallest cell volume and is entirely covered by the
laser excitation, while paramecium and rotifer are in general larger than the excitation
spot. Therefore, the whole ensemble of fluorophores in G.lamblia is excited and
bleached, whereas only a part of the paramecium and rotifer are. Over the time scale of
the experiment, paramecium and rotifer can refresh the fluorophores more effectively
than G.lamblia Therefore, the decay of fluorescence intensity in paramecium and rotifer

tends to decay slower than G lamblia
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To help understand the decay of IF] for microorganisms, continuous excitation at the
same wavelengths as those used for G. lamblia was also applied to tryptophan and FAD
in aqueous solutions (data not shown here). In contrast to the decay of IFl for
microorganisms, tryptophan and FAD show no decay in their IF] during the experiment.
This is understandable because tryptophan and FAD do not go through the cellular
photobleaching as the microorganisms do. The result also indicates that the decay of IFI
for microorganisms are not due to photochemical changes of the fluorophores

themselves.

6.18 Conclusion
The fluorescence intensity for G. lamblia cysts undergoes a non-exponential decay
under continuous excitation at all the laser waveiengths used (401 am, 458 am, and 496

nm). The decay is highly reproducible in shape, in contrast to other microorganisms.
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Fig. 6.1. Nommlized a3 batch of integrated fluorescence
intensity decay from G. lamblia, that is 4 days old, Pf was 10
mW. and exciled ar 4358 nn. Integration time is 4 seconds.
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Fig6. 2. Nonmiized a batch of integrated fluorescence
intensity decay from G. lamblia, that is 6C and 1] 1days old, Pf
was 10 mW. and excited at 458 nm Integration tme is 4
seconds.

131

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



)

€ { — 4 days ol
1000 "7 __ 60 and 111 days ol
s i\ : _‘ e

> i\ ST SO
= eoo;\{ o

&

4 '
o 600+-%-- i
(> * : ’
c : :

Q : B . :

Cc } ’~ :

@ 400+ - : e
S ; :

3 i - .

i ~ T - :

2 ZD();’~ R s
[ o

(= : :

2 g

£ 0 20 80

40 _ 60
Excitation Time (sec)
Fig. 6 3. Companson of the averaged IFI decays from very
old cysts 60 to 11 days old (dashdot) and very young ones 4
days old (solid), Pf was 10 mW, and excited at 458 nm.
Integranon tme is $ seconds.

g ,
2 : . .
21000.‘ — 475sec. |
> — — 435sec. | ;
ﬁ 800& ............. -
s |
2 "
s i |
o 600 .-
Q 0
g!g 400~ - - E < :
Q :
=2 ,
u 200:- ~== - - -
< . -
QO R i )
§ : ’ e e
= o 100 200 300 400 500
Excitation Time (sec)
Fig. 6. 4. Normalized a batch of integrated fluorescence

intensity decay from G. lamblia. that is 47 and 30 days old. Pt
was 10 mW. and excited at 458 nm. Integration tme is S
seconds.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- :
= B : ]
310004 { — 100 sec. !
£ ¥ ~ :
S 1 :
g : A.‘-A.:- B
> 800+ :
B ! :
c ; :
8 | :
£ ! - ” A
o :
[&] H :
| = ) : l5
§ 400 - - - - - BN
: M i
e £ i, - i
o ’ e : i
3 200 - - SRRt s O — -
i 4
hel .\
e
i -~ . — -
e 0 -
o ]
)
z

1] 20 40 60 80 100 120
Excitation Time (sec)
Fig. 65, Nornmalized a batch of integrated fuorescence
intensity decay from G. lamblia that is 5 days old. Pf was 10
mW, and excited at 458 nm. Integration time is 5 seconds.

€
= , - 5days old H
g1000; ' —— 47 and 50 days ol ||
Z a00:) z

S 800-! - . e
: s x -

bl . .

8 600+-% PRSP
Q H -

o N : :

Q :

@ .

S 400- . S S
[=3 . .

= ;

T e :

s

=3

g o0 ‘

= 0 20 40 60 80

Excitation Time (sec)
Fig. 6.6. Comparison of the averaged IFI decays from old
cystsﬂmiom}sold(@smot)andmyoungmsgys
old {solid). Pf was 10 mW. and excited at 4583 nm_ Integration
ume is 5 seconds.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

133



NNNN

g8 8
-

N

Integrated Fluorescence Intensity (arb.unit)

8 o 8 8
i
/
i
‘.’
i
1

S0 100 150 200 250 300
Excitation Time (sec)

Fig. 67. Nommlized a baich of integrated fluorescence

intensity decay from G. lambiia. that is I to 5 days old. Pf was

2.5 mW, and excited &t 438 nm. Integration time is 4 seconds.

[
t
|

T T 1
i 1!
¢ ¥ i
t i ]
b
{
{ 1 1

T
+
1
i

Integrated Fluorescence Intensity (arb.unit)

o

10 20 30 40 50 80
Excitation Time (sec)

Fig. 68 Normalized a2 batch of integrated flucrescence

intensity decay from single G. lamblia_ that is 19 davs old. Pf

was 10 mW. and excited at 458 mn. Integration time s ¢4

seconds.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

134



T
3 :
§o00g - oo
>
— )
g 800:: ot ep - -
2 ' - Y
c _ R .
g 6007 T s
c , —_—
s |
2 400+ - . L
o
(o] !
3
TH e " j_
% 200+ ;
2 %
8 t
o O -
g 0 S0 100 150 200
= Excitation Time (sec)
Fig 69. Nommiized a batch of imtegrated fluorescence

intensity decay from G. lamblia. that is 2 to 5 days old, Pf was
232-25 mW. and excited at 401 nm Integration time is 4
seconds.

00 50 100 150 200 250 300
Exctation Time (sec)

Fig 6.10. Normalized a batch of integrated fluorescence

intensity decay from G. imnbha. that is 32 days old, Pf was

2225 mW. and excited at {01 om Integration time is 4

seconds.

Integrated Fluorescence Intensity (arb.unit)

I35

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



= ‘ . -

pm § i . e

; ... ...— 2to5daysold
E“m{_ : { —— 32daysold
> i | ; :
o ! = ‘ :
c T~ T

9 wor B T AT e S
c :

« !

QO ;

7] . - S
E H H
3
W 200+ S
° : :,
e : i
o : '
o 0
g 0 20 40 60 80
c Excitation Time {sec)

Fig 6.11. Comparison of the averaged IFI decays from old
cysts 32 davs old (dashdct) and voung ones 2 to 5 days old
(solid), Pf was 2.2-2.5 mW, and excited at 401 am Integration

time is 4 seconds.
T . :
o ;
£1000¢ - - - o I
Q ; {
> ;
@ 800~ -~z R e 1
2] . |
£ w00
] 600~ - - )
o i
3 .
3400; : - - - .
o H
3 ;
L. 200+ - - ~4
= : #
2 : ;
bl 01 ; ,
g ‘0 20 40 _ 60 100
= Excitation Time (sec)

Fig 6.12 Normalized a batch of integrated fluorescence

intensity decay from single G. lamblia. that is 36 days oid, Pf
was 2.2-2.53 mW. and excited at 401 nm. Integration time is 4
seconds.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



€

3 ' i
et |
> . ;
® b - - -
0 [ l
< P :
= P !
)] b e - Rt
® 600~ ‘ ‘
c i : ' i
D i . : 1
2 400~ -- =
d N k :
o ; - ;
= ; . : !
l; 200,, [P ,.:‘..\_‘.,—?:.,.,-..vﬂf.::?;.ﬁ: ".‘i‘
s j A ]
£ r |
S 0 S0 100 150
£ Excitation Time (sec)

Fig6. 13. Nomnalized a batch of integrated fluorescence
intensity decay from G. lamblia, that is 2 days old. Pf was 10
mW, and excited at 496 mm. Integration time is 4 seconds.

-.E- H
3 :
£1000; - S
S i ;
L
S b - Seiin
| = P !
z ; !
c : :
o 600~ - - =
3] . L
c ; i
s |
-] L - -~ - oy -
e
o v o .,
2 % ~ f
X 200~ 4
© i
s C
5 o S
g 0] 20 40 €0 80

£ Excitation Time (sec)

Fig 6.14. Averaged of a baich of integrated fluorescence

miensity decay from G. lamblia. that is 2 days old. Pf was 10
mW, and excited at 496 nm. Integration time is 4 seconds.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

137



=

E i
\go R H
> =
] b - - <
a 800 = f
2 P 2
c ‘

o 600~ - e
Q ¢

c ; :

g | -

@ 400 w e B <
|5 K ’ ;-—‘ T
2 - —L_‘-»“h;’,‘”m“,

W 200 - - .
° !

2 :

o i :
& 0

s 0 50 100 150 200
= Excitation Time (sec)

Fig. 6.15. Normalized a batch of integrated flnorescence
intensity decay from G. lamblia, that is 5 days old, Pf was 2.5
mW, and excited at 496 nm. Integration time is 4 seconds.

T

3 ,

£1000; - e :
g =&

>

g 800?_, e - ‘ - e - fvm amveeao e
o N - e

c e
P T —
g 600:

c ;

2 :

S ;

3 ‘

& 200- - S .
he] i

o .

8 V
g % s 10 10 20 250 300
< Excitation Time (sec)

Fig 6.16. Nonmalized a batch of integrated fluorescence
intensity decay from Paramecium of sample #1. Pf was 10
mW_ and excited at 458 nin. Integration time is 5 seconds.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

138



:é : 1
S 000. s
£1000¢ - - - IR A ——
8 e i
> |
2800;7-‘ ST - T '-1
L z R !
t | T . :
® 600+ DO pEe e
g s
[ s ' {
3 :
gaor - N
o : :
=2 :
- 200+ - - 1
o : ;
2 ; !
5 o ‘
2 0 50 100 150 250
= Excitation Time (sec)
Fig. 6.17. Normalized a batch of integrated fluorescence

imgensity decay from Paramecium of sample #2, Pfwas 2.2-2.5
mW, and excited at 401 nm. Integration ume is 4 seconds.

% 7 H
3 .
€1000+ - - -
S -

>

S 800 - e
g

c

gem., ..... ~ - ‘\:- - - -
c ‘~'~‘“"”\~§

3 ———

@ 400- - e
S

= .

Ezoo;..,, R _ - 2
< 200°

o

s
€ %2 4w s 80 100 12
£ Excitation Time (sec)

Fig 6.18. Normalized a batch of integrated fluorescence
wtensity decay from Rotifer of sample AL Pf was 10 mW, and
excited at 458 am. Integration tme is 5 seconds.

132

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



€ .

5 )
§ro00y : |
g P t
> iF 5
@ b ER— . 4
c 8005 kY = ‘
e H S~ T- !
£ - T T e~
© 600F— S, -
g 600¢ - ~

C ‘ .

o i

2 400: - ;
o T

o i

= :

w 200. - . B
g s
© : :
j R H
g =

g 0 50 100 150 200
£ Excitation Time (sec)

Fig. 6.19. Nonmalized a baich of integrated fluorescence
intensity decay from Raotifer of sample A, Pf was 10 mW, and
excited at $58 rm._Using objective lens 10X Integration tme

is 4 seconds.
-—E. i
3 .
3 & :
S ;
@ 800~ - - ]
8 - o
£ | o
g 600+ B - R
c : -- Do
2 e
g 400_ N - - IO -
Q
3
& 200~ .
ke
o
5 0
o
& 0 50 100 150 200 250
£ Excitation Time (sec)

Fig. 6.20. Nommulized a batch of integrated ﬂmresc:nc':
intessity decay from Roiifer of sample B, Pf was 2.2-25 mW,
and excited at 401 nm. Integration time is 4 seconds.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

140



-‘é - i
3 . i

1 i . - — _1
810007 t
z :
2 800+ - T
2 : ;
= 5 ;
@ 600° : T
c : : !
@ - P
@ A00. o
g 400 e
=4 ; ~ !
=2 i ;
w - ek
o 200 ;
z
5 |
o 0
2 0 20 40 60
= Excitation Time (sec)

Fig. 621. Nornulized 2 baich of integrated fluorescence

intensity decay from Rotifer of sample A, Pf was 10 n_:W, and
excited at 496 nm. Using cbjective lens 10X, Integration time
1s 4 seconds.

3

3

o . ) i
§1000;

>

2 800} - -
o = :
E
2 600-- ot
c i i
o b :
3 400 ) B
o 400* - -

S

2 .

m . o —— —
2 ———

© - |
[+ 2

L] 00 100 20 300 400 500
= Excitation Time {sec)

Fig. 622, Normalized a batch of integrated fluorescence
mtensity decay from G. muris, that is | day old. Pf was 10
mW. and excited at 458 wu Integration time is 4 seconds.

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



€ :
3 !
£1000; - -
s A Z
E |
2 800} et i
2 A i
£ oy i
b R . Z
g 600 !
c ; 1
g . |
a3 . —— - .
8 400 :
o} :
= T e
U 200+ -~ e 4
o :
2
T :
@ 0 :
2 0 50 100 150 200
£ Excitation Time (sec)
Fig. 625. Nonmlized a batch of integrated fluorescence

intensity decay from single G. muris, that is 1 day old, Pf was
10 mW. and excited at 458 nm. Integration time is 4 seconds.

:‘E‘

=S —— 401 nm
oo - R

> 5 - 4%

i:? 800" - . N
g : ,
= S Tt e §
8 600);,.;.. . e R e e TR TE N ..
c ‘ i
@ - :
2 400 e
@ 400+ - . S e e »
S " -

2 ’ ——

uw ; - 2
° 200* -

] -,

ol ;
e @

i) 20 40 60 100
c 0 Excitaton Time (sec)

Fig 6.2%. Companson of the IFI decays for G.lamblia cysts
excited at 401 (solid). 458 (dashdot). and 496 nm (dotted) and
cotlected with integration time was 4 seconds, Pfwas 2.5 mW.

12

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



g
3 .

) - — 10 mW
310005 —— 25mW
E Eo
2 800H- - —
2] I :

g \ :
o 600 V- - remeen
2 ! k§ .
c : A
3 ; :
3 400~ - e - ]
5 |
s :
i 200~ el
b4 T —————
@ f ,
[ 0 | :
g o 20 40 60 80

Excitation Time (sec)

Fig. 6.25. Comparison of the IFl decays for G.lamblia cysis
excited at 458 nm with excitation power out of the excitation
fiber 10 mW (solid) and 2.5 mW (dashdot). and collected
with integration time was 4 seconds.

= _x1o

5 15 .

g 2ero relaxation
s - —— 10min24 sec |
> - 12min24 sec |
] : ) )
8 10: -
= :
Q .
Q i
c

[} ! .
3 . :
e 5 :
o]

3

o

O

O

T \\
g 00 Q 100 150‘
E Excitation Time (sec)

Fig. 6.26. The IFI decavs recovery for Glamblia under 458
mn excitation, the excitation wis imterrupted dunng the
photobleaching for two ume each time for 10 minutes 24
scconds. Pf was 10 mW. and integration ume was 5 seconds.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



. | — FEM

1

i

1
=

i —— SRM

}

H
m
m

_— LEFR

v
H

&

e A ... B T e 1

POl N

Fluorescence Intensity (arb.unit)

e - : ¥
- - E E
T -

&
P

i

400 500 600 700 800 900
Wavelength (nm)
Fig. 6.27. The ONF spectral recovery shape for G lamblia
under 438 mm excitation, the excitation was interrupted during
the photobleaching for two time each time for 10 mimutes 24
seconds. Pf was 10 mW. and integration time was 5 seconds.

- — FEM
=% i~ --- FRM
€ it —— SRM
g 80 N - LEF
s i LEFR
Z 600 f s s
o 2 "

c g 2

2 \

£ 400~ - i L -
8 i 5 ?
3 200 f Ax\ =
2 O !
o f ! |
QG Qe . L"ag»,w_
3 1

2 :

400 500 600 700 80C 900
Wavelength (nm)

Fig. 6.28. Nonnalized the ONF spectral recovery shape for

Glambliz under 458 nm excitation. the exalanon was

interrupted during the photobleaching for two time each tme

for 10 minutes 23 seconds. Pf was 10 mW, and integration

time was 3 seconds.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

14



150— : ——

‘ i
oy i H
= |
3- H §

: M
h n 4
100 |
@B ;
c I
s : o Temn
£ !
[ L. -
c :
0 H
2 i
o : ?
o : , ;
o 4
(TR : [

400 500 600 700 800 900
Wavelength (nm)
Fig 6.29. First ten ONF spectra of G.lamblia under 458 om
excitation. the power out of the excitation fiber was 10 mW,
the ttegration ume was 4 seconds.

s

g
o
erﬁ:

Fluorescence Intensity (arb.unit)

03

400 500 600 700 800 900
Wavelength (nm)

Fig 6.30. Nomulized the first ten ONF spectra of Glamblm
under 458 nm excitation. the power out of the excitation fiber
was 10 mW. the integration time was 4 seconds.

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Fluorescence Intensity (arb.unit) _,

Fluorescenca Intensitly (arb.unit)

:
8 o
;
;

-l
g
+
1}

. .lvm,ni..
O,r!(l';‘ww

400 500 600 7G0 80C 900
Wavelength (nm)
Fig. 631. The ONF specira of G.lamblia after 80 seconds
and 180 scconds of excitation with that at the beginning of the
excitaton. The exciation wavelength 458 nm with Pf was 10
arw. and integration (une is 4 seconds.

<y .
'
+

g 8

g8

R R T

S0 A -

n)
s
f

; ; RN
.oz s T
. g . * i

400 500 600 700 800 SO0
Wavelength {nm)

Fig 6.32. Nenmalized of the ONF spectra of G.lamblia afier
80 seconds and 180 scconds of excitation with that at the
beginning of the exataticn.  The exaation wavelength 458
wn with Pf was 10 mw. and integration tame 1s 4 seconds.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

146



Chapter 7
Future Research Directions

This work breaks ground for the development of fluorescence probes for detecting
Giardia lamblia cysts. Although the current technique is indispensable a2 microscope and
thin sample medium. future development shoud] aim towards fiber optical dip probe for
in situ remote sensing. While the laser out of the probe needs to be focused to
microscopicallv sized spots in order to excite fluorescence signal from the cysts, the
location of the cysts needs to be first determined by optical back-scattering methods that
scan the natural water for particles similar in size to G. lamblia cysts. In such an
application, the 401 nm blue laser excitation has the shorest wavelength that is not
strongly absorbed by water and the most effective for distinguishing the cysts from other
protozoa. At the same time, it may be necessary to combine the ONF spectroscopy with
flow cytometry (FC) techniques to facilitate the detection of cysts in the background of
other natural fluorophores in real water. Besides disunguishing G. lamblia cysts from
other microorganisms, it is important to distinguish live G. lamblia cysts from dead ones
through ONF characteristics. Bevond the work on G. lamblia cysts, it will be necessary
to study other pathogenic microorganisms such as Cryptosporedium oocysts, which are

smaller than G.Jamblia cysts but more dangerous to public health.
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Chapter 8

Conclusion
The auto-fluorescence of G. lamblia cysts has been successfully detected and identified
using 458 and 401 nm excitation with a fiber-optical fluorescence microscopy setup.
Excitation at 401 nm results in 2 distinctive ONF spectral shape of G. lamblia cysts from
other microorganisms. The peak of the ONF spectrum of G.lamblia cysts largely agrees
with the aromatic amino acid L- uyptophan in aqueous solution 2t all the excitation
wavelengths used. In addition, a reproducible decay of the fluorescence intensity is
observed in Giardia lamblia cyvsts under continuous excitation compared to other

protozoa.
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