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ABSTRACT

Daniel Luoma: Development of Real-time Water Quality Measuring System
Bachelor of Science Thesis

Tampere University

Science and Engineering

May 2021

The goal of this thesis is to determine if a device that can distinguish contaminated water from
clean water can be developed. The motivation of the project is founded in the phenomenon of
fluorescence that can be used to distinguish different substances from one another. The prototype
of the thesis was developed in the photonics department of Tampere university at the applied
optics research group. This thesis is a part of a bigger project that aims to develop a real-time
water quality measuring system.

The prototype developed for the project consists of four main type of components: the exci-
tation light source, the photon detector, the optical components and data processing units. The
excitation light source is used to induce the fluorescence effect. It excites the sample with a light of
approximately 365 nm wavelength and as the excited sample returns to the ground state it emits
photons with the wavelength characteristic to the target molecules inside the sample. The optical
components such as lenses, filters and irises are used focus, the right amount of light to the sam-
ple. The filters are a crucial part of the prototype as the detector is quite sensitive for any additional
light. The data processing units used in the prototype include the analog to digital converter, the
control computer and the Python program.

This thesis considers two experiments made with the prototype. The first experiment was done
with an Avantes spectrometer. The goal of the experiment was to ensure the proper function of the
filters used in the prototype. The result of the experiment shows that the function of the filters is
satisfactory. The additional wavelengths that reach the sample and later the photon detector were
reduced by the filters used in the prototype. The second and the main experiment of the thesis was
the biofilm dilution series. The objective of the dilution series was to determine if the prototype is
able to distinguish contaminated samples from clean reference samples. In the experiment three
sets of five samples with differing dilution ratios were examined with the prototype. The result of
the experiment suggests that the prototype is able to make a distinction between contaminated
samples and the reference samples. The results obtained from two experiments suggests that
the prototype is functioning as intended and the project can be continued to the next step of the
development process.
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Taman kandidaatintydn tavoitteena oli selvittdd, onko mahdollista kehittéda laite, jonka avulla
pystytdan erottamaan saastunut vesindyte puhtaasta vesinaytteesta. Tyd perustuu fluoresenssi-
iimiéon, jota voidaan kayttaa eri aineiden toisistaan erottelussa. Ty0ssa kaytetty laitteisto on kehi-
tetty Tampereen yliopiston fotoniikan laitoksen soveltavan optiikan tutkimusryhméssa. Tdma kan-
didaatinty® on osa suurempaa projektia, jonka tavoitteena on kehittda reaaliaikainen vedenlaadun
tarkkailujarjestelma.

Tassa tydssé kehitetty laitteisto koostuu neljastd komponenttityypistd, joita ovat: eksitaatio va-
lonlédhde, fotoni-ilmaisin, optiset komponentit ja tiedonkasittelyn yksikét. Eksitaatio valonlahdet-
ta kaytetdan kaynnistaman fluoresenssi-ilmié. Valonlahde virittdd naytteen noin 365 nm aallon-
pituuden valolla. Kun virittynyt nayte palaa perustilalle, se emittoi naytteella tyypillisen emissios-
pektrin. Optisia komponentteja, kuten linsseja, filttereitd ja iiriksia, kaytetdan saavuttamaan ha-
luttu m&ara oikean aallonpituista valoa niin naytteella kuin fotoni-ilmaisimellakin. Filttereiden toi-
minta on laitteistolla erityisen tarked ominaisuus, koska ilmaisimena kaytetty valomonistinput-
ki on erittdin herkk& ylimaaraiselle sateilylle. Tiedonkasittely yksikét laitteistossa ovat analogia-
digitaalimuunnin, tietokone ja laitteistoa varten kehitetty Python-ohjelmakoodi.

Téassé tydssd tehtiin kaksi erillistéa koetta, joilla tutkittiin laitteiston toimintakykya. Ensimmai-
sessa kokeessa hyddynnettiin spektrometrid, jolla tarkasteltiin filttereiden toiminnan tasoa. Ko-
keen tuloksena huomattiin, etta filtterit poistavat ylim&araisia aallonpituuksia niin naytteen kuin
valomonistinputkenkin kohdalta. Toisessa kokeessa suoritettiin biofilmien laimennossarja. Laim-
mennossarjan tavoitteena oli selvittda, kykeneekd laitteisto erottamaan saastuneen naytteen puh-
taasta naytteestad. Kokeessa kaytettiin kolmea naytesarjaa, joista jokainen sisalsi viisi naytetta eri
laimennossuhteilla. Kokeen tulos viittaisi siihen, etté laitteisto kykenee erottamaan saastuneen ja
puhtaan veden toisistaan. Tyon lopputuloksena laitteisto toimii odotetulla tavalla ja mittausjarjes-
telmankehitysty6ta voidaan jatkaa seuraavaan vaiheeseen.

Avainsanat: Fluoresenssi, PMT, Biofilmi, Jatkuva, Optiikka
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1. INTRODUCTION

Shortage of clean drinking water is a global concern. According to World Health Orga-
nization (WHQO) at least 2 billion people receive their drinking water from contaminated
sources [1]. The microbial contaminants, such as bacteria and viruses, cause a plethora
of dangerous diseases that lead to untimely death, economical problems and social hard-
ships. The problem is especially eminent in the developing countries, but it also persists
in more developed countries.

From the year 2000, the Finnish institute of health and welfare (THL), lists on average five
water epidemics every year [2]. Most of the incidents in Finland are restricted to small
areas thus the effects are less grave. Yet water crises at Nokia, Siilinjarvi and Aanekoski
prove that there is still work to be done [3]-[5]. One common theme is apparent in all
of the three cases mentioned. The contamination is not first observed by the author-
ities, but by the civilians rushing to health centers. The water contamination incidents
are described as sporadic, rapid and hard to predict by several sources. Furthermore, it
is stated that current methods for water contamination detection are time consuming and
labour intensive. [6]-[8] Considering the forementioned aspects, the development of early
warning systems for drinking water contamination is a substantial need.

This work is a part of a larger project which aims to develop a laser analysis system
to inspect changes in drinking water quality in real-time [9]. The development of such
systems is well-founded by numerous studies by different research groups. Biofilm fluo-
rescence is the main focus already in the 2003 article by Mages et al., where it is used
in recognition of polluted bodies of water [10]. The potential of fluorescence based de-
vices is not limited to water research as can be seen in the article by Lopez et al.. In
their article biofilm fluorescence is used to detect bacteria in wounds. [11] Paper, from
2011, by Stedmon et al. states that the current systems for water quality monitoring are
slow and expensive. The paper is set to examine the spectral qualities of drinking water,
and the effect of adding contaminated water to samples. The results of the study sug-
gest that drinking water systems can be monitored by using organic matter fluorescence
as an early warning system. [6] In their paper, in 2015, Bridgeman et al. are aiming
to take the benefit from the recent development in LED manufacturing processes. They
are estimating that LEDs could be an affordable substitute for the excitation light source.



Their prototype was able distinguish typical fluorescent signals found in drinking water. [8]

This thesis is divided into three distinct sections. The first section will introduce the theo-
retical background of luminescence and fluorometry. It will also briefly explain the concept
of biofilms and pathogens to give the reader some insight for the samples measured by
the prototype. A thorough glance will be given to the function of the photomultiplier tube
(PMT) which is used to acquire the photon counts from the samples. The second section
is dedicated to the prototype. First, it delves into the general overview of the system,
presenting optical components used in the system. It also provides an explanation how
the raw data from the PMT is processed into the form that is useful for the observer.

The third and final section includes a set of measurements done with the prototype and
the results acquired. Included in this thesis are two experiments made with the prototype.
The first one considers the proper function of the optical components within the prototype.
The second experiment is centered on the prototypes ability to distinguish contaminated
samples from clean reference samples. Last a brief conclusion is compiled from the whole
project. The conclusion includes a short summary and discussion about the next steps
that could be taken with the prototype.



2. LUMINESCENCE, FLUORESCENCE AND
PHOSPHORESCENCE

This chapter is an introduction to the theoretical basics of luminescence. The objective
of the chapter is to introduce the reader to the basics of the phenomenon of lumines-
cence. This information is necessary for good comprehension of the functionality of the
measuring device.

Luminescence is an umbrella term used to describe the light emitted by any substance.
The light originates from transitions of electrons between the electron energy states. Lu-
minescence can be divided into two different subtypes: fluorescence and phosphores-
cence. This division is based on the nature of the excited state. In practice, the difference
between fluorescence and phosphorescence can be observed from the differing emission
rates. The emission rate of fluorescence is in the order of 108 s~! and the emission rate
of phosphorescence is in the order of 10° to 10° s~1. Thus fluorescence appears instan-
taneous to the human eye and phosphorescence could be described as delayed by the
human observer. [12] Fluorescence is the main signal being measured in this thesis, thus
the focus of this chapter will shift to inspecting the characteristics of fluorescent emission.

2.1 Jablonski Diagram

Fluorescence and phosphorescence both involve the two-step process of excitation of
the electrons to higher energy states and the emission of light by the electrons returning
to the lower energy states. The excitation part is similar in both of the phenomena: the
substance absorbs suitable quanta of energy that causes the electrons to climb to higher
energy states [13]. The path to the emission can differ drastically, which is the reason for
the distinguishable traits of the two. The Jablonski diagram is a model used to clarify the
process. [12]

The figure illustrates the usual example of a Jablonski diagram. In the diagram an
electron absorbs a quantum of energy as is depicted by the photon energy formula

E = hv[13]. (2.1)

In the previous formula E' is used for energy, h is the Planck’s constant and v is the fre-



Sz Y .
| Internal
1 Conversion
- | ) .
S I [ Intersystem
o Ty
Absorption | =
Fluorescence Ay
:{J P
h"u};-. - hUA"#’
Phosphorescence
2
Sn é W

Figure 2.1. Jablonski diagram [12]

quency of the photon. The absorbed photon causes the electron to be excited to a higher
energy state. In this example of a Jablonski diagram these states are represented as S;
and S,. The lines at close vicinity to the energy states illustrate the different vibrational
states within an energy state. Return from the excited state to the ground state can take
diverging paths. During the internal conversion, the excited electron relaxes to the lowest
vibrational state of the first excited state. [12]

Relaxation to the ground state can occur from the singlet energy state S; or from the
first triplet state 7). In singlet states, the excited electron is paired with an opposite spin
electron at the ground state. Whereas the electron in the triplet states is paired with
an electron with similar spin at the ground state. Emission from singlet states is named
fluorescence and emission from triplet states is called phosphorescence. The observed
differences between the two are explained by the spin orientation of the paired excited
state and ground state electrons. Emission rates from triplet states are notably slower
than the emission rates from the singlet states. This is due to the forbidden nature of the
two similar spin states between the triplet state electron and the singlet ground state elec-
tron. [12] The difference between the fluorescent emission and phosphorescent emission
is due to the fact that the emission from the triplet states is far more unlikely than the
emission from the singlet states [14].

2.2 Characteristics of Fluorescence

Fluorescent emission possesses a number of typical characteristics. In this section two
key characteristics are introduced to contextualize the theory behind the physical effects
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of fluorescence.

The First characteristic of the fluorescence is the Stokes shift. As discussed in sec-
tion and seen in Jablonski diagram (figure [2.1), emission occurs from lower energy
levels compared to the original excited state of the electron. Since emission occurs from
lower energy states, it is evident that spectral differences between the excitation and the
emission spectrum exists. The difference between the intensity peaks as illustrated in
figure [2.2is named Stokes shift, after its first observer Sir G.G. Stokes. [12] The physical
consequence of the Stokes shift is distinct as the loss of energy causes the emission
wavelength to be greater than the excitation wavelength.

The second key characteristic of fluorescence is Kasha'’s rule. According to Kasha’s rule,
the same fluorescence emission spectrum is expected to be observed despite the differ-
ing excitation wavelengths. This is due to the fact that the excited electrons are prone
to convert back to the lowest vibrational level of the first energy state before the fluores-
cent emission. Kasha’s rule is not absolute rule since some exceptions, like the emission
from the second energy state, do exist. [12] In addition to emission, the excited electrons
can lose their excess energy in transitions that do not produce radiation. Examples from
such events are internal conversion and vibrational relaxation. [14] These events can also
be observed in the Jablonski diagram [2.1], where the dotted arrows mark the vibrational
relaxation and internal conversion before the fluorescent emission occurs.



3. FLUOROMETRY

This chapter introduces the concept of fluorometry. A fluorometer is a research instru-
ment which is used to investigate the different qualities of the phenomenon of fluores-
cence. Such qualities include the spectra for excitation and emission, and intensity of the
fluorescent emission. The most vital parts of a fluorometer are the excitation light source,
the sample to be measured and the fluorescence emission detector. [12] The next sec-
tions will briefly describe different ways to approach fluorescence measurements. At the
end of the chapter the common challenges of fluorometry are shortly discussed.

3.1 Fluorophores

A fluorophore is an alternative name for a typical fluorescent substance. Fluorophores
are usually divided into two subclasses: intrinsic and extrinsic fluorophores. Intrinsic
fluorophores are samples that display their fluorescent properties naturally. A few exam-
ples for intrinsic fluorophores are biological molecules such as NADH, nucleotides and
chlorophyll. Extrinsic fluorophores on the other hand are fluorophores that are added to
the sample to reinforce its spectral properties. For example, cellular membranes do not
usually exhibit fluorescence and need an extrinsic fluorophore as a label for studies. [12]

3.2 Excitation light sources

An excitation light source is a vital part of the fluorometer. It is needed in order to excite
the fluorophore electrons and thus produce the fluorescent signal. This section introduces
the most common alternatives used in fluorometry. An alternative for the light source are
the different types of Xenon lamps. Arc Xenon lamps emit light from 250 to 700 nm.
The emission of the continuous spectrum is produced by recombination of electrons with
ionized Xe atoms. The downsides of using Arc Xenon lamps are the heat produced by
the light source and the high amperage power supplies which both can cause danger for
the user. A pulsed Xenon lamp is a viable option if the build needs to be more compact
and high heat production is a problem. Other options for the fluorometer light source
include high-pressure Mercury lamps, Xe-Hg arc lamps, quartz-Tungsten halogen lamps
and lowe-pressure Hg and Hg-Ar lamps. A common problem with all the options men-
tioned before is the excess infrared emission, which requires the use of heat filters in



order to protect the optical equipment. [12]

Recent advances in light emitting diode (LED) technology, such as the Nobel prize win-
ning development of blue LED, are making the LED the most versatile option to be used
in a fluorometer [16]. With the LED a wide range of wavelengths are available. Benefits
of the LEDs include the low heat production and low energy consumption. The small size
of LEDs makes them easy to use in a setup. [12]

3.3 Photomultiplier Tube

A photomultiplier tube (PMT) is often used as the fluorescent emission detector. This
section answers the questions what is a photomultiplier tube and how does a PMT work.

The simplest way to examine a photomultiplier tube is to regard it as a current source
proportional to the light intensity [12]. The PMT is capable to detect a single photon,
signal this detection as an electron and amplify this signal to a state where it is useful.
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Figure 3.1. Simplified scheme of a photomultiplier tube [17]

Figure [3.1]illustrates the inner world of a PMT. The photomultiplier tube is a vacuum tube
that has four phases of functionality:

1. light excites the primary electrons in the photocathode
2. the primary electrons are multiplied by the dynodes
3. the secondary electrons are caught by the anode

4. acurrent is generated from the electrons caught by the anode. [17]

At the photocathode, a phenomenon called the photoelectric effect is at hand. In pho-
toelecric effect electrons are released from the metallic surface hit by light, if the energy
supplied by the light is adequate to exceed the attractive forces of the atoms on the metal-
lic surface [13].



The electrons released from the photocathode are not guaranteed to be sufficient for
a proper signal. This shortcoming is fixed by the dynode section, which works as a elec-
tron multiplier. Depending on the PMT model, the amount of dynodes can range up to 19
dynodes and they provide an amplification up to the multitude of 100 times the original.
For example, some suitable materials for a dynode include beryllium oxide and gallium
phosphide. Figure [3.2]illustrates the primary electron hitting the secondary emissive sur-
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Figure 3.2. Overview on the function of the dynode and secondary electron emission [17]

face causing secondary electrons to detach from the surface. This event is repeated
multiple time and as a consequence an amplified current reaches the anode. [17] In the
context of photomultiplier tubes, anode is an electrode that has the objective of collecting
the amplified electron stream and output it to an external circuit. [17]



4. BIOFILMS

The role of this chapter is to lend the reader some common knowledge about the microbial
world of biofilms. The chapter will give the reasoning for the question of what the device is
measuring. The first section defines the term biofilm and then considers how the biofilms
are formed. The second section aims to explain how the biofilms inside the drinking
water systems affect our health. The main objective of the chapter is to answer why
development of a preventive measuring system would be advantageous.

4.1 Biofilms

The biofilms are aggregations of hydrated polymetric matrix synthesized by the bacteria
themselves [18]. The biofilms maintain multiple types of bacteria, some are considered
pathogenic and the others harmless for humans. The biofilms may even house other mi-
croorganisms such as viruses, protozoa, fungi and algae. [19]

The formation of a biofilm can be thought to consist of four different phases: precondion-
ing of the adhesion surface, adhesion, biofilm growth and detachment from the surface.
During the preconditioning phase a thin layer of organic molecules and ions attach to the
surface. This thin layer, called the conditioning film, has a large impact on the adhesion
of the biofilm itself. In the adhesion phase the actual microorganisms migrate to the pre-
conditioned the surface and begin to form colonies. After the adhesion of the microbial
cells, the cellular colonies shift to the biofilm growth phase. Inside this event the colonies
proliferate and excrete biopolymeric matrix. During the growth phase it’s also possible for
other materials and organisms to attach on the biofilm. The last phase of biofilm forma-
tion is the detachment phase. During this phase the matured biofilm detaches from the
surface due to multiple different reasons like mechanical stress caused by the hydraulic
pressure changes. [19]

The fluorescence from the biofilms is due to different fluorophores inside the varied in-
habitants of the biofilm. One of the fluorophores is NADH (Nicotinamide adenine dinu-
cleotide). The absorbtion and emission spectra of the NADH is presented in figure
[12] It is noteworthy to examine the absorption peak of the NADH, which is situated at ca.
350 nm. This wavelength area is important later on as the prototype light source wave-
length and the filter functions are examined. A notable quality of NADH is the fact that it is
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Figure 4.1. Absorbtion and emission spectra of NADH [12]

a coenzyme in the metabolism of living organisms. [20] Therefore the presence of NADH
also indicates the presence of living organisms. Rdsner et al., takes advantage of NADH
fluorescence in their study about the fluorescence in cell cultures and brain slices [21].

4.2 Biofilms inside the drinking water distribution systems

There are multiple ways a pathogen can end up in the drinking water distribution sys-
tem. The main pathways are the breakthrough from the treatment system, contamination
events and the proliferation of the micro-organisms inside pipelines [22]. In Finland, the
water treatment systems are well maintained and the water is disinfected as needed, so
the breakthrough from the treatment system is unlikely [23]. Contamination events can be
caused by human errors or malfunctions in the distribution systems. Human error was the
cause of contamination in the Nokia water crisis, where a mishandled valve let a signifi-
cant amount of sewage water to the distribution system [3]. In the 2016 Adnekoski water
crisis, an excavator broke a waterline pipe, which led to pressure changes and mixing of
clean water and sewage water [5].

The success of water treatment systems is not a guarantee for pure water to reach the
user. The water quality can deteriorate during the transport due to the complex interac-
tions with biofilms [24]. The most common reason for the presence of micro-organisms
in drinking water is their growth and proliferation in the biofilms [22]. As was stated in
the previous section, biofilms can accommodate multiple types of microorganisms. In
addition to the risk of spreading pathogens, biofilms are suspected to be the reason for
deviations in perceived water quality such as odor, taste and color [25].
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5. EXPERIMENTAL ARRANGEMENT

This chapter is a brief introduction to the experimental arrangement used in the thesis.
First, the physical measuring setup is considered. Second, a glance is given to the func-
tionality of the photomultiplier tube (PMT), which acts as the photon detector. Last, the
PMT is capable of transferring the fluorescent information as analog electric signals to its
user. The user is still left with the task to interpret the signal into useful and comparable
data. The next two sections will describe the process of analog to digital signal process-
ing with NI DAQmx and give an introduction to the code used in the data analysis. The
last section is used to explain the experiment made with the prototype.

5.1 Overview of the System

The prototype, as illustrated in figure is built into a lightproof box in order to reduce
the light from ambient sources. The assembly of the prototype is comprised of seven
main components:

1. Light source (LED)

Optical components
Sample chamber

Power meter
Photomultiplier tube (PMT)

Data acquisition card

N o o or N

Control computer

The light source used in the prototype is a light emitting diode (LED) with wavelength
of 365 nm. The LED is controlled by a LED driver providing a maximum of 360 mW of
power. [26] The optical components inside the device have two main functions. First, the
light produced by the LED needs to be focused to the sample. Second, the fluorescent
light emitted by the sample has to be collected and guided to the detector. Using this
logic, the optical components can be divided into two sections. The sections named by
their functions are the excitation side and the collection side. Inside the excitation side,
the lens set to collimate the light from the LED to the center point of the cuvette inside the
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Figure 5.1. The prototype used in the thesis.

sample chamber. The function of the filters on this side is to ensure that the light let to the
sample is as close to 365 nm as is possible. The collection part of the optical components
consists of two lenses and filters. The purpose of the first lens is to collect the emitted
light from the sample. Following the first lens are the long pass filters that allow light with
wavelength of 430 nm or larger to pass through. The second lens is set to focus the light
to the detection surface of the photomultiplier tube.

The sample chamber contains the sample cuvette and connects the optical components.
It also allows the power meter to be connected seamlessly to the device. The power
meter used in the prototype has a control function. It is used to calibrate the LED power
to the desired level. The detector of the prototype is the photomultiplier tube (PMT). The
last physical part of the prototype is the data acquisition card used to convert the analog
signal from the PMT to a digital signal that the computer is able to interpret.

The last part of the prototype is the Python program that analyses and saves the data
acquired from the PMT. The Python program for the prototype was modified for the proto-
type from the code made by Thomas Kerst. An example from the code is provided in the
appendix A section.

5.2 Experiments

For this thesis two experiments made with the prototype are introduced. The experiments
are introduced in this section and the results are presented in the results chapter 6] The
first experiment was made to ensure that the filters used in prototype work correctly. This
is necessary since the PMT is sensitive to any excess light. First, the excitation light was
let unfiltered to the spectrometer to see the baseline spectrum. In the second part band-
pass filters, lens and the iris was added to record their effect. In the third part the PMT
was replaced with a spectrometer and a paper piece was placed as a sample. This way
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the function of the long-pass filters was evaluated.

The main experiment of the thesis is set to test the functionality of the prototype. The
experiment is trying to answer, if the prototype is able to distinguish pure tap water from
the samples containing biofilms. This will be estimated by a dilution series with samples
obtained from the virology laboratory of Tampere university. Three set of samples labeled
as "biofilm 1", "biofilm 2" and "biofilm 3" were measured with the prototype. One sample
set contains five different samples, that are diluted with water. The dilution ratios are
1:3, 1:12, 1:48, 1:192 and 1:768 for each sample. The hypothesis of the test is that the
prototype is able to produce results that are comparable to the dilution ratios of the series.

The procedure for every measurement was kept constant between the sets. The PMT
and the LED were first warmed up for about 15 minutes. The power meter was used to
calibrate a constant LED power for each measurement. For every sample a Milli-Q water
and tap water reference measurement was done with the prototype. The samples were
measured one set at the time, starting with the most diluted sample and finishing with the
least diluted sample. The samples were moved to the cuvette by a pipette. Before each
set of measurements a set time of 120 seconds were given to the samples to maintain
equilibrium. Measurements with the duration of 20 seconds were taken from each of the
sample.
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6. RESULTS AND ANALYSIS

This chapter is used to illustrate and evaluate the results obtained by the experimental
arrangement. The main emphasis of the chapter will be laid to analyse the information
received from the experiment described in section Also a brief look will be given to
spectral data obtained by the Avantes spectrometer.

6.1 Filter Function Experiment Results

The filter function experiment was set to test the proper function of the band-pass filters
in the excitation side of the prototype and the long-pass filters in the collection side of
the prototype. The figure presents the resulting spectra from the spectrometer exper-
iment.
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Figure 6.1. The spectra from the filter function experiment.

In the figure 6.1}, the green line represents the untouched LED spectrum. The LED used
in the prototype would ideally have a thin spike around the wavelength of 365 nm. As
is portrayed in the LED spectrum it is not an ideal component. The blue line represents
the LED spectrum after the band-pass filters have been added to the prototype. The red
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line represents the spectrum after the rest of the components have been added to the
prototype. The function of the band-pass filters can be seen as they seem to clip the
extra radiation between the red and green lines. The brown line represents fluorescence
from a piece of paper. The function of the long-pass filters can be seen from the fact that
the paper fluorescence is only visible after the wavelength of 420 nm as the filters cut out
the higher frequencies.

6.2 Biofilm Dilution Series

This section introduces the results from the biofilm dilution series. Aim of the experiment
was to see if the prototype is able to distinguish clean tap water from water which contains
biofilms. For all of the figures, and the y-axis marks the PMT counts from
low to high and the x-axis follows the dilution ratio from the less diluted sample to the
most diluted sample. The dashed red line represents the measured PMT count level
of the clean tap water. The measured data points are connected with a line to clarify
the trend between them. Standard error is marked at the data points with error bars.
Figure[6.2] shows the results of the biofilm dilution series with sample one. The difference
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Figure 6.2. The result of the dilution series with sample 1.

in counts between the clean tap water and water containing the sample is clear. The
trend follows the dilution ratio as the counts seem to lower with the higher dilution. Only
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exception is the dilution ratio 1:48 which shows unexpected behavior. Figure [6.3] shows
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Figure 6.3. The result of the dilution series with sample 2.

the results of the biofilm dilution series with sample two. The trend of the results follow
the hypothesis as the counts lower with the higher dilution ratio. The counts intercept the
clean tap water line as early as the 1:12 dilution ratio. This is not abnormal as the dilution
was made by the virology laboratory and the clean tap water reference was taken from
the measurement laboratory. Figure shows the results of the biofilm dilution series
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Figure 6.4. The result of the dilution series with sample 3.

with sample three. As with the previous samples it can be evaluated that the PMT counts
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decrease as the dilution ratio increases. The results of the biofilm dilution series suggests
that the prototype is able to distinguish contaminated water from tap water.

The main source of uncertainty within the biofilm dilution series are the tap water refer-
ence samples. The reference samples were not acquired from the virology department.
The references were gathered from the tap water of the photonics laboratory separately
before every measurement. This uncertainty can be seen when comparing the tap water
baseline level in the figure[6.2]and Tap water base levels differ by almost 20000 units.
This difference is quite notable when comparing to the standard errors of the dilution se-
ries data points. The divergence between the tap water references could be explained by
random variation of natural organic matter found in the tap water [27]. If the experiment
was remade, it should be considered that only the original biofilm sample could be ac-
quired from the virology department. The dilution series could then be made solely from
a single source of reference tap water.
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7. CONCLUSION

In this chapter the whole thesis project will be considered as a whole. The main results
obtained with the prototype will be evaluated. Some constructive criticism will be given to
the experimental arrangement and a glance to the next step of the project will be given.

The main object of the project was to determine if a device, that can distinguish clean
water and contaminated water, can be developed. The theory of fluorescence is used to
motivate that different molecules can be detected from a sample by their characteristic
emission wavelengths. The main components to build a fluorometer are the fluorophore,
excitation light source, optical components and the detector. The fluorophores used in
the prototype are the different organic molecules found in biofilms. The excitation light
source for the prototype is a LED with the excitation wavelength of 365 nm. The main
optical components used in the prototype are lenses to focus the light to the right point,
filters to control the wavelengths exciting the sample and entering the PMT and the irises
to control the amount of light entering the sample chamber and the PMT. The detector
used in the prototype is the photomultiplier tube that converts the photons to an electrical
signal. The signal is then converted from analog to digital by the NI-DAQmx converter.
Last the digital signal is read with a Python program that converts the signal to numerical
data that can be interpreted by a person.

The first experiment of the thesis considers the proper function of the filters used in the
prototype. Since the LED used in the prototype is not an idealistic component it produces
extra wavelengths around the desired 365 nm. Eliminating the additional light radiation
is crucial because of the high sensitivity of the PMT. The experiment was set to see the
difference between the unfiltered spectrum and the filtered spectrum entering the sample
chamber. Also an emission spectrum exiting the chamber was taken. The result of the
experiment was that the band-pass filters worked as planned and cut of excess light. The
effect was most notable at wavelengths over 370 nm. The function of long-pass filters
was also determined to be acceptable. Only light with wavelength over 430 nm should be
able to reach the PMT.

The second and the main experiment of the thesis was the biofilm dilution series. The ob-
jective of the dilution series was to determine if the prototype is able to distinguish water
contaminated with biofilms from a clean tap water reference. Three sample sets obtained



19

from the virology laboratory of Tampere university were used in the series. Each of the
sample set contained five samples from lower dilution to higher dilution. The prototype
was used to obtain the data and MATLAB was used to display the data. The results show
that there is a notable difference between the counts acquired from the contaminated
sample and counts from the tap water reference. The trend in data also suggests that the
prototype is able to distinguish different levels of contamination of the sample. This is de-
duced from the data trend as the count number is highest with the less diluted sample and
decreases as the dilution ratio increases. An improvement for the experiment would have
been to use more samples and take longer measurements in order to further increase the
credibility of the result.

The main object of the thesis was to investigate if a device capable of distinguishing
clean water from contaminated water could be developed. The results from the biofilm
dilution series suggest that the prototype developed is able to recognize contaminated
samples from the tap water control sample. The next step of the development process is
to introduce a water flow system to the prototype and discover if the prototype is able to
distinguish contamination in flowing water.
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APPENDIX A: THE MAIN FUNCTIONS IN THE PYTHON
PROGRAM USED IN THE PROTOTYPE.

def prepare_file():

import os

import sys

global wrt_file

save_path = os.getcwd() + ’\\testing’
sys.stdout.write(’Saving data to \’’ + save_path +
’\’\nTo save data and exit the program hit

Enter \nInitialising...’)

wrt_file = open(save_path, ’w’)
return

def start_device():

import sys

import nidagmx as ni

global task

devices = ni.system.system.System.local().devices

if devices.__len__() < 1:
print (’No NI device detected. Aborting program execution.’)
sys.exit (1)

name = devices[0] .name + ’/ctrl’

if devices.__len__() > 1:
print (’Multiple NI devices detected. Using device/channel
\’’ + name + ’\’’)

task = ni.Task(’digital readout’)

task.ci_channels.add_ci_count_edges_chan(name)

task.start()

def read_counts():

import time
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global n_measurements

global counts_now

counts_now = task.ci_channels[0].ci_count
time.sleep(interval)

return

def write_counts():
import sys
import datetime
global n_measurements
global counts_prev
counts = counts_now - counts_prev
n_measurements += 1
sys.stdout.write(’\r\033[KCounts at > + ’{:.2f}’.format(

n_measurements * interval) + ’s: ’ + str(counts))
wrt_file.write(str(datetime.datetime.now()) + ° ’ + str(counts) + ’\n’)
return

def enable_user_input_abortion():
import threading
thread = threading.Thread(target=abort_acquisition)
thread.start ()

return
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