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Abstract

Algal blooms are sensitive to external environmental conditions. However, algal blooms may
also pose a serious threat to marine and human life and have therefore an adverse effect on the
ecosystem.

It is for this reason, that water monitoring tools have to recognise these harmful algal blooms
at an early stage. The optical detection module, which was developed in the frame of the
SCHeMA project, will make an important contribution to this and support the long-term
monitoring of the oceans on-site as a miniaturised and low-cost early warning system. As
combination of a microflow cytometer and multi-channel fluorometer, it is designed and made
out of robust components, such as LEDs, and requires little energy during the measurements.
Algal cells, which are pumped through the system, are excited at certain wavelengths; their
fluorescence is recorded and based on their characteristic absorbance behaviour a distinction
of the algae is made. The miniaturised design of the detection module enables an improved
sensitivity and therefore a detection of particular cell events is possible as well as a determina-
tion of the cell density.

In this work it is demonstrated that particular algal cells of medium size (22pm) can be
recorded on the device with a light intensity of 300 pW. The limit of detection is calculated to
15pW over the background level. The power, which is required during the measurement, is
180mA -5 V.

Moreover, a comprehensive characterisation of 34 different algae species belonging to seven
different phyla, is performed and it is demonstrated that a clearly distinction between cyanobac-
teria, which are known to produce cyanotoxins, and other algal phyla is possible by the means
of this device.

As a result, this developed optical detection module can be considered as a valuable addition
to existing technologies of early detection of algal blooms.
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Zusammenfassung

Algenbliiten reagieren sensibel auf externe, sich @ndernde Umweltfaktoren. Andererseits
konnen auch Algenbliiten eine Bedrohung fiir marines und menschliches Leben darstellen

und einen negativen Effekt auf das Okosystem ausiiben.

Aus diesem Grund beschiftigt sich die Meerwasseriiberwachung mit der friihzeitigen Er-
kennung dieser schddlichen Algenbliiten. Das im Rahmen des SCHeMA-Projektes entwickelte
optische Detektionsmodul soll hierbei einen wertvollen Beitrag leisten und als miniaturi-
siertes und kostengiinstiges Frithwarnsystem die Langzeitiiberwachung der Meere vor Ort
unterstiitzen. Als Kombination aus Durchflusszytometer und Mehrkanal-Fluorimeter, ist es
preiswert, aus robusten Komponenten aufgebaut und benétigt nur wenig Energie wahrend den
Messungen. Algenzellen, die durch das System gepumpt werden, werden bei verschiedenen
Wellenldngen angeregt, deren emittierte Fluoreszenz gemessen und eine Unterscheidung der
Algen basirend auf deren charakteristischem Anregungsverhalten durchgefiihrt. Gleichzeitig
ermoglicht das miniaturisierte Design des Modules eine verbesserte Sensitivitdt um einzelne
Zellen detektieren zu konnen, wodurch eine Bestimmung der Zelldichte ebenfalls ermoglicht
wird.

Die durchgefiihrten Tests zeigen, dass einzelne Zellen mit einer durchschnittlichen Zellgrofie
von 22 pm mit einer Lichtintensitdt von 300 pW detektiert werden kdnnen. Die Nachweis-
grenze liegt hierbei bei 15 pW {iber dem entsprechenden Kanalpegel. Gleichzeitig liegt der
Stromverbrauch wahrend der Messnung bei 180 mA - 5V.

Des Weiteren wurde eine umfassende Charakterisierung von 34 verschiedenen Algen aus
sieben verschiedenen Stimmen durchgefiihrt und gezeigt, dass eine eindeutige Unterschei-
dung zwischen Cyanobakterien, welche fiir ihre Cyanotoxine bekannt sind, von anderen

Algenstammen durch das Modul moglich ist.

Infolgedessen kann das entwickelte Detektionsmodul als wertvolle Ergdnzung zu bestehen-
den Technologien in der Fritherkennung von Algenbliiten betrachtet werden.
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1. Introduction

Although algae are a sensitive indicator for changing environmental conditions, they may
have also an adverse impact on the ecosystem, when they form blooms during spring and
summer. They may be harmful for marine as well as for human life. Therefore, within the
frame of the SCHeMA project (integrated in-Situ Chemical MApping probes, grant agreement
no: 614002), funded under the European research and innovation-funding programme FP7, a
miniaturised, low-cost and multi-channel detection module has to be developed which enables
a detection and identification of harmful algae species at an early stage. Furthermore, it should
also feature low energy consumption and enables in-situ measurements as well as a long-term

monitoring.

In order to implement this idea, we identified in a first step the algae classes, which may lead
to harmful algal blooms and examined their characteristics. Therefore, a variety of different
algae species belonging to different algal phyla were characterised to create an algae database.
Besides a morphological description, all algae species were characterised spectrally and the
differences in their absorbance and fluorescence behaviour were examined. These differences
especially in their excitation spectra result from a different pigmentation of the photosynthetic
apparatus. These differences in their pigment composition should then enable a distinction
of different algal phyla. At this point the summarising book of Govindjee et al. has to be
mentioned. [1] They worked on the optical characterisation of different algal phyla and

determined the theoretical relations within the algal photosynthesis apparatus.

In the next step, a suitable concept, which combines a powerful flow cytometer on the one
hand with a common compact and submersible fluorometer on the other hand, was designed.
In this context, especially the microfluidic investigations of F. Ligler have to be highlighted,
which enables a miniaturisation of a multi-channel device working in the flow-through mode.
[12] To realise the underlying idea, several prototypes were built with which we gradually
approach the final aim of a miniaturised, low-cost detection module featuring several excitation
and emission channels, which enables a separation of algal phyla in the laboratory. Moreover,
the results of the previous characterisation of the algae were used to achieve a differentiation
of the algal phyla and enable a distinction of harmful cyanobacteria from other harmless algae.
The final detection module might be a valuable addition to existing technologies, since it works
modularly and its cell sensitivity is similar to a flow cytometer. Moreover, the module is built

from robust components and due to its miniaturised design, the sensitivity is increased.
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1. Introduction

Related to its content, this work is structured as follows: First, the required relations and basic
principles are presented in chapter 2 — Theoretical background. Besides a systematic introduction
to the group of algae, the characteristics and features of harmful algal blooms were illustrated
in the first two sections. Moreover, several possible methods for the detection of algae are
presented as well as common early warning systems. For this purpose, the present thesis refers
to the APEC’s report about Monitoring and Management Strategies for Harmful Algal Blooms in
Coastal Waters, which offers a good introduction into the issue. Biochemical and photochemical
principles, which are important for the understanding of the thesis, are presented subsequently
in the following subsections. A brief overview of photosynthesis and its apparatus is given
and also the principles of excitation and fluorescence in the light-harvesting complex of algae
are described. Finally, possible applications of the developed device are described in the
subsections 2.3.5 and 2.3.4, while this work focus primarily on the first application - the
distinction of harmful cyanobacteria from other harmless algae.

Then in chapter 3 — Material and Methods, the cultivated algae species and their cultivation
process are described briefly as well as the methods, which were used to characterise these
algae species. The results of the characterisation are moved to the appendix A, since there are so

many pages.

The prototypes and the miniaturised algae detection module are presented in chapter 4.
Within this chapter, the conclusions, which we obtained from these first approaches, are
explained and furthermore a description of the miniaturised device and its features is given.
The realised experiments that we made with the miniaturised device, are explained and

discussed in the next chapter 5.

Finally, chapter 6 — Conclusion and Outlook summarises the whole master’s thesis and the
actual state of the miniaturised algae detection module considering its part in the SCHeMA
project. Further investigations, that have to be done in order to obtain the goal of a miniaturised
and low-cost algae detection module, which contributes as suitable early warning system to a

marine monitoring programme, are also mentioned in the outlook of this chapter.

4 Optical detection module for algae species used as early warning system
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2. Theoretical background

This chapter provides an overview of all required fundamentals used. While the first two
sections deal with the diversity within the huge group of algae and their potential negative
environmental impacts, the third section — Photosynthesis and Chlorophyll-Fluorescence — presents

the biochemical and photochemical principles.

2.1. Diversity of algae

Historically, biology consisted of only three different empires (plant, animals and minerals
accordingly to Carl von Linné) and all known organisms were classified into the empires
depending on their functional-ecological properties. Since algae and cyanobacteria, which
were formerly known under the name "blue-green algae", are phototrophic organisms, they
were included in the plant kingdom. With the development of the theory of evolution, how-
ever, biologists tried to examine genetic relationships between the organisms and to define
monophyletic kingdoms. Phylogeny means the evolution of all living beings, belonging to a
certain strain, and refers also to genetic relationships in all levels of the biological taxonomy.
A kingdom should therefore combine organisms based on their similar phylogeny instead of
their similar characteristics. Due to this effort and due to the fact that it is not yet possible
to define monophyletic relationships between all algae species, the whole indefinite group
of algae were divided into smaller phyla and classes and several algae classes were removed
from the plant kingdom. Moreover, the blue-green algae were separated from the group of
algae, since their inner structure differs from the rest; they lack of a nucleus and of chloroplasts.
As a consequence, they were now classified, in the terms of biological systematics, as pho-
totrophic cyanobacteria into the empire of prokaryotes. The other algae species, by contrast,
remain in the eukaryotes empire and both empires are further divided into subordinate Taxa
(kingdom, phylum, class, order, family, genus and species). The taxonomic classification is not
yet completed and still under progress, but it is a first attempt to classify algae and bacteria
species. Moreover, the indefinite term "algae" should be prevented in the context of biological
systematics. In a functional-ecological context, however, the term "algae" is used to describe,
in general, phototrophic organisms, that inhabits the water biotope. In this functional content,
cyanobacteria and eukaryotic algae are not separated. [2]
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2. Theoretical background

Figure 2.1.: Example of different cell shapes to demonstrate the diversity of algae.

As mentioned above, algae are an indefinite group that lacks of common characteristics and
even of a common phylogeny. Therefore, the functional group of "algae" combines a huge
diversity of species. They differ in their habitats, their size and morphology. Some algae species
may live in freshwater areas, while other species prefer brackish water or even seawater. Their
size and morphology may also vary between unicellular or filamentous, microscopically small
cultures and multicellular, marine seaweed with a length of 80 m. Furthermore, some algae
species have an armoured cell shape, whereas the cells of other species is integrated in a mucus

matrix. Some species are (bi-) flagellated and motile, while other cultures are immobile. [3]

Several algae cultures may have a beneficial impact, since they can be used as a potential
source in the biofuel production or may be used commercially in the pharmaceutical industry,
when they are rich in lipids and proteins. Furthermore, several algae species can be used as
nutritional supplements in human or animal feed or in ecotoxicological tests. On the other
hand, some algae species may produce toxins and, therefore, may have adverse effects on
marine animals and mammals, birds and humans. Nevertheless, algae, especially microalgae
have an important impact on aquatic ecosystems, since they produce a huge amount of oxygen

through their photosynthetic activities. [4]

2.2. Harmful algal blooms

Since the term "harmful algal blooms" is often used misleadingly to describe all phenomena of
discoloured water surfaces caused by algae assemblages, the term "harmful algal blooms"is
described first as it is used in accordance to the Asia-Pacific Economic Cooperation. In the
second part, the methods, which can be used to detect algal blooms at an early stage, are
described briefly.

2.2.1. Definition and description

In general, an algal bloom can be described as an overgrowth of micro-algae species, although
a certain threshold level above, which an algae culture is recognised as algal bloom, is not
officially defined. This results from the fact that not all algae species that might have an adverse

effect on the ecosystem, lead to a discolouration of the water surface. These species may have
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2.2. Harmful algal blooms

harmful impacts even when their cell concentration is not dense enough to change the colour
of the water surface. On the other hand, not all algae species, that might form blooms, have a
negative impact on the ecosystem. Besides, an algal bloom does not have to consist of only one
single algae species. Therefore, the term "harmful algal bloom" has to be defined and it is used
in accordance to Anderson et al.:

’

"... [Tlhe term "harmful algal bloom " or HAB will be used in its most general or inclusive sense —
it will refer to blooms of toxic and non-toxic algae which discolor the water, as well as to blooms which
are not sufficiently dense to change water color but which are dangerous because of the algal toxins they
contain or the physical damage they cause to other biota." [5]

Figure 2.2.: Example of an algal bloom caused by cyanobacteria leading to a discolouration of the water
surface. [6]

Over the last few years, harmful algal blooms have become a global problem that can affect
each coastal region, since the algae cultures may occur in freshwater as well as in marine
environments. In addition to the discolouration of the water surface mentioned above, some
harmful algal blooms lead to a low oxygen condition, when they decay or may lead to a
light attenuation caused by the dense biomass on the water surface. As a result of these
unfavourable conditions, other marine organisms will be killed due to the lack of light and
oxygen. Moreover, some algae species, whose cells are integrated in a mucus, can clog gills and
thereby kill fish without producing toxins. However, some algae species can produce toxins
and since algae are at the bottom of the food chain, they are eaten by other marine animals.
The toxins accumulate in the tissue and, as a result, fishes, marine mammals and birds are
then killed by biotoxins. Furthermore, after accumulation over the food chain, the produced
toxins may lead to human disorders like gastrointestinal, neurological and cardiovascular
disturbances or, when the toxins achieve levels which can be lethal to humans. Other marine
toxins like saxitoxin, produced by dinoflagellates, lead to paralytic shellfish poisoning (PSP) -—
one of the five recognised human syndromes. PSP is a life threatening syndrome and saxitoxin
itself has an acute intravenous LD5 of 3.41ug STX kg~! body weight (mice). [7] Another

important group of toxin producing marine organisms are cyanobacteria. These cyanotoxins
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2. Theoretical background

can also lead to gastrointestinal, liver disease, heart failure or even death after accumulation
over the food chain. [8]

In addition to health effects listed above, harmful algal blooms constitute also a threat to the
fish and oysters industry and the tourism sector by having tremendous economic impacts. Due
to the algal contamination, the food products in the shell fish industry or even the shell fish
itself gets poisoned and the tourism sector suffers heavy losses since they have to close their
beaches. The estimated economic impacts of coastal HAB only in the US amount to 82 million

$ every year. [9]

The reasons for the expansion of harmful algal bloom are not secure and still under debate,
although anthropogenic impacts and natural mechanisms of these species are discussed.
[5] Nevertheless, the identification of harmful algae species at an early stage became more
important over the last few years. Furthermore, monitoring tools to prevent, control and

mitigate the occurrence of harmful algal blooms are needed.

2.2.2. Early warning and detection systems for algal blooms

Early warning systems for algal blooms should enable the observation of the algal distribution
and, in a further step, their population dynamics. Furthermore, these systems should measure
autonomously and continuously and should identify algae species which may produce toxins
or have other harmful effects on the ecosystem, at an early stage. In the literature, there are
several approaches for these early warning systems and long-term monitoring tools. The
concepts range from the monitoring of some physical parameters of the water to complex
methods which analyse the fluorescence and scatter properties of the phytoplankton, enabling
the characterisation and quantification of the algal sample. Some concepts analyse the total
content of chlorophyll a in a water sample by using fluorometric and photometric instruments,
as it is an ubiquitous pigment which is present in all photosynthetic phytoplankton. Others
try to analyse the pigment composition and the chlorophyll content by using the high per-
formance liquid chromatography (HPLC). [5] These methods were generally used, when the
phytoplankton samples can be collected and later be analysed in a laboratory.

For in situ measurements and marine monitoring, however, ocean-colour methods can
be used. Here, the reflected and fluoresced light as well as the scattering of light by algae,
micro-organisms, particles and dissolved substances, is measured by satellites or radiometers
installed on moorings or drifters. While these remote sensing methods were mainly used for
wide-ranging or long-term comparisons, compact and submersible instruments were used for
a real-time characterisation of the water conditions and in situ monitoring of marine life. For
this purpose, fluorometers, which enable a fast identification of existing algae classes and —
after a carefully calibration — a determination of the total chlorophyll a content, are useful. The

multi-wavelength fluorometers from Chelsea Technologies Group are a good example for a
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2.2. Harmful algal blooms

Figure 2.3.: TriLux Fluorimeter from Chelsea Technologies as low-cost digital fluorometer for phycoery-
thrin, phycocyanin and chlorophyll a detection. [10]

miniaturised and low-cost module, that enables these features as well as an environmental and
cell culture monitoring. [10]

On the other hand, flow cytometry especially in combination with imaging technologies is a
powerful method to characterise and classify algae species in a water sample. A cell solution is
pumped rapidly through the system and the intrinsic light-harvesting pigments in the cells
were excited separately by different laser-beams. The resulting fluorescence emitted by the cells
as well as the scattering properties of the cells were analysed, providing detailed information
on the cell morphology and pigment composition. Consequently, the flow cytometry is an
effective instrument for the differentiation and quantification of different algae groups that can
also be used for cell counting and cell sorting. The CytoBuoy from a Dutch company bearing
the same name is a successful example where a bench-top flow cytometer is placed in a buoy
and used as monitoring tool. [11] An example of the buoy is shown in Figure 2.4. However,
these systems have some drawbacks. First, their fabrication is expensive, they are large in
size and they require a lot of energy. Consequently, a more suitable system is of significant
benefit. Especially due to the microfluidic studies of Frances S. Ligler and her working group,
who have developed a microflow cytometer, it is now possible to fabricate a miniaturised and

low-cost module for characterising of phytoplankton. [12]

m l—- 660 nm Filter Qi e

._| Sample -——-)T_: Q:-}‘ = o
Beam Dump 532 nm Filter -m

(a) CytoBuoy from a Dutch company (b) Scheme of a microflow cytometer developed by
bearing the same name [11] Frances Ligler [12]

Figure 2.4.: Comparison of a bench-top flow cytometer which is placed into a buoy and a microflow
cytometer that exhibits a smaller footprint requiring only low power. Both systems can be used for
marine monitoring
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2. Theoretical background

2.3. Photosynthesis and Chlorophyll-Fluorescence

2.3.1. General overview of photosynthesis

All algae species and also cyanobacteria are phototrophic organisms, meaning that they are
able to build up energy-rich compounds from low-energy substances by means of the sun’s
energy. If oxygen is produced during this process, the term oxygenic photosynthesis is also used,
if not the photosynthesis is called anoxygenic. At the moment, there are only few cyanobacteria
species known, which can switch optionally between the oxygenic and anoxygenic form. All

other algae or cyanobacteria use the oxygenic form. [13]

As it is illustrated in Figure 2.5, the photosynthesis consists of two partial reactions; the first
reaction is light dependent, whereas the other is not. During the light reaction, a part of the
incident sun light is first absorbed by so-called light-harvesting complexes and than converted
into chemical energy. The energy collected in the light-harvesting complexes is transferred to
the reaction centre, where the chlorophyll initialises an oxidative photolysis.

2A /\ j

> light reaction dark reactnon

\_/
Hida NADPH
glucose

Figure 2.5.: Scheme of the photosynthesis. It consists of two partial reactions — the light reaction and
the dark reaction, also called Calvin cycle. During the light reaction the energy of the sun is converted
into chemical energy to synthesise organic compounds.

Water or other reducing agents (shown as HyA in Figure 2.5) are oxidised, oxygen or
another corresponding compound is produced and protons and electrons were transferred
over a complex reaction cascade to built up energy-rich compounds, known as ATP and
NADPH. During the following dark reaction, which is also called Calvin cycle, the energy-rich
compounds are used to fix atmospheric carbon dioxide and synthesise carbohydrates. [1]

12 Optical detection module for algae species used as early warning system



2.3. Photosynthesis and Chlorophyll-Fluorescence

The whole photosynthesis is controlled by sensible control mechanisms to optimise the
interaction of all partial reactions within the process and to adjust the photosynthesis to
external environmental conditions. Since it depends on several changeable ecological factors,
like the actual and elapsed irradiation or the nutritional state, a flexible adaptation of the
photosynthesis apparatus must be possible to optimise the quantum yield. An essential part
for this, are the light-harvesting complexes, which absorb the incident light during the light

reaction. [5, 14]

2.3.2. Light reaction and light-harvesting complex (LHC)

The light reaction of higher plants and algae is located in the thylakoid-membrane of their
chloroplasts. By contrast, since the cyanobacteria lack chloroplasts, their photosynthesis
apparatus is spread out in the peripheral region of the cells. [14]

Furthermore, in all oxygenic organisms, the electron transport from the reduction agent to the
coenzyme II (NADP™) is characterised by the interaction of three different protein complexes —
the photosystem I and II and the cytochrome complex.

E /V hv AD
-1.0 N
- ~a -
v ~ NADP* + H*
¢ F
-0.5 + ) "‘6@(

0+ (Q,)

Fe's\f—b PC‘

ADP P-700
+ \

ATP

P-680

PSII Cyt b/f PSI

Figure 2.6.: Scheme of the electron transfer in the light reaction, when oxygen is evolved, based on the
publication of Govindjee. The electrons are transported over several complex reaction cascades to the
coenzyme II which is used during the Calvin cycle to synthesise carbohydrates. The redox potential is
indicated on the left. [1]

In a first step, the chlorophyll-dimer which is the reactive part in the light-harvesting
complex II (P-680, part of photosystem II), withdraw electrons from water and oxygen and
four protons are evolved in the interior of the thylakoid-membrane. The resorbed electrons
are then transferred to the first electron acceptor molecule in the photosystem II (pheophytin
labelled as I in Figure 2.6) and, in the following, to plastoquinone molecules, which can move
freely in the thylakoid-membrane. The electrons are transported to the cytochrome complex

and to the third protein complex — the photosystem I (PSI). In the inside of the photosystem,
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2. Theoretical background

the second light-harvesting complex (P-700 ) continues to pump the electron, when it is excited
by light. Finally, the electrons are transferred to the coenzyme II to synthesise NADPH and
the energy that is accumulated during the transport of electrons and protons through the
thylakoid-membrane is used for synthesis of ATP (phosphorylation). The light-harvesting
complexes (LHC), P-680 and P-700, function as electron pumps in the whole system. [1]

Generally, the two main light-harvesting complexes (LHC) in higher plants and algae are
assigned to the photosystems PSI and PSII. These complexes, working as a "light converter",
consist of an antenna complex and a reaction centre at the bottom side. Within the antenna
complex, several auxiliary pigments are tightly packed to a so-called "pigment collective".
Auxiliary pigments are carotenoids, xanthophylls or chlorophylls which exhibit an extended
conjugated m-electron system and absorb spectral light of a certain wavelength-range. The
absorbed light is transferred by an energy transfer process to the reaction centre where a
chlorophyll-dimer, known as special pair, initialises the light reaction and works as a electron
pump in the whole electron transport process as it was mentioned above. The overall transmis-
sion process of the excitation energy to the reaction centre, is called energy trapping. Figure 2.7
illustrates a simplified model of an light-harvesting complex and demonstrates its role in the
light reaction. The blue-green and red algae groups as well as the cryptophyta contain an
additionally accessory complex, called phycobilisome. These peripheral antenna complexes
consist of different phycobilins — the most important are phycoerythrin and phycocyanin. [14]

hv
/4—
Ny auxiliary pigments
P
Chlreq  Chl'reqd reaction centre
e” Donator \)\Chl e~ Akzeptor
ox

e transport

Figure 2.7.: Simplified model of the light-harvesting complex and its enerqy transport cascade, based
on Schopfer, Brennicke, and Mohr. A part of the incident light is absorbed by the antenna pigments to
increase the efficiency of light absorption. [14]

As a result, accessory pigments are used to enlarge the spectral range from which the energy
is absorbed and, therefore, they are used to increase the efficiency of the light absorption.
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2.3. Photosynthesis and Chlorophyll-Fluorescence

Moreover, the internal conversion of the excitation energy to the reaction centre enables a
reduction of the average reaction time. While a photochemical reaction needs only few femto-
to pico-seconds (10719 - 10712s), a biochemical reaction generally needs few milliseconds or
even seconds (1073 - 1s). As a consequence, in order to use the light energy efficiently for the

photosynthesis, the reaction time of the photosynthesis has to be reduced. [14]

Especially the carotenoids have an additional protective role in the light-harvesting com-
plex. If there is excess of light that would damage the chlorophyll in the reaction centre, the

carotenoids discharge the surplus light energy and convert it to harmless thermal energy. [14]

It should be noted that the pigmentation within the light-harvesting complex is not the
same for all algae and higher plants, but may differ in the case of the antenna complexes.
The reaction centre in higher plants, algae and cyanobacteria consists always of a chlorophyll-
dimer which is known as special pair. Some algae groups have additionally phycobilins in
their light-harvesting complex. These pigments enable a much broader absorption range and
close the green gap where the other pigments do not absorb. Based on the pigmentation of the
antenna complexes in cyanobacteria, algae and higher plants can be roughly combined into

the following groups:

e}

Orchophyta contain only chlorophyll a

(e]

Greenalgae and higher plants contain chlorophyll a + b

(e]

Diatoms, Dinophyta and Haptophyta contain chlorophyll a + ¢

o

Cryptophyta contain chlorophyll a + ¢ and phycobilins

o

Rhodophyta contain chlorophyll a and phycobilins

e}

Blue-green algae contain chlorophyll a and phycobilins

e}

Prochlorophyta contain chlorophyll a + b

Rhodophyta and cyanobacteria exhibit similar pigments in the peripheral antenna complex
(phycobilins), but whereas the rhodophyta contain mainly phycoerythrin, phycocyanin is the

dominant pigment in cyanobacteria.

Other bacteria, that conduct photosynthesis, but do not liberate oxygen, are called anoxy-
genic organisms. They contain bacteriochlorophyll instead of chlorophyll in their photosystems,

which exhibit structural similarities, but absorb in different wavelength-ranges. [15]
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2.3.3. Excitation and emission spectra of algae species

Excitation of pigments is the first step in the photosynthesis, when accessory pigments in the
light-harvesting complexes absorb a part of the incident light and transfer the excitation energy
through the antenna complex to the reaction centre. In general, excitation is the absorption of
energy by a molecule and the stimulation of an electron in the highest energy level to higher
levels. Besides, the pigment absorb only a part of the incident light that corresponds to the
energy gap between the ground state (Sp) and the excited state (S; or S, labelled as S*). This
relation is summarised in the following equation 2.1.

AE = Eg- — Eg, = hv = % 2.1)
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I
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Figure 2.8.: A Jablonski diagram demonstrating the excitation of an pigment D to its excited states Sy
or Sy followed by possible relaxation processes to reach the energetically favourable ground state Sy.

The remaining incident light that is not absorbed by the pigment but reflected, leads to the
typical complementary colour of the pigment. Depending on the absorbed energy, the electron
may be lifted from the ground state (Sp) into the first or second excited state (S; or S3). Since
the excited state is energetically less stable than the ground state and the second excited state is
even more instable than the first, all excited electrons relax fast (1 ps) by an internal conversion
to the first excited state and emit their surplus energy in form of heat. In order to reach the
energetically most favourable ground state, the pigment has several possibilities of relaxation
which compete among each other:
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o Radjiationless deactivation by an internal conversion and emission of heat (kr¢)
o Fluorescence (k)
o Intersystem crossing and phosphorescence (krsc)

o Photochemical reaction (k,) or energy transfer to a neighbouring molecule (k)

Nevertheless, the energy, which is transmitted or emitted from the first excited state, is always
less than the initial excitation energy. Each energy level is overlaid with several vibration and
rotation states and when a pigment is excited, it is mainly lifted up to one of those higher states.
However, since all relaxation processes to the ground state Sy start from the ground state of
an excited state S, the pigment has to emit surplus energy by internal conversion. Therefore
the emitted energy is less than the initial excitation energy and the corresponding emission
wavelength is higher than the excitation wavelength (Stokes shift).

The competition of relaxation processes can be seen during an experiment as an attenuation
of the fluorescence quantum yield. Generally, the effective lifetime 77 of the first excited state
(S1) and the fluorescence quantum yield @ after an excitation of the pigment, can be described

as: 1 1
D
D _ _ 2.2
KD KD Ko+ ki + KD+ P 22
kP

The in-vitro fluorescence quantum yield for a chlorophyll a solution can be determined as
& = 0.3, whereas the quantum yield in living cells is reduced to ¢; =0.03, and phosphores-
cence does not occur in the cells under normal conditions (k;sc = 0). Therefore, the other
relaxation processes compete for the excitation energy and the maximal fluorescence quantum
yield is "quenched"to @, =0.03. [14]
By comparison, the in-vivo fluorescence quantum yield of other light-harvesting pigments is
even more reduced and thus other relaxation processes prevail. Although the mechanisms
of energy transfer in the light-harvesting complex is not yet fully clarified in its complexity,
Theodor Forster has developed a quantum mechanical model to describe the energy transfer
between two pigments — the Forster resonance energy transfer (FRET).
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Donor D Akzeptor A

Figure 2.9.: A Jablonski diagram to describe the Forster resonance energy transfer (FRET). A pigment D
is excited and besides the common relaxation processes of radiationless deactivation, phosphorescence
or fluorescence, the pigment can transfer its excitation energy to an acceptor molecule A. The donor
goes back radiationless to the ground state.

According to this theory, the donor pigment D which was excited to the first excited state,
transfers its surplus energy to a neighbouring acceptor pigment A. While the donor pigment
relaxes radiationless to the ground state, the electron of the acceptor pigment is lifted to the
excited state. The excitation energy is transferred between these pigments over radiationless
dipole-dipole interactions and, furthermore, the transfer occurs in general as a singlet-singlet
transfer, while the total spin is maintained. The transmission takes place within few picosec-
onds (107!2 s) and the greater the energy difference between the excited states of the donor
and acceptor, the more irreversible the transmission process is. Central conditions for this
energy transfer are a physical proximity of the molecules and their compatible alignment, a
coupling of the pigments (Coulomb interactions), and, furthermore, an overlap of the orbitals.
Spectrally spoken, a possible interaction can be recognised by the fact that the emission spectra
of the donor overlaps with the excitation spectra of the acceptor. According to Govindjee et al.,
the efficiency of the energy transfer process for accessory pigments exceeds, in the most cases,
90 %. [1]

In addition to the FRET model, the Dexter mechanism is another theory for explaining the
energy transfer between the pigments, when they are in close proximity. Here, instead of
transmitting the excitation energy, electrons are exchanged between the donor and the acceptor

molecules.

Finally, all excitation energy, absorbed by accessory pigments, is transferred to the reaction
centre, where a chlorophyll-dimer is then excited, forming a radical pair (compare Figure 2.7).
As it was shown in Figure 2.8, the excited radical pair has different possibilities to emit the
surplus energy in order to go back to the ground state. Since the fluorescence quantum yield is
reduced in living cells and chlorophyll phosphorescence does not take place in the thylakoid-
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membrane under normal conditions, internal conversion, another energy transfer between
these two radicals and a photochemical reaction remain as preferred relaxation processes. In
order to maintain and drive the electron transport cascade in the light reaction, the excited
chlorophyll-dimer transmits an electron to the acceptor molecule (@ 4 in Figure 2.5) by an inner
sphere electron transfer reaction and withdraws then an electron from the chlorophyll donor
in the reaction centre. As underlying mechanism, a singlet-singlet annihilation between both

chlorophyll radicals is assumed. [1, 16]
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Figure 2.10.: A Jablonski diagram to give an overview of the energy trapping. All energy absorbed by
the accessory pigments is transmitted to the chlorophyll-dimer in the reaction centre. The overall
efficiency of the energy trapping exceeds 90 %.

Since the energy trapping takes place with an overall efficiency of more than 90 %, it is
evident that the fluorescence spectrum of algae cells resembles that of chlorophyll. By contrast,
the excitation spectra represent an overlay of all excitable pigments in the photosystem II and
I. Surplus energy, which is absorbed by accessory pigments, but cannot be transferred to the
reaction centre, is emitted by an internal conversion in form of heat or as fluorescence. This

protective process is done by carotenoids in the antenna complexes.

2.3.4. Diagnostic pigments

As mentioned previously, the pigmentation of algae and cyanobacteria may differ in the
presence of some light-harvesting pigments as well as in their relative composition. While
chlorophyll a is an ubiquitous pigment that occurs in the antenna complex as well as in the
reaction centre, other pigments are typical for a particular algal phylum or even class. These
typical pigments are called "marker pigments" or "diagnostic pigments” and they absorb
in a certain wavelength range. The interaction of all these special and ubiquitous pigments
results in an overlapped excitation spectrum of a particular algae species. In order to enable a
differentiation between different algal phyla based on their overall absorption behaviour, the
differences in the excitation spectra and their marker pigments have to be worked out. The
results are shown in the appendix A. Table 2.1 gives an overview of the diagnostic pigments

and their absorption maxima, which were found in literature.
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Table 2.1.: Marker pigments for different algae and cyanobacteria cultures and their absorption maxima

Phylum Diagnostic pigments Reference
Baciillariophyta / Diatoms Fucoxanthin (450 nm, EtOH) [17]
Cryptophyta Alloxanthin (451 nm, acetone /hexane), [17]
Phycoerythrin (566 nm, phosphate buffer) [18]
Dinophyta Peridinin (454 nm, hexane) [19]
Haptophyta Fucoxanthin (450 nm, EtOH) [17]
Orchophyta Vaucheriaxanthin (418 nm, 441 nm, 470 nm, EtOH) [20]
Chlorophyta Lutein (446 nm), [20]
Chlorophyll b (472.2nm, 655.5 nm, pyridine) [21]
Cyanophyta Zeaxanthin (450 nm, 475 nm, acetone/hexane), [17]
Allophycocyanin (655 nm, solvent unknown), [22]
Phycocyanin (621 nm, phosphate buffer), [18]
Phycoerythrin (566 nm, phosphate buffer) [18]

Moreover, the chemical structure and the excitation and emission spectra of few marker
pigments are given below. Chlorophyll a, as ubiquitous pigment in all plants and algae phyla,
is first shown in Figure 2.11. By contrast, chlorophyll b occurs as diagnostic pigment only
in green algae. The structures are quite similar, they differ only in one substituent as it is
illustrated in Figure 2.11. This substituent leads to a small bathochromic shift for chlorophyll b
(Figure 2.12).

Chlorophyll

a R: CH3
b R: CHO

Figure 2.11.: Structures of chlorophyll a (left) and b (right), which differ only in one substituent.
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Figure 2.12.: Spectral characterisation of chlorophyll a and b based on [24]. The pigments were dissolved
in diethylether. The excitation wavelength for the chlorophyll a emission was 614nm and for

chlorophyll b 435 nm.

A common representative of the carotenes, which is also part of the antenna complexes in
the photosystems, is 3-carotene. Especially S-carotene acts as protective agent in the light-

harvesting complex and annihilate surplus energy. Its structure and its absorbance/emission

behaviour are given in Figure 2.13.

beta-Carotene

Figure 2.13.: Left: Structure of B-carotene as an example for the carotinoids. Right: Spectral characteri-
sation of the pigment, which was dissolved in toluene; based on [25]. The excitation wavelength for

the emission spectrum was 475 nm.

Besides the carotenes, there are also some xanthophylls, the second important class of the
carotenoids, involved in the light-harvesting complex. Xanthophylls and carotenes exhibit a

similar structure, but xanthophylls contain also oxygen, whereas carotenes do not.
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Phycoerythrobilin

Figure 2.14.: Left: Structure of phycoerythrobilin, the chromophoric group of phycoerythrhin, which is
part of the peripheral antenna complexes in cyanobacteria and red algae. Right: Spectral characterisa-
tion of the phycobilin in sodium phosphate / EDTA / sodium azide; based on [23].

While the carotenoids and xanthophylls absorb in a quite similar wavelength-range, the
absorption behaviour of the phycobilins — allophycocyanin, phycocyanin and phycoerythrin
— differs obviously from other pigments. These phycobilins are arranged in line to form the
peripheral antenna complex, instead of a cyclic arrangement such as the light-harvesting
complex do, and transmit the excitation energy of the incident light to the reaction centre
for photosynthesis. They occur in cyanobacteria, red algae and also partly in cryptophyta,
which inhabit the great depths in the oceans and lead to a significantly different excitation
spectra. Since light refracts in water and only light of high wavelengths penetrates further
down, the cyanobacteria and cryptophyta need pigments which are able to absorb in this
range. The following figures 2.14 and 2.15 illustrate the excitation and emission behaviour
of phycoerythrin and phycocyanin as two examples of the peripheral antenna complex in
cyanobacteria or red algae. The structures, which are given besides these spectra, show the
chromophoric groups of the phycobilins. These groups exhibit structural similarities to the

porphyrine-ring of the chlorophyll-molecule (compare Figure 2.11).

In order to distinguish cyanobacteria from other algal phyla, a sample has to be analysed,
whether it absorbs in the typical wavelength-range of phycobilins. Furthermore it has to be
checked, whether the absorbance of the sample is also increased in the range that is typical for
other algal phyla. The ratio of the absorption in these two wavelengths allows a conclusion
whether the sample contains cyanobacteria.
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Phycocyanobilin

Figure 2.15.: Left: Structure of phycocyanobilin, the chromophoric group of phycocyanin, which is part
of the peripheral antenna complex in cyanobactera. Right: Spectral characterisation of the phycobilin
in sodium phosphate / EDTA / sodium azide; based on [23].

Figure 2.16.: Comparison of the absorption behaviour of different pigments. Phycobilins close the green
gap where chlorophyll can not absorb light and enable a algal growth in the depth of the oceans. [26]

In a further step, when a separation of algal phyla with a similar absorption behaviour is
preferred (e.g. dinoflagellates and diatoms), it is important to consider the overall shape of
the spectra and to examine the differences in the effective absorption curve. If it is possible to
determine characteristic wavelength-ranges, where only few phyla absorb strongly and others

absorb less, then a separation of algal phyla in an unknown sample might be possible.
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2.3.5. Chlorophyll fluorescence and induction kinetics

An important method for determining the photosynthesis activity of cells bases on the Kautsky-
effect. This measurement method developed by Hans Kautsky, analyses the chlorophyll
fluorescence of dark-adapted cells in a time resolved experiment. When cells, which were
stored in the dark, are irradiated suddenly with light of moderate intensity, they emit a
characteristic fluorescence signal over time as it can be seen in Figure 2.17. The differences in
the fluorescence signal are strongly dependent on the integrity of the photosynthesis apparatus
and their functionality. Thus, also the influence of different stress factors can be examined.

When the incident light is absorbed by the accessory pigments in the photosystems, it is
further transmitted by energy transfer mechanisms to the chlorophyll-dimer in the reaction
centre (compare Figure 2.10). The chlorophyll-dimer has several possibilities of relaxation and
if it is possible, the dimer transfers the excitation energy to the electron acceptor molecule @ 4,
in order to maintain the electron transport and the photosynthesis (quenching reaction). If the
acceptor molecule, however, is fully reduced, as the electron transfer and the C'O-fixation
during the Calvin cycle is not possible, other relaxation processes, such as the emission of heat
or fluorescence, are favoured. In accordance to Duysens and Sweers, an almost complementary
relation between the chlorophyll fluorescence and the photosynthesis activity was noted. This
means that the higher the chlorophyll fluorescence is, the lower the photosynthesis activity is
and vice versa. Besides, the chlorophyll fluorescence is mainly observed from the chlorophyll

in the photosystem II, where the energy of the light is converted into chemical energy. [1]

Figure 2.17.: A characteristic chlorophyll fluorescence induction curve of dark-adapted needles of
Pinus sylvestris based on Bolhar-Nordenkampf, Long, and Lechner. The curve which can divided
into a fast phase (A) and a slow phase (B), was measured on a fluorometer with a photon flux of
100 pmol m~2 s~! at 20 °C. The characteristic measurement points are marked. [27]

The characteristic Kautsky curve shown in Figure 2.17 can be divided into two parts: a first
phase called fast kinetics A, followed by a phase of slow kinetics B. The essential measurement

values for interpretation are the minimal and maximal fluorescence rate Fy and F,,, and the
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difference between both values, referred to as variable fluorescence rate F,,. Furthermore, the
ratio between the variable and maximal fluorescence rate F,/ F),,; is used as comparative
value. The minimal fluorescence rate is obtained, when the primary quencher molecule @ 4 is
fully oxidised and a optimal benefit of photosynthesis is possible. By contrast, the fluorescence
rate is maximal, when the quencher molecule is fully reduced and the electrons cannot be
transferred to the Calvin cycle over the electron transport chain. In this case, as mentioned
before, the emission of heat or fluorescence are the only possible relaxation processes. As a
result, the ratio between the variable and maximal fluorescence rate contains information of the
integrity of the photosynthesis apparatus and under normal conditions this ratio is between
0.75-0.85 .

The second part of the Kautsky-curve, by contrast, contains information on the C'O»-fixation

activities of the cells.

Therefore, based on the information obtained from both phases, the efficiency and integrity
of the photosynthesis can be described as well as the influence of several stress factors on the

photosynthesis apparatus.

In order to excite the algae cells, which pass through the system, the optical detection module
uses short and intensive light pulses. Therefore, the Kautsky-effect affects also the studied
system. Due to the very short exposure time, the quantum yield of excitation and, as a result,
the fluorescence quantum yield are not maximal. The effective quantum yield might be in
the range between the inflection point I and the maximal fluorescence rate F,,, (compare
Figure 2.17). As a result, the fluorescence quantum yield might not be maximal or reproducible
and therefore the quantification of the cells might be complicated. Thus, these effects have to
be considered in further calculations. However, the induction kinetics provide an interesting
opportunity to study the integrity of the photosynthesis apparatus and can be examined in

further investigations.
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2.4. Resume

To summarise, this chapter elucidates the diversity of algae. As it was mentioned in the
first chapters, algae may vary widely and it is not possible to define a monophyletic relation
between all algae species. They only share a common photosynthetic activity and that they
inhabit water, oceans and seas. Moreover, they vary in their morphology, size and inner

structure.

Algae are sensitive to external changing environmental factors and then again, some algae
species, for their part, may have an adverse impact on the ecosystem, when they form blooms.
In this context, especially cyanobacteria and dinoflagellates, which represent a serious threat
for marine and human life, have to be mentioned. Therefore, monitoring and detection of
harmful algal blooms at an early stage is an important part of marine monitoring. Since this
master’s thesis deals with the development of a low-cost and miniaturised early warning
system, the possible methods for detecting and identifying photosynthetic phytoplankton
and harmful algae blooms were presented briefly. Furthermore, it has to be emphasised that
the underlying concept of the detection module represents a combination of the microflow
cytometer based on the investigations of F. Ligler and a multi-channel fluorometer.

Furthermore, the required biochemical and photochemical principles were exhibited in
the following sections. The light-harvesting complexes and their role in the entire process of
photosynthesis were described as well as the photochemical relations of pigment excitation and
chlorophyll fluorescence. The last two sections deal with possible applications and challenges
of the algae detection module, whereas the special focus for the master’s thesis was placed
on the distinction of algal phyla based on their different excitation spectra. For this purpose,
several algae species were cultivated and spectrally characterised during the thesis. Moreover,
differences in their spectral behaviour were examined. For further information about this,
please see appendix A. As mentioned before, the relative pigmentation in the light-harvesting
complexes varies between different algal phyla; especially the excitation spectra of blue-
green algae (cyanobacteria) are clearly distinguishable. During the development of the algae
detection module, these evident differences have to be considered, in order to built a suitable
early warning system for cyanobacteria which contributes to the detection of harmful algal
bloom:s.
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3. Material and Methods

The first part in this chapter lists the algae cultures used during the master’s project. It lists
also the culture media used for cultivating the algae and describes how they were made and

stored.

The second part describes all methods needed in the project. First the cultivation method
and all parameters that should be considered, are explained. The microscope technique, which
was used for determining the cell density, for describing the morphology and also to check
if the cultures are contaminated, is then presented. In the third section, the fluorometer and
fluorescence spectrophotometer, which were used for the spectral characterisation of the algae

species were described with focus on the parameters used during the measurement.

The last section deals with the mathematical algorithm used for data analysis. The algorithm
is presented and described and the important interrelationships are explained. The results
which algae classes and groups might be separated and which LEDs might be useful, are given
in chapter 5 Results and Discussion.

3.1. Material

3.1.1. Algae and bacteria cultures

Since the algal detection module should be able to differentiate and identify as much algae
classes as possible, we cultivated 34 different algae species in order to achieve a broad distribu-
tion with respect to the spectral properties. The most relevant algae species which produce
toxic products where identified by our project partners (University in Bordeaux and University
of Genoa) and by our external collaborators Ifremer Nantes and the Stockholm University. The
experts of the phycotoxins lab in Nantes provides us algae species which are most relevant for
harmful algae blooms in fish farming as well as the most widespread, non-toxic background

species during the blooms.

In Table 3.1 all algae species cultivated for this project, are listed and grouped by their
phylum. The most important bloom-forming algae and bacteria phyla that might have serious

effects on mammals, birds and humans, are marked in red.
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Eight of the algae species are associated with adverse effects on their environment, when
they bloom. They may cause discolouration of the water surface or kill marine organisms that
take up algae as food. The toxicity status of these algae against humans, however, is unclear.
Only for one algae species, the dinoflagellate Alexandrium minutum, it is clarified, that it is

harmful by producing the neurotoxin Saxitoxin.

Table 3.1.: Cultivated algae species for spectral characterisation and data acquisition. The common
bloom-forming algae cultures, on which we focus mainly, are marked in red.

Phylum Algae species Phylum Algae species
Diatom / Amphora Chlorophyta  Tetraselmis suecica
Bacillariophyta Phaeodactylum tricornutum Chlamydomonas reinhardtii
Ditylum brightwellii Choricystis minor
Skeletonema costatum Dunaliella salina
Cyclotella meneghiniana Dunaliella tertiolecta
Crytophyta Hemiselmis sp rcc 659 Haematococcus pluvialis
Rhodomonas minuta Scenedesmus sp
Rhodomonas salina Monoraphidium
Dinophyta Alexandrium minutum Pseudokirchneriella subcapitata
Heterocapsa triquetra Selenastrum capricornutum
Hapotphyta Pleurochrysis elongata Chlorella emersonii
Isochrysis galbana Chlorella vulgaris
Ruttnera spectabilis Unknown species
Prymnesium saltans Cyanobacteria Cyanobakteriopsida
Orchophyta Eustigmatos magnus Anabaenopsis elenkinii
Nannochloropsis salina Synechocystis sp. PCC 6803
Chloridella neglecta

Unknown species

For more details about harmful effects of the algae species or their biology, please see
chapter 2 Theoretical background. Moreover, a detailed description of each algal species analysed
in this project, is given in the appendix under Algae Fact Sheet.
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3.1.2. Culture medium

The growing media which were used for cultivating the algae species, are listed in the tables
below. All media are prepared with autoclaved and filtered seawater, which is prepared from
fresh Milli-Q water and a sea salt composition from our supplier AquaCare. The salinity of
the seawater used to prepare the media may vary in some cases but usually a natural salinity
of 30to 33 %o is used. For the final media preparation the given volume of the stock solution
and components has to be added to 1000 mL seawater. After the preparation, the media has
to be stored at a cool place under low light intensity (15 to 18 °C). The media differ mainly in
their trace metal composition, whereas the vitamins are similar. The most important nutrient

elements are nitrate and phosphate, representing the bulk elements in all culture media.

Guillard’s f/2 medium (compare Table 3.2) is used for the most diatoms and haptophyta.
The original recipe was slightly modified by our external partner A. Burian from the Stockholm
University. The salinity of the filtered and autoclaved seawater medium is either 18 %o or
30 %o. The pH value has to be controlled and should be adjusted to 8.0 with 1M NaOH or
HCI.

Table 3.2.: Recipe for f/2 + Si medium according to Guillard [28] [29]

Substance Concentration stock solution Volume for nutrient solution
c(stock) [g L] V(nutrient) [mL]
NaNOs 75 1mL
NaH5POy, - 2H50 5.65 1mL
Trace metals stock solution (chelated) 1mL
NasEDT A 4.160
FeCls - 6H50 3.150
CUSO4 . 5HQO 0.010
ZnS0y - THyO 0.022
COCZQ . GHQO 0.010
MnClsy - 4H50 0.180
NasMoOy - 2H50 0.006
Vitamin mix stock solution 1mL

Cyanocobalamin (Vitamin B12) 0.0005
Thiamine HCI (Vitamin B;) 0.1

Biotin 0.0005

Sodium metasilicate stock solution 1mL
NQQSiOg . QHQO 30

De-ionised water 1000 mL
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The L1 and the L1-Si media (compare Table 3.3) are a modification of the f/2 medium
containing a wider variety of trace metals. According to our external partners, these media
might be used as standard medium for marine diatoms. The L1 medium was prepared with
an autoclaved and filtered seawater with a salinity of 33 %.. The medium L1-Si is prepared
without the sodium metasilicate stock solution and used for algae cultures without silicate

requirement.

Table 3.3.: Recipe for L1 / L1-Si medium according to Guillard and Hargraves, Keller et al. [28] [30]
[31]

Substance Concentration stock solution Volume for nutrient solution
c(stock) [g/1000ml] V(nutrient) [ml]
NaNOg3 75 1mL
NCLHQPO4 -HQO 5.00 1mL
Trace metals stock solution 1mL
MnCly - 4H50 180.00
ZnSQOy - TH>0 22.00
COClQ . GHQO 10.00
CuS0Oy4 - 5H50 2.45
NasMoOy - 2H,0 19.90
HyS5e0;3 1.30
NiSOy4 - 6H50 2.70
Na3VO4 1.84
KQCTO4 1.94
NQQEDTA '2HQO 4.36
FeClg . 6H20 3.15
Vitamin mix stock solution 0.5mL
Cyanocobalamin (Vitamin By2) 0.001
Biotin 0.001
Thiamine HCI (Vitamin By)  0.20
Sodium metasilicate stock solution 0.5mL
NCQSiOg . 9H20 100
De-ionised water 1000 mL
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This MWC medium is mainly used for chlorophyta and several freshwater algae. Its salinity

is 0 %eo.

Table 3.4.: Recipe for MWC nutrient solution according to Guillard and Lorenzen [32]

Substance Concentration stock solution Volume for nutrient solution

c(stock) [g/1000ml]

V(nutrient) [ml]

KQHPO4 3H20 114 1mL
NaNOs 85 1ml
CCLCZQ . QHQO 36.8 1mL
MgSO4 . 7HQO 37 1mL
NaHCO3 12.6 1ml
NQQSiOg '9H20 21.2 1mL
Micro-nutrient solution 1mL

NasEDT A 4.36

FeCls - 6H50 3.15

CUSO4 . 5HQO 0.01

ZnSQOy - TH50 0.022

COCZQ . GHQO 0.01

MnCly - 4H50 0.18

NasMoQOy - 2H>0 0.006

H3BO3 1
Vitamin solution 1mL

Thiamine HC! (Vitamin By) 0.1

Biotin 0.0005
TES buffer 0.115g
De-ionised water 1000 mL
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3.2. Methods

3.2.1. Cultivation

To cultivate the algae several parameters have to be considered. In addition to a sterile
environment, the growing medium, the right amount of light and also a defined temperature
are important. Unfortunately, all these parameters depend on the algae species and may vary
widely. Since we are limited in space and possibilities, we tried to find optimal conditions
under which all species might grow. For detailed information about the growing conditions,
please see Appendix A. In this chapter, the relevant parameters are presented and discussed,
so you might get an overview of the techniques. [33] [34]

For the most species we used sterile Erlenmeyer flasks, which were closed with Steristopfen®
based on cellulose (Figure 3.1, left). These plugs are air-permeable to permit gas exchange. The
carbon dioxide (C'O2), which is necessary for the photosynthesis of the algae, can pass through
the plugs and furthermore, ensures a constant pH value.

Initially, the algae flasks were placed in a rotary shaker with a defined growth temperature.
Moreover, we installed a timer controlled lighting installation in the rotary shaker. Thereby,
all algal cells were equally exposed to light and air and therefore a homogeneous growing
of the algae species was ensured. Since the temperature monitoring of the rotary shaker got
damaged, we tried to cultivate our algae without a shaker. We placed the flasks in a small,
unused dark laboratory, installed the timer controlled lighting installation above the algae and
cooled the whole room to 18 °C (Figure 3.1, right).

Figure 3.1.: Example of the algal cultivation in sterile Erlenmeyer flasks with cellulose plug (left).
Right: Final storage of the algae species under the timer controlled lighting installation in a dark and
temperature-controlled laboratory.

For the cyanobacteria, we built a small size algae cultivation tube with controlled illumina-
tion and constant aeration as it is shown in Figure 3.2. Due to the fact, that they are robust,

less demanding regarding their growing conditions but prefer warmer temperatures and since
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they have contaminated other algae species several times, we separated them physically from
the rest.

Figure 3.2.: Algae cultivation tubes with a timer controlled illumination. Each tube fits 3 litres of algae
culture and the aeration can be adjusted for each tube.

Sterile materials — autoclaving

Since the contamination of algae cultures with other species is a serious problem that has to be
avoided, all used Erlenmeyer flasks, bottles and plugs have to be autoclaved. Moreover, the

seawater for the culture media has to be sterilised.

For the autoclaving process the Erlenmeyer flasks and bottles containing a small amount of
water, are closed with the plugs and marked with a sterilization tape. When using a screw cap
for the bottle, do not close it quite, so the steam may escape. Then, the flasks and bottles are

placed into the autoclave and sterilised 35 min at 135 °C.

Culture medium and salinity

The culture medium provides the important elements and nutrients for the algae and bacteria,
so that they can grow in high cell densities. Normally, the media are rich in nitrate and
phosphate and contain a smaller amount of vitamins and several trace elements. In addition to
the nutrients the salinity of the culture media is another parameter to consider. In general the
algae species are tolerant to fluctuations of salinity, but nevertheless, there is an optimal salinity
at which the algae species grow best. Furthermore, every 2 to 3 weeks, all algae cultures were
fed with a fresh growing medium to regulate their growth and to hold them in the exponential
growth phase. This step is important to have the relevant species available for the spectral

characterisation on a daily basis.

The recipes of the culture media and the used salinity are given in subsection 3.1.2 Culture
medium. Moreover, the medium used for a certain species as well as the salinity is listed in the

fact sheets.

Masterthesis by Silvia Zieger, November, 2015 35



3. Material and Methods

Light and Temperature

As algae and bacteria are photosynthetic organisms, they need light as a source of energy to
drive their photosynthesis and convert inorganic carbon dioxide and build up organic matter.
Moreover, the light intensity needed depends on the species and also on the cell density, but
should not exceed a certain range, because too much light leads to an overheating of the cells.
[34]

To ensure a natural growth of the cells and a natural formation of the pigments, we used a
fluorescence tube with a daylight spectrum from Osram (Sylvania T8 F18W /865 G13 LuxLine
Plus). The fluorescence tubes were installed right above the flasks or behind the cultivation
tubes and the illumination times is controlled by a clock timer. The duration of the artificial
illumination for the algae is set to 10 hours per day. By contrast, the green sulphur cyanobacteria
and the bacteria Synechocystis sp. are illuminated only 4 hours per day, since they grow rapidly.

The most microalgae have an optimal growing temperature around 19to 24°C and are
tolerant to a certain temperature fluctuation. However, a too high temperature is worse than
a too low temperature. If the temperature is too high, it might have lethal consequences for
some species, whereas a too low temperature only reduces the growth rate.

Taking this into account, we cultivate the algae species under an effective temperature of 19 °C.
The bacteria, by contrast, are cultivated under 23 °C.

3.2.2. Microscopy

To describe the algal morphology and also for cell counting, the algae culture is placed on a
counting chamber and observed under the microscope Axiovert 25 from Carl Zeiss which is an
inverted transmitted light microscope. [35]

The algal cells were placed on a counting chamber from ThomaNeu, which is shown in
Figure 3.3. The chamber contains 16 group squares and each group square is divided into
16 least squares. The least squares have an area of 0.05 mm x 0.05 mm and a height of 0.1 mm,
so that the volume of these squares is defined as 0.000 25 mm?3.

Furthermore, the motile algae cells were fixed by using the red to brown Lugol’s solution
(Jo/KJ). By using this, the algae were fixed which makes it easier to take a photo and count
the cells. Moreover, the contrast is increased. Moreover, the algae cells get a homogeneous
brown to yellow colour and the fixing agent annihilates the autofluorescence of the pigments
of the light-harvesting complex. Therefore, a preliminary selection of the different algae cells is
no longer possible. Since we work with pure algae cultures, a selection is not necessary and so
this disadvantage is negligible. [36]

The prepared counting chamber can then be placed under the microscope. The photo of the
cells is taken by our GenlCam RGB-camera. During the microscopic investigations, not only
the cell shape can be described, but also the cell density can be determined. Besides this, the

algae cultures are checked for contamination.
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Figure 3.3.: ThomaNeu counting chamber for microscopic investigations. The picture on the right
shows one group square divided into 16 least squares.

3.2.3. Spectral Characterisation

For the description of the spectral behaviour of each algae species, an excitation spectrum as
well as an emission spectrum was measured using either the Fluorolog® - Spectrofluorometer
with a photomultiplier tube from Horiba or the Fluorescence Spectrophotometer F-7000 with
the IR-sensitive photomultiplier of Hitachi.

To obtain a first overview, a 3D spectrum (fluorescence emission/excitation) of each phylum
was acquired in suspensions diluted with glycerine to avoid sedimentation of the cells during
lengthy measurements. These spectra were obtained by using the Fluorolog® - Spectrofluoro-
meter. They do not contain more information about the spectral behaviour as the excitation
and emission spectrum. However, they visualise the differences between the phyla with more
clarity.

After this initial characterisation, emission and especially excitation spectra were collected for
the most distinctive emission peaks. While 3D spectra provide an overview of the spectral
behaviour of the algae culture, the excitation spectra are the basis for the selection of the
most suitable excitation / emission wavelengths for classifying and identifying different algae

species.

The parameters for the Fluorolog® used for the spectral characterisation are listed in the
table below (compare Table 3.5). They were set to the same values for all algal measurements.
Only the excitation wavelength used to record the emission spectra was changed for the
bacterial measurements to excite the phycobilins in the bacterial light-harvesting complex. The
experiment was repeated ten times for each type of spectrum. Then, the spectra were averaged
and normalised separately. The emission spectrum was normalised to the maximal fluorescence
signal. For the most algae cultures, this maximum was recorded at approximately 680 nm,
which corresponds to the chlorophyll fluorescence. The bacterial emission spectra, however,
was normalised to the maximal fluorescence of the contained phycobilins ( 650 - 664 nm). By
contrast, the excitation spectrum was normalised to the maximal absorption of the pigments.
Usually, the maximal excitation is around 435 nm. At this wavelength, which is called the Soret
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3. Material and Methods

Figure 3.4.: Picture of Horiba’s Fluorolog® - Spectrofluorometer on the left. Examples of 3D spectra of
different phyla to demonstrate the spectral differences. The spectra are shown for cyanobacteria and
brown algae (right).

peak, chlorophyll a is excited. For the cyanobacteria, in contrast, the maximal excitation is
around 640 nm. In this range, the excitation of bacteriochlorophylls and phycocyanin takes
place.

When the signal intensity exceeded the dynamic range, a transmission filter was used. The
filter was placed between the excitation light and the sample cuvette to reduce the intensity of

the excitation light.

Table 3.5.: Parameters used on the spectrofluorometer for spectral characterisation

spectrum slit width [nm]  fixed emission or excitation wavelength

emission spectrum em-slit = 7nm excitation wavelength = 440 nm (algae)
ex-slit=14nm  excitation wavelength = 595 nm (cyanobacteria)

excitation spectrum em-slit =14nm  emission wavelength = 750 nm
ex-slit = 7nm

Since the Fluorolog broke down during the project, some algae species were characterised by
using the spectrophotometer from Hitachi. Compared to the spectrofluorometer, the sensitivity
of the photometer is worse but good enough for the spectral characterisation of the algae and
bacteria cultures. The parameters used on this fluorescence spectrophotometer, are listed in
Table 3.6. The measurement process was similar to the method used for the Fluorolog, but after
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the measurement, the obtained emission spectra had to be corrected, as there is no internal
correction. The excitation spectra, however, were corrected directly during the measurement
by an internal quantum counter.

To optimise the signal intensity and the signal to noise ratio, the voltage of the photomultiplier
could be adjusted.

Table 3.6.: Parameters used on the spectrophotometer for spectral characterisation

spectrum slit width [nm]  fixed emission or excitation wavelength
emission spectrum em-slit=5nm  excitation wavelength = 440 nm (algae)
ex-slit = 5nm excitation wavelength = 595 nm (cyanobacteria)

excitation spectrum em-slit = 20nm  emission wavelength = 750 nm
ex-slit = 5nm

Figure 3.5.: Left: Picture of Hitachi’s fluorescence spectrophotometer. The excitation spectra illustrate
different absorption behaviour due to a different pigmentation in algae belonging to different phyla
(middle). By contrast, the emission spectra on the right is quite similar as chlorophyll a is the principal
molecule in the reaction centre.

3.2.4. Mathematical context — Principal component analysis (PCA)

The data, we record with our detection module, are averaged fluorescence intensity over the
time at different wavelengths. Since each algae species is excited with 12 different LEDs, we
collect a comprehensive data set for each measurement. The detection module, however, has
only 8 excitation channels, so we have to reduce the number of LEDs. On the other hand, the
data analysis should cluster algae species, which are quite similar and separate those with
different pigment pattern. In addition to the principal component analysis, we might use either
a factor analysis or a correspondence analysis, as they are all methods to discover a hidden
structure. Since the principal component analysis does not lose information while it reduces
the overall structure, we thought it might be the best reference method. Furthermore, we hope
to reduce the number of LEDs which are needed to distinguish between harmful and harmless

algae to a minimum by using the principle component analysis.
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The mathematical background of the principal component analysis is described on the

following pages.

Principle of PCA

The principal component analysis, also called singular value decomposition, is a statistical
method to analyse comprehensive data sets and extracts, visualise and simplify the underlying
structure. The aim of this method is to express a complex and comprehensive data set through
a minimal number of linear combinations. The solutions of these linear combinations are called

principal components.

The crucial step in this process is a coordinate transformation to a low dimensional (sub-)
space. By means of this step, the correlations of the original data are merged without losing
valuable sample information. The overall structure is simplified and simultaneously extracted.

In other words, it projects the data along the direction where the data varies the most.

Mathematical derivation

The principal component analysis starts with a comprehensive data set that contains the
averaged excitation intensity a;; of different algae species at a certain excitation wavelength. If
we analyse seven different algae cultures and 12 different excitation wavelength (LEDs) for
demonstration purposes, we get a 7x 12 data set as it is shown in Table 3.1.

LED1 LED2 LED3 ... LED11 LEDI12
Cyano a1l ai2 ai3 cee aiil aii2
Diatom a1 a2 a3 e a211 an12
Salina asy aso ass ... asi1 as12
Dinoflagellat a41 a49 a43 R a411 a412 (31)
Pleurochrysis as1 as2 as3 - as11 as12
Alexandrium agl ag2 ae3 . ag11 ag12
Hemiselmis a7l a2 a3 . ar1l ar12

The order of the species in the matrix can be chosen randomly. The LEDs, by contrast, are
arranged by their peak wavelength. Nevertheless, the order of the LEDs is not determining
for the evaluation. The data matrix 3.1 contains the mean values of the original measured

fluorescence intensities over time and the correlation is unknown at that time.

One mandatory precondition for the PCA is that a (unknown) correlation between the matrix
entries exists. If the data do not correlate, it is impossible to determine an underlying structure.
Furthermore, the principal component analysis is only useful for Gaussian distributed data
sets since only in this case a decorrelation of the original data and also statistical independent

data are guaranteed after the application of the PCA. If the matrix entries are correlated or not
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could be checked by means of Pearson’s correlation coefficient shown in equation 3.2. [37]

r:ssﬂf@; = = . (3.2)
oo \/z<xi—x>2z<yi—y>2

i=1 =1

The parameter s, in the equation above is the empirical covariance of the variables X and Y,
whereas the parameter s, and s, are the corresponding standard deviations. The mean values
of the correlating variables X and Y are represented by X and § and n is the number of value
pairs (z;, y;). The sign of the correlation coefficient indicates if the linear relationship is positive
or negative. When the coefficient is zero, however, no linear relationship is determinable. Is
the value of the correlation coefficient |r| higher than 0.2, a (weak) linear relation is assumed
and, consequently, the higher the value of the coefficient, the clearer the relationship.

Since we want to determine the underlying structure of a given data set and separate the
data pairs as much as possible, we have to find first a linear approximation, which fits best to
the given and standardised data set. To standardise the original values, the data were centred
by subtracting each entry of the data matrix a;; (3.2) from column mean value a;. The resulting
data matrix is called centred data matrix A.

B 7
A=y
=1

12
(aij —@;) (3.3)
j=1
Starting from this centred data set, the best linear approximation is determined. The best
approximation, on the one side, is achieved when the sum of the euclidean distance between
the single data points and an assumed straight line becomes minimal. On the other hand, the
variance of the data, which is a measure for the content of information of the original data, has
to become maximal. If the variance is maximal, we do not loose information by separating the

characters. To visualise this part, please have a look at Figure 3.6.
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Figure 3.6: Principle of PCA — Original data set were
the data points of one species, which should be sep-
arated are marked in red. Blue marked is the dis-
tance between the data centre and a single data
point, whereas the euclidean distance which is the
distance between an assumed straight line (PC1)
and the data point, is marked in . The best
approximation is achieved, when the euclidean dis-
tance is minimal.
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In accordance to the Pythagorean theorem, shown in equation 3.4, the squared distance
between the data centre and a data point d? is equal to the sum of the squares of the euclidean

distance z? and the variance of the data in one direction 2.

d? =22 + 42 (3.4)
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Figure 3.7.: Histogram showing the proportion of the total data variance for different principal compo-
nents as an example. The number of components used for the data analysis depends on the desired
content of information of the original data.

Since we are looking for the best linear approximation, the sum of the euclidean distance
between the assumed line and a data point z2 has to become minimal. Following the equation
3.4, the variance of data in one direction y?, therefore, becomes maximal. The distance between
data centre and data point d remains constant. By solving this problem, we obtain the straight
lines, we are looking for, which are then called principal components PC. The number of
principal components is equal to the number of features in the original data set — in our case
the number of LEDs used for analysis. Besides, the first principal component (PC1) has the
major proportion of the total data variance and the second principal component (PC2), which
is orthogonally to the first, has the second largest proportion and so on. Figure 3.7 illustrates
the proportions of the total data variance for different principal components exemplarily. We
do not have to use all principal components in our data analysis. The effective number of those
used for the analysis should be minimal but sufficient so that we obtain a good separation of
the important algae and bacteria cultures.

Practically seen, the principal components are obtained from the covariance matrix, shown
in equation 3.5, whereby the covariance Cov(X,Y) is a measure for the “common” variance
between two variables X and Y. [38]
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Cov(X,Y) := B[(X — E(X)) - (Y = E(Y))] = — > (x: —7) - (v — ¥) (3.5)
i=1

The covariance is a matrix containing all paired covariances of each components Cov(X;, X;).
Thus, for the given 7 x 12 data set (compare matrix shown under 3.1), we obtain a square and

symmetric covariance matrix:

Cov(X1,X1) - Cov(X1,Xi2)
COU(XZ, X]) — : . . : (3.6)
COU(X12,X1) COU(XlQ,X12)

mit Cov(X;, X;) = Cov(Xj, X;) und Cov(X;, X;) = Var(X;)

The principal components correspond to the eigenvalues of this covariance matrix (3.6).
As a result, the corresponding eigenvalue problem that is generally described in equation 3.7,
has to be solved to determine the principal components PC's.

AF=XTc (A-XN-E)-Z=0 (3.7)

Here, Ais a 12x 12 matrix corresponding to the symmetric covariance matrix, shown under
3.6. The eigenvalue &, which corresponds to the principal component PC;, is a 12 -dimensional
column vector and generates an eigenspace. The eigenvalue )\ to a given eigenvector Z (A # 0),
by contrast, is a real or complex number and corresponds to the proportion of the total data
variance which is explained by the principal component.

After solving the eigenvalue problem and determining the eigenvalues and -vectors, the

eigenvectors & might be combined to form a matrix as it is shown under 3.8.

PC1 PC2 -.- PC12
LED1 T11 T2 v T112
LED? x T e T
21 22 ' 212 (3.8)
LEDI12 \ z121 @122 -+ %1212

The principal component PC; in the matrix above is a linear combination of the entries of
a particular eigenvector z;. If we use the values of the centred data matrix @;; in the linear
combination of individual components PC;, we obtain the so-called scores (3.9). These scores
are the new coordinates of the data points after a succeeded transformation of coordinates to

the space of the principal components.

Scorey; = PCj(algae, ) = ag1 - 41 + o - Tio + - - + Gr12 - Ti12 (3.9)
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Based on these scores, we can verify if and how well the different algae cultures were
separated from each other. We can also examine if some algae species cluster due to their
similar pigment pattern, which we then cannot separate and differentiate. Figure 3.8 visualises

the process of the principal component analysis.
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Figure 3.8.: A: Original data set where the red marked data point represent the sample that should be
separated. B: Principle of the PCA and data after coordinate transformation and projection onto a
specific principal component (C). D: Score plot with two PCs to visualise the resulting separation of
the original data set.

Resume and comments

The principal component analysis is a powerful statistical method for reducing large data sets

and for separating of data by means of a linear coordinates transformation.

With regard to our miniaturised algae detection device, we have 12 different LED light
sources, which might excite the algae cultures in the range between 380 nm and 653 nm. Since
we have only 8 channels in our device, we have to reduce the number of LEDs (ideally reduced
to 4 or 6 LEDs) and choose the best LED combination so that we are able to distinguish between

the harmful cyanobacteria and harmless algae cultures.

It must be noted, however, that we should not use the raw data recorded with our device as
they reflect the absolute fluorescence intensity of the analysed algae cells. These data are not

standardised and since the intensity is strongly influenced by the cell density of the algae, the
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data are weighted. Then, we are not able to analyse the relative pigment pattern of different

algae cultures. Therefore, we have to prepare the data first and standardise them.

For this master’s thesis, an analysis algorithm was developed using the Matlab program
based on the principal component analysis after standardising the raw data first. The algorithm
was adjusted to the given situation of the device and is used for the selection of the best-suited

LED combination by reducing the dimension of the variables.
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In this chapter, the three prototypes designed and realised by G. Mistlberger and C. Holly
to proof the concept and to gain information about the basic idea of a miniaturised and

multi-wavelength device are presented (unpublished work).

Starting with a commercially available and slightly adapted phase fluorometer from Pyro-
Science, they designed first a new software which enables a faster sampling rate. This second
prototype was able to detect cell events passing through the measurement volume, although
the time resolution had to be accelerated since an adequate distinction of cell events and
electronic noise was hardly possible. The third prototype was then the first attempt of building
a multi-wavelength device. Although it was not a miniaturised device, we were able to study

potentially cross-interference effects by using more than one LED for excitation.

In the last step, based on the previous experiences, we designed a miniaturised optical
detection module containing 8 different excitation light sources. In the last subsection 4.4, this
device and its specifications are described. The characterisation of what could be measured
using this optical detection module is described by contrast, in the next chapter 5 — Results and
Discussion.
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4.1. 1% generation prototype — Adapted optical oxygen meter

Since the miniaturisation of an existing device is a complicate step where new challenges like
cross-interferences may occur, we decided to proof a reasonable concept first on a larger scale.
Then, in the next steps after optimising the concept, the dimensions of the detection module
should be reduced to obtain a miniaturised device.

Following this idea, a commercially available phase fluorometer with an optics block from
PyroScience GmbH was used and slightly modified. As it is shown in the Figure below 4.1,
one LED combined with an excitation filter was placed in the measurement channel, whereas
the other side of this optics block — the reference channel — was blocked optically. Below this
block on the emission side, an emission filter was placed in front of the photodiode used as
detector. The installed LED was exchanged with a coupler to allow the application of different
LEDs. Apart from that, the electronics were not changed so that the commercial software for
data acquisition on this module could be used.

Using this device the first data were
recorded. Measuring with a sampling rate

of 20 Hz, we obtained a good signal to noise
ratio as it is shown in Figure 4.2. Moreover,
this device was able to capture signals down
to a concentration of approximately 2 cells in

10 pL. However, this prototype had two dis-

Figure 4.1.: 1% generation prototype. advantages. First, the sampling rate of this
Adapted optical oxygen meter from Py-

i ; device is limited to 20Hz due to the time-
roScience with one exchangeable LED.

consuming phase modulation techniques. As
the final detection module should be capable of counting particular cell events, the sampling
rate should be accelerated. Furthermore, the final version of the device should be a minia-
turised module featuring eight different excitation channels. Using four other modules of this
adapted oxygen meter, the geometric dimensions of the device might be around 67 x 100 mm,
which does not correspond to the desired miniaturisation of the detection module.
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Figure 4.2.: The time drive shows that by using the modified fluorometer a signal change could be
recorded down to a concentration of approximately 2 cells in 10 pl — the measurement volume of the

flow channel.

4.2. 2" generation prototype — Small detection module

Due to the drawbacks mentioned above, a new de-
vice which is more adjusted to the actual purpose
of the device was designed. The next prototype,
shown in Figure 4.3, exhibits one excitation and
emission channel using the same optic block as
before in the modified device. To accelerate the
sampling rate, a new software was designed. As
a result, the new electronics enable a simple con-
stant illumination and also a high speed data ac-
quisition. The second prototype was then able to
measure with a sampling rate of 760 Hz. Further-
more, also the footprint of the whole device was

reduced. The analogue-digital-converter, how-

Figure 4.3.: 2" generation prototype
with electronics which enables high
speed sampling and a smaller footprint.

ever, was not yet able to achieve the same resolution as the one of the first prototype.

Figure 4.5, showing a successive zoom level of the measured time drive, illustrates the high
sampling rate which enables the differentiation of single cell events from the random noise

signal.
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Figure 4.4: The intensity vs. time data recorded with
the 2" generation prototype show that the sharp
spikes shown in the first plot is in fact not an elec-
E tronic spike but a real particles luminescing while
passing the measurement volume. Consequently a
S e e | higher time resolution is needed to identify these sig-
Z00M..... e nal peaks as sample peaks rather than random elec-
: ; ﬂ | tronic noise. The duration of one peak corresponds to
the residence time of a particle in the measurement
chamber calculated from the diameter of the capillary
and the pump speed.

4.3. 3" generation prototype — Multichannel measurement device

Among enabling a high-speed sampling, the final de-
tection module should also feature more than one ex-
citation channel. Therefore, the third generation pro-
totype — the first multichannel device shown in Figure
4.5 — was designed containing four excitation and two
emission channels. To achieve this, the optics block
was slightly changed and a second excitation source is
inserted in the device. A fast sequential measurement
of the LEDs was adjusted in order to prevent potential
cross-interference of the four different LEDs. Further-
more, it was checked that only one LED is on at a cer-
tain time. Moreover, the readout process and the elec-
tronics were optimised to enable a data acquisition of

460 Hz per LED, meaning approximately 1840 values

Figure 4.5.: 3" generation pro-
totype. 4 LEDs can be used
together with a sampling fre-
quency of 460 H z per chan-
nel.
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per second at a resolution of 22 bit. The results of this device were promising collecting the first
time data with sufficient reproducibility. Finally, this device was the first prototype that was
used for the primarily evaluation of real samples in order to develop an algorithm required to

distinguish the algae cultures.

An example of the data plot that obtained from the multichannel measurement device is
shown in Figure 4.6. Due to the different spectral behaviour of the emission filters, the intensity
of the signal for each channel differs significantly.

Based on the results of this device first decisions on what LED/filter combination shall be
used for further investigations were made. On the other hand, there are some challenges that
have to be met. Instead of the desired 8 channels, this device features only 4 channels and the
system is still too big. While miniaturising the system, we have to be careful to prevent optical
crosstalk or a higher background signal. Furthermore, the designed module is not yet ready to
be integrated in the host system since the storage of raw data and the development of simple
data processing on the chip is not finished.

Figure 4.6.: Example of the time data recorded with the 3" generation prototype. The differences in the
signal intensity result from the different spectral behaviour of the emission filter and also from the
different excitation potential of the chosen LED.
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4.4. Miniaturised optical detection module for algae species

Based on the previous experiences of the three prototypes, the first miniaturised optical
detection module for algae species was designed. This device features eight excitation channels
as it was desired and four different emission channels. For the realisation of this device,
several challenges had to be considered. First, the design of a miniaturised optical block
had to be construct in such a way that the performance is not lost due to optical crosstalk or
background signal. The final miniaturised optics block has a geometrical dimension of 28 x
34.8x 15.8mm3. A rendered picture of the device is shown in Figure 4.7. The optical block
by itself is either made out of aluminium or of polyoxymethylene (POM-C), a thermoplastic
containing a quartz capillary with an inner diameter of 1.94 mm. The POM-C device is cheaper,
but since not yet all tests have been done, a conclusive decision, whether it is an adequate
alternative for the aluminium device, can not be made. The active side of the photodiode is
2mm and the resulting measurement volume of one channel is therefore 5.91 pL. The whole

system is connected to a peristaltic pump using an averaged flow rate of 10 mL min~!.

Figure 4.7: Rendered picture of our
low-cost prototype featuring 8
channels in an optics block with
minimized dimensions. The up-
per three figures show rendered
representations of the assembled
device without the electronics.
The lower 2 figures show pho-
tographs of the machined optics
block with standard barbed flu-
idic connectors.

The excitation of the algae cells passing through the capillary is done by exchangeable LED
light sources, which are described below. The maximal sampling frequency used in this device

is 380 Hz but normally the sampling rate is set to 125 Hz. The emitted fluorescence signal
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is recorded on four different silicon pin photodiode (BPW34) used as detectors which are
sensitive to visible and near infrared radiation. Hence, each photodetector has to read out the
emitted fluorescence intensity of two excitation channels. The raw and processed data might
be stored on a SD card. A general description of the device specifications is given in Table 4.1.

For more information about the optics and electronics, please see the following pages.

For application in the laboratory, the data were transferred via an USB-Port to the measure-
ment laptop. The data evaluation may then be done by the principal component analysis. For
the application in the host system, by contrast, a simpler and autonomous working mathemati-
cal algorithm has to be developed in further investigations.

Table 4.1.: Specification of the miniaturised multi-wavelength detection module for algae species

Specification

Mechanical and Dimensions

Material polyoxymethylene (POM-C) or aluminium
Size 28x 34.8x 15.8 mm?®

Capillary quartz, ID = 1.94mm, OD = 3mm
Measurement volume 5.91pL

Further components

Excitation light source LEDs 380- 653 nm
Detector silicon pin photodiode (BPW34, Vishay)
sensitive detection area 2mm

Performance

Sampling rate < 380Hz

Resolution 15 bit

Flow rate 10 mL min~!

Electrical

Energy consumption 5V @ 180 mA measurement mode
12mA standby mode

Data storage SD card

Communication protocol RS-485

Since the detection module shows a sensitivity to the ambient light and to other electromag-
netic interferences, we placed the whole system in a dark metal box and shielded the plastic
tubes which were used for the connection to the peristaltic pump. By using this metal box
and the shielded tubes, we reduced the influence of the ambient light, but we prevented also
electromagnetic interferences from the peristaltic pump. Furthermore, the material of the box

enables a grounding of the detection module.
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4.4.1. Optics part

Since the excitation of the algae cells should be done by different and, in particular, only
low-cost light sources, we decided to use exchangeable LEDs as light sources. They are
constructed with narrow emission angles, which do not require additional lenses for focusing
the light onto the sample stream. In the first step, we decided to use 12 different LEDs in the
range between 380 - 653 nm to excite the most important algal pigments in the light-harvesting
complex (= diagnostic pigments). The LEDs were combined with optical glass and interference
filters. The spectra in Figure 4.8 show the good cover throughout the visible range with more
LEDs in the violet-blue range, where most pigments absorb.
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Figure 4.8.: Emission/Transmission spectra of the LED and filters, used for the algae detection module.

We characterised our LEDs, since a small deviation from the given set point might have an
influence on the effective excitation of the different algae species. Moreover, we were interested
in the half width of each LED as they do not emit monochromatic light. In Table 4.2 the peak
wavelength of all LEDs used in the system and their half width are listed.

Furthermore, we constructed a housing for the LEDs, where we can combine the light
sources with the optical glass and interference filters. The resulting LED module, illustrated in

Figure 4.9, makes the whole detection module more flexible.

Additionally, to enhance the sensitivity, the photodiodes are covered with a longpass filter,
either RG665 or RGY. The first emission filter, RG665, opens at 665 nm and let the signal pass
through, whereas the second filter has a transmission of 50 % at 720 nm. Therefore, the RG9
longpass filter only transmits the second chlorophyll fluorescence peak (720-740 nm, [40]).
Since these filters have a different sensitivity and a different transmission behaviour (compare
Figure 4.8), they are not suitable for all LEDs and thus, the optimal combination of excitation

and emission has to be defined.
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Table 4.2.: Spectral characterisation of the implemented LED light sources. [39]

LED Peak wavelength Half width Viewing half angle Forward current Radiated power

Ap [nm] AN [nm] ©1/2 [°] Ir [mA] Ir [mW]
lal 380 10 +4 20 25
1a2 401 15 +4 20 15
1a3 429 20 +5 20 22
la4 452 25 +4 20 20
2al 470 20 +75 50 370
2b1 506 30 +4 20 41
2b2 522 30 +4 20 42
1b1 545 30 +3 20 5
2b3 575 25 +4 20 17
2b4 594 10 +75 70 641
3cl 640 20 +4 20 51
3c2 651 25 +4 20 13

and a cross section through the module below. This
housing for the LEDs allows an easy replacement of the

:Q Figure 4.9: LED module showing the composition above
/ light source on demand.

4.4.2. Electronic part

As mentioned above, the emitted fluorescence signal is recorded on a silicon pin photodiode
as detector. For each of the four emission channels the photodiode is placed on the bottom side
and covered with a longpass filter.

For the electronics we use a professionally manufactured printed circuit board (PCB) for the
installation of the LEDs, photodiodes and amplifiers. The readout of the measured data is done
by the 15 bit analog-digital-converter (ADC) from MAZeT. The storage of raw data will be on
an SD card while a PIC32-PINGUINO-MICRO board with 80 MHz and a 32 bit microcontroller
is used for instrument control. The adjustment of the LED intensity and amplification is
regulated analogously. Besides, in a further step, the microprocessor will also be used for data
transfer via an USB-Port. Furthermore, we used surface-mounted-device components (smd
components) to enable a fully miniaturised design.
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5. Results and Discussion

5.1. General overview of the recorded time drive

In this section, a general overview is given about what we measure when an algal or bacterial
sample is pumped through the system and what can be extracted from the time drive recorded
on the detection module. Moreover, a short section will focus on the differences in the mea-
surement signal, when the capillary is filled with water or with air. In the last part, the two

different materials that were used for the optics block are presented and shortly described.

5.1.1. Conversion of the voltage signal into light intensity

During a measurement cycle we are recording the fluorescence signal of an algal or bacterial
sample over time when cells, passing through the device, are excited. The fluorescence signal
is detected with the silicon pin photodiodes and therefore the resulting measurement values
are given in volts. The measured voltage in V', however, can be converted into light intensity
with the unit Watt (1) as follows:

1
T20MQ-0.5AW!

1V = 100nW (5.1)

The measurement values outputted by the device as voltage can be converted back into the
current if we take the internal resistor of the amplifier (R = 20 M(2) into account. Moreover,
the spectral sensitivity of the photodiodes with approximately 0.5 W A~! at 700 nm should
also be considered. [41] When we consider both factors, we may count the outputted voltage
back into the light intensity generated from the excited biomass.

For the following measurements and time drives, the measured voltage is converted into

light intensity by using the equation above (Eq. 5.1).

5.1.2. Time drive and influences of the signal level

The average signal level recorded at a particular channel depends on the excitation efficiency
of the cells passing through the system. Apart from that, the more cells are in the measurement
channel, the higher is the biomass in the optical path and, as a consequent, the more rises the

average signal level. In addition to the rising signal intensity, the overall signal of the sample
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gets compressed as it is demonstrated in Figure 5.1. Otherwise, if we reduce the average cell
density, the fluorescence signal is disbanded and we are able to identify single spikes resulting

from particular cells passing through the excitation channel.

Figure 5.1.: Time drive of amphora samples with different cell densities: The average signal level
depends on the average biomass within the optical path. The higher the biomass, the higher and more
compressed are the fluorescence signals emitted from the algal sample.

Furthermore, having a closer look on the time drive at a certain cell density (compare Figure
5.1, right), we see a few signals with much higher signal intensity than the average level. These
spikes originate from cell agglomerates that have been formed during the cultivation process

in the Erlenmeyer flasks, as we do not shake the algae cultures on a rotary shaker.

It should further be noted that the average signal level of the two last channels (ch3_1
and ch3_2) is lower than for the other channels since the last photodiode is covered with the
RGY longpass emission filter instead of the RG665 emission filter as it is done for the other
channels. The RG665 filter starts to transmit at 665 nm and therefore is able to detect the
maximal chlorophyll fluorescence at 680 nm. The RGY filter, by contrast, starts to transmit at
higher wavelength than the RG665 and only detects the second emission band of chlorophyll,

which is far less intense.

Moreover, the signal intensity measured on each channel derives also from the efficiency of

excitation. The better the algal cell is excited the higher is the fluorescence emission of the cell.
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5.1.3. Different signal levels for water and air

During the measurements, differences in the average signal level of water and air were
observed. When the whole capillary was filled with air instead of water or if a few air

bubbles entered the system, we recorded an average signal level twice higher than for water.

Average signal level when capillary is filled with water Average signal level when capillary is filled with air
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(a) Average signal level of sea water (b) Average signal level of air

Figure 5.2.: Comparison between the different signal levels for seawater (left) and air (right). The signal
level for air is twice higher than for water due to the better refraction conditions within the capillary.

This increase in the signal level for the air measurement compared to the water results from
the differences in the refractive index of the media. The refractive index of the air is n(air) =1,
whereas water has a higher refractive index of n(water) = 1.33. This higher refractive index
of water results in a deflection of the excitation light, when it enters the water in the capillary
and leaves the air of the excitation channel. Furthermore, due to the refraction on the capillary,
the optical path of the excitation light changes within the capillary. These differences in the
refraction conditions between air and water lead then to a different signal level that is recorded
in the photodiode.

For this purpose, air bubbles that might be formed during the measurements on connections
between two PVC tubes should be avoided since they might lead to a different blank signal or
might even be recognised as signal-peaks. Furthermore, in order to prevent an air bubble is
retained in the capillary, the whole detection module is placed upright. Air bubbles, however,
might not be an issue for our project as the buoy is always in water. When we place the
detection module upright in the buoy, we should not have a problem with air bubbles in our
system.
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5.1.4. Aluminium or POM-C as device material

In the first attempt, we decided to build the detection module out of aluminium, since the
aluminium might be helpful for the improvement of low signals. The degree of reflectance for
aluminium is for the entire visible spectrum very high. That means, aluminium reflects the
incoming light from the LEDs in the light path in this way that the efficiency of the algal or
bacterial excitation is accelerated. Furthermore, the emission intensity that is recorded on the
photodiodes might also be enhanced. As a consequence, these multiple reflectance of the light
might be helpful to detect particular cells, especially even when the signal of these single cells
is low.

On the other hand, aluminium as housing material is expensive and since the device should
be as cheap as possible, we considered to build the device out of polyoxymethylene (POM-
Q). If the detection module made out of POM-C is sensitive enough, this copolymer might
be a good alternative to aluminium, since it is much cheaper than the metal. However, we
have to shield the copolymer, which was not necessary for the previous device and prevent
electromagnetic irradiations. The first tests, however, were promising that we do not need
the multiple reflections of the aluminium and might obtain similar results as for the previous
device version. Nevertheless a final verification if the performance of the POM-C device is
similar to the aluminium block has to be done in further investigations.
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5.2. Challenges to be solved

After defining the general characteristics of the device, we had also some challenges to solve,
which are described in the next subsection. The first deals with the influence of ambient light
on our POM-C device and how we solved this problem. The second subsection, by contrast, is

about the significant influences of electromagnetic interferences.

5.2.1. Ambient light and optical density

First, we noticed a significant influence of the ambient light on our measurement signal. When
measuring distilled water in the laboratory at dimmed ambient light and repeating the same
measurement when the ambient light was switched on, we recognised a doubling of the
signal. We decided then to store the device during the measurements in a metal box (compare
Figure 5.3) and improve therefore the optical density of our detection module. In addition to
the improved optical density, the device could also be grounded on the metal box and divert
electro-magnetic currents into the ground.

In the next step, after reducing the influ-
ence of the ambient light, we recognised a
LED back radiation in the metal box with is
recorded on the diodes as artefact. The back-
side of the housing built for exchangeable
LED modules as it is shown in Figure 4.9, is
not closed and when the LED is on, they also
emit light on the backside. This light, emitted
on the backside, is then detected on the PIN
photodiode, as these diodes do not fit tightly
on the printed circuit board (PCB). Therefore,
we constructed a support for the LEDs, that is

optically dense on the backside and shielded

the diodes against optical interferences by the

Figure 5.3.: Device made out of POM- means of a bicycle tube. A small layer of the
C installed on a cardboard to store it
in the metal box during the measure-
ments. Besides, the device is grounded
on the metal box.

tube was installed around the photodiodes to
prevent the unintentional irradiation caused
from the LED back radiation. The bicycle
tube, however, contains graphite for blacken-
ing and when the samples were measured, the current flows on our circuit board support the
layer formation of the graphite. As a result, the bicycle tube becomes a parallel resistor to the

diodes and the measurement results becomes incomprehensibly.
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To demonstrate the effect of the bicycle tubes, please have a look at the diagrams below
(Figure 5.5). We carried out a linearity and sensitivity test on our device by using Sulforho-
damine 101 in different concentrations. The standard solutions were enclosed in capillaries
that might be replaced easily in the device. The solutions were excited at 460 nm and their
emission was recorded on the photodiodes covered with the RG665 longpass filter. Therefore,
only the emission of Sulforhodamine 101 at higher wavelengths than 665 nm was detected. For

the spectral characterisation of the standard solution, compare Figure 5.4.

Figure 5.4.: Left: Example of the standard solutions enclosed in capillaries for an easy replacement.
Right: Spectral behaviour of Sulforhodamine 101. The excitation and emission wavelengths used for
the linearity test are marked. The molar attenuation coefficient is 139.000 Lcm™~! mol~1.

We placed the standard solutions with different concentrations, one after the other, in the
detection module and measured the emission signal of Sulforhodamine 101 on three different
channels. As you may see in the left diagram of Figure 5.5, the channels did not behave
linear and even the sensitivity of the channels were bad since we were not able to record a
Sulforhodamine concentration of 1.25 ymol L=! on each of the three channels (compare the
diagram on the left in Figure 5.6). Due to these results, we decided to remove the bicycle tube
that surrounds the PIN photodiodes and to repeat the measurements. The overall results of
the measurements are shown in Figure 5.5 in the right diagram. A zoomed in diagram that
shows the lower concentrations is also given in Figure 5.6. Please be aware that the scales for

the y-axis are different.

Since we obtain such promising results when we remove the bicycle tube, we decided to
remove the tube completely from our detection module. The complete characterisation for
the linear behaviour of each channel of the detection module is shown in the next section 5.3

under Performance characterisation of the optical detection module.
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(a) Linearity test with a bicycle tube used for optical ~ (b) Linearity test after removing the optical isolator.
isolation.

Figure 5.5.: Linearity test with Sulforhodamine 101. The coefficient of determination (R?) is lower
when the bicycle tube is used as optical isolator in the system (left). When the isolator is removed,
the linearity increase (right). The scaling of the y-axis is varying due to a better presentation of the
linearity.

(a) Less sensitivity for all channels when the bicycle tube (b) The sensitivity is improved for all channels when the
is used for optical isolation. tube is removed.

Figure 5.6.: Linearity test with Sulforhodamine 101 showing the same results as above but with the
focus on the lower concentrations. The bicycle tube leads to a loss of the sensitivity (left), whereas
after removing the tube, all channels exhibit a good sensitivity (right). The scaling of the y-axis is
varying due to a better presentation of the linearity.
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5.2.2. Electromagnetic interferences

After sealing the detection module optically, we connected the POM-C device with the peri-
staltic pump by using PVC tubes and tried to repeat the previous measurements in air and
water. For this, we filled the capillary with air and used four LEDs with an emission maximum
at 460 nm. Although the device was linked to the peristaltic pump, we did not use the pump
during the measurement — the flow rate was set to 0 mL min~—!. The results were promising
that the noise amplitude is small with an average deviation of the amplitude of 13pW. The
average signal of the three channels was between 680 - 1300 pW. The resulting time drive is

shown in Figure 5.7.

1600

ch01 RG665
ch11 RGE65
ch21 RGEB65

1400 P e e e A ch31 RG9

1200

1000

800

600

I i 1) it ui
‘|| 'r "'1 (I

light intensity / pW

400

|
[ ] [ (AR

light intensity / pW

200

measurement time / s
o 1 2 3 4 5 6 7 8 9 10

measurement time / s

Figure 5.7.: Average noise level of four different channels when the capillary is filled with air. The device
is connected with the peristaltic pump over PCV tubes. The average noise level is 700 - 1400 pW and
the deviation of the noise amplitude is 13 pW.

In the next step, we filled the capillary with water and repeated the measurement under
the same conditions. Instead of an average signal level that is half of the previous level and a
smaller deviation of the amplitude as we expected, we obtained a homogeneous sinusoidal
signal. In addition to that, the signal level was similar to the previous signal level when we
measured with an air-filled capillary. Figure 5.8 exhibits the resulting sinusoidal signal that
was recorded on three different channels. The average signal level was between 300 - 825 pW
and the average deviation of the amplitude was 300 pW.

Furthermore, there was no difference, if the pump was on or not. The sinusoidal signal was
recorded in both situations.

We decided therefore to shield the PVC tubes, which connect the device in the box with
the peristaltic pump placed outside of the metal box. Since we assumed that the sinusoidal
signal might be an effect of the electro-magnetic background radiation which couples over the
water into the detection module, the noise signal must be more statistically after the shielding.

Therefore, we coated the plastic tubes with steel as it is shown in Figure 5.9.
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Figure 5.8.: Average noise level of four different channels, when the capillary is filled with water. The
sinusoidal signal results from the surrounding elctro-magnetic irradiation. The average background
level is 300 - 825 pW and the deviation of the noise is 300 pW.

Figure 5.9: One end of a PVC tube that connects the peristaltic pump
with the detection module; coated with steel to prevent electro-
magnetic interferences.

The measurements were repeated with shielded tubes when the capillary was filled with
water and connected to the pump. The average noise level was lower for both measurements
and the signal of the water measurement was more statistical than before. The results for the
water measurement are shown in Figure 5.10. The baseline is now between 225 and 420 pW,
which means approximately a reduction of the baseline level by half. The average deviation of
the noise amplitude is 5 pW. As a result, the limit of detection for the algal detection module
(POM-C) can be calculated to 15 pW.

Figure 5.11 illustrates the results for the air-filled measurement. The average signal level was
in this case between 490 - 850 pW and the average deviation of the noise amplitude was 8 pW.
Compared to the previous measurement with the air-filled capillary, the average signal level is

reduced by 1.6 and, moreover, the average deviation of the noise amplitude is also reduced.
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Figure 5.10.: Average noise level of four different channels, when the capillary is filled with water and
the PV C tubes are shielded. The average noise level is more statistical than before and furthermore
reduced by half compared to the previous measurement. The baseline is here 225 - 420 pW and the
deviation of the noise is now 5 pW.
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Figure 5.11.: Average noise level of four different channels, when the capillary is filled with air and the
PVC tubes are shielded. The noise level and also the deviation of the noise amplitude is reduced by
1.6. Now the average background level is 490 - 850 pW and the noise is approximately 8 pW.

Summarising the above, it can be said that the detection module is highly sensitive to electro-
magnetic background radiation as it was shown in Figure 5.8 and therefore it has to be shielded.
Even the tubing connections between the peristaltic pump and the metal box, where the
detection module is stored, have to be shielded, since the electro-magnetic irradiation would
couple over the water into the system and lead to a higher and sinusoidal noise level (compare
Figure 5.8). The best would be to prevent the electro-magnetic background interferences as far
as possible and work in a laboratory with fewer instruments and sockets. These interferences

have also to be taken into account, when the detection module is placed into the buoy.
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5.3. Performance characterisation of the optical detection module

In the final version, the detection module should be able to work autonomously as an early
warning system and therefore detect algae phyla and especially identify harmful algae at an
early stage. In order to achieve this goal, the device should be able to record algae and bacterial
cells at the lowest possible density. At best, one particular cell in the measurement volume
should be detectable with a sufficient signal-to-noise-ratio. Moreover, the linear behaviour of
the device should be checked, since only a linear behaviour of the channels permits reliable

statement about the cell density in a water sample.

It should be mentioned that the first tests, if the device is able to track cells and to capture
particular cells passing through the system, were done with the aluminium device. The
linearity and sensitivity tests, by contrast, were done with the POM-C device.

5.3.1. Calculation of the residence time

In order to detect single cell events in one channel of the device, we have first to calculate the
residence time of a particular cell in the measurement volume. Furthermore, the parameters,

which influence the residence time, should also be identified.

The measurement volume corresponds to a cylinder whose volumetric capacity derives
from the inner diameter of the capillary D qpijary and the active area of the photodiode h.
Taking these into account, the measurement volume of one channel can be calculated to 5.91 pL

(compare equation 5.2).
1 2 1 2
Vineasurement = (5 I Deapitiary)” -7 - h = (5 -1.94mm)* - 7 - 2mm = 5.91 uL (5.2)

Moreover, the cells can be recorded on the diodes as long as the cell resides in the illuminated

volume. As a consequence, also the flow rate vy, affects the residence time of the cell.

— A‘/transported

Avaeobsurememf
Tpump = i & At = —measurement (5.3)

Upump

Since the flow rate describes which volume is transported in one minute, we can calculate
the time that is needed to transport the measurement volume along the capillary. This time At,
calculated in accordance to equation 5.3, corresponds then to the residence time of one cell in

the measurement volume.
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5.3.2. Capturing particular cell events

As a first step to characterise the performance of the detection module, we tried to adjust the
device so that we were able to track cells, passing through the system. For this experiment
we used the Amphora algae, a common bloom-forming diatom, with an average cell density
of 3 cells / measurement volume (5.91 pL). For this experiment we used only four excitation
channels along the capillary instead of eight. The sampling rate for these four LEDs was 125 Hz
and the flow rate was set to 30 mL min~!. The resolution was 15bit. The residence time of a
particular cell, which can be calculated from the geometric dimensions of the capillary and
the adjusted flow rate, was 12ms. As it is shown in Figure 5.12, with this configurations, we
were able to track cells which were pumped through the device, and record them on each
channel. The signal intensity measured on each channel derives, as it was mentioned before,

from the efficiency of excitation and depends also on the emission filter that was used to cover
the photodiodes.

Figure 5.12.: Left: Rendered picture of the detection module to demonstrate the direction of the flow.
Right: The high resolution of the aluminium device enables the capturing of cells passing through
the system. The experiment was done with Amphora algae at a cell density of 3 cells / measurement
volume (5.91 pL).

In a further step, we tried to record particular cell events with a sufficient signal-to-noise-
ratio. Again, we used for this experiment the Amphora algae, which has an average cell length of
21.9 pm. Thus, the size of these algal cells is in the middle range compared to other micro-algae
and therefore these cells should be recorded on the detection module. Here, the average cell
density of the algae sample was 2 cells / measurement volume (5.91 pL). We reduced the flow
rate to 2.5 mLmin~! and increased the sampling rate to 240 Hz, since we wanted to observe
the entrance and passage of the cell with a resolution as good as possible. Furthermore, we

used only one excitation channel for this experiment. For the excitation of the cell we used the
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460 nm LED and the diode was covered with the RG665 emission filter. The residence time of a
particular cell was calculated, in accordance to equation 5.3, to 141 ms. Figure 5.13 illustrates
the passage of a particular cell through one channel. The entrance and even the whole passing
through of the cell can be recorded clearly. The measured residence time of the cell agrees well

with the calculated time.

As a result, it can be noted, that the detection module made out of aluminium should be

able to count particular cell events, as it was preferred.

Figure 5.13.: The measured residence time of a particular algae cell matches well with the
time (right). Furthermore, the signal-to-noise-ratio can be caluclated in this case to SNR ~ 10.3 .
The microscopic image on the left illustrates the average cell length of the Amphora cells.

Moreover, the signal-to-noise-ratio for the aluminium device can be calculated in this ex-
periment. The average signal intensity of one particular cell was approximately 310 pW and
the average amplitude of the noise was 30 pW. As a result, the signal-to-noise-ratio for the

aluminium device is in this case SNR ~ 10.3 .

5.3.3. Linearity and sensitivity

As mentioned in the previous section 5.2.1 we tested the linearity and sensitivity of the whole
POM-C device after removing the bicycle tube from the printed circuit board (PCB). For the
tests we used Sulforhodamine 101 in different concentrations between 0.03 - 19.7 pmol L=!. On
all channels the excitation was done with a 460 nm LED and the emission was detected on the
photodiodes covered with the RG665 or — for the last channel — the RG9 emission filter. The

standard solutions were enclosed into a capillary for an easy replacement and, furthermore, to
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ensure that the concentration of the standards is not changed during the measurements. The

signals are blank corrected. The overall behaviour of the channels is shown in Figure 5.14.

Figure 5.14.: Linearity test for the whole POM-C device by using Sulforhodamine 101 as standard
solution. The signals are blank corrected. All channels behave linearly.

The diagram suggests a linear behaviour for all channels and also the coefficient of determi-
nation R2, which was calculated for all channels, confirm this assumption. For the first three
channels, the coefficient was better than 99.9 %. Only for the last channel, which was covered

with the RG9 emission filter, the coefficient was slightly worse.

Table 5.1.: Coefficient of determination for all channels to confirm the linear behaviour. Only the last
channel exhibits a slightly worse linearity.

channel coefficient of determination R?
channel 01 0.9992

channel 02 0.9992

channel 11 1.0

channel 12 0.9999

channel 21 0.9991

channel 22 0.9992

channel 31 0.9981

channel 32 0.9985

The sensitivity of the channels could also be described in this experiment, when we focus
on the lower concentrations of Sulforhodamine 101 (compare Figure 5.15). All channels of
the POM-C device were able to detect even the least concentrated standard solution with a
concentration of 30 nmol L~!. For this standard the detection module records on the first three
channels, after the blank correction, a light intensity of 250 - 400 pW. The last channel records a
light intensity of 140 - 200 pW.
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Figure 5.15.: Sensitivity test with Sulforhodaime 101 for the whole detection module. All eight channels
exhibit a high sensitivity, since they are able to detect the lowest concentrated standard on an average
light intensity of 270 pW. The signals are blank corrected.

To summarise the results presented in these sections, it can be said that all eight channels
of the POM-C device behave linearly in the range between 0- 120nW, as the coefficient
of determination is almost 1. Furthermore, the POM-C detection module exhibits a good
sensitivity, since it is able to distinguish a light intensity of approximately 300 pW from the
blank signal. Furthermore, the limit of detection for the POM-C device can be calculated to
15 pW over the blank signal.

On the other hand, the aluminium device was able to detect single cell events, passing
through the measurement volume, and track them along the capillary. Furthermore, the
average signal intensity for one single cell on the aluminium device was calculated to 310 pW
and the signal-to-noise-ratio was in this case ~ 10.3. Under the condition that the signal
intensity of one single cell measured on the aluminium module can be transferred to the POM-
C device, and also under the condition that the limit of detection adheres to approximately
15pW as it was measured before, we might be able to detect and count single cell events
even with the cheaper detection module. Nevertheless, this presumption has to be checked in
further investigations.
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5.4. Data analysis

In the last experiment, we tried a separation of different algae and bacterial samples on the
POM-C device based on their spectral differences. For the separation of the species, we used the
principal component analysis which was described in a previous chapter 3.2.4 — Mathematical
context — Principal component analysis (PCA). In the first attempt, we focus on the separation
of the harmful cyanobacteria, since these bacteria might produce toxins, when they bloom.
Therefore these bacteria should be identified at an early stage and their blooming should be
prevented. It is further to be noted that this experiment can be seen as a proof of concept. This
experiment should demonstrate if a reasonable separation of the relevant species would be

possible.

5.4.1. Spectral differences between cyanobacteria and other algae species

The characterisation of the algae and bacteria cultures, which were cultivated in the laboratory,
was done by recording the excitation and emission spectra of each sample. The whole charac-
terisation is attached in the appendix A Algae Fact Sheet. At this point, a short overview of the
differences in the spectral behaviour of the cyanobacteria and the algae should be presented.
The emission spectra of a cyanobacteria species and a diatom species, shown in Figure 5.16 on
the right, are quite similar. Since both species contain chlorophyll in their reaction centre, their

resulting emission spectra are only slightly different.

Figure 5.16.: Example of the spectral differences between a diatom and a bacterial species. While the
emission spectra seem to be quite similar, the excitation spectra are clearly different. Therefore the
excitation of the samples has to be done in these spectral ranges that lead to a maximal variance in the
excitation intensities.

On the other side, the bacterial excitation spectrum is clearly different from the algal excita-

tion spectrum due to the differences in their light-harvesting complexes (Figure 5.16, left). The

72 Optical detection module for algae species used as early warning system



5.4. Data analysis

maximal excitation of the algal species is done around 430 nm, whereas the bacteria species
is mainly excited between 600 - 660 nm. Therefore, for a clear differentiation of the bacteria
and algae cultures, we have to use LEDs in these two spectral ranges. In addition to that, it
should be considered that LEDs do not emit monochromatic light and due to their spectral
width they would not excite only a particular pigment in the light-harvesting complex. The
emission signal of an algal or bacterial species measured on the detection module results rather

from the excitation of several pigments.

Further information on the spectra differences between the cultures are given in the appendix
and can be used for additional separation experiments.

5.4.2. Data analysis using PCA

For the proof of concept, we measured six different algal and bacterial samples with eight
different LEDs in our device. The selection of LEDs based on the spectral differences of the
samples. Since we want to separate cyanobacteria from other algae species, we used LEDs
in the range between 380 - 640nm. One emission channel was covered with the longpass
filter RG9, the rest was covered with the RG665 emission filter. After the measurement, we
calculated, in a first step, the actual pigment pattern of the samples as it is illustrated in
Figure 5.17. The resulting pattern illustrates the efficiency of excitation at a particular LED in
combination with a particular emission filter. It represents the actual pigment composition of
the samples how it could be measured on the device.
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I 122 (401 nm) RG665
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I 124 (448 nm) RG9

08t 4

08 1 [ 2a1 (470 nm) RGE65
[ 2b2 (516 nm) RG665
0.7 1 [11b1 (539 nm) RG665

I 3c1 (640 nm) RG9
06 E

05f g
04t .

03+ 4

RELATIVE INTENSITY

° W o S <2 o°
o o™ e RS SN
o NG C W (O o
s e 22 x@ ot
9 \}0‘3 P\(\a\o \3\3 ?\Q

Figure 5.17.: Example of the pigment patterns of four different algae species and two bacterial species
(marked with *). These patterns exhibit the efficiency of excitation and illustrate therefore the actual
pigment composition how it could be measured on the detection module. The LEDs and emission
filters used in this experiment are listed on the right.
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The pigment composition of both cyanobacteria — the nameless cyanobacteria and the
anabaenopsis — differs clearly from the other four algae species. Both bacteria were well excited
by the LED 1a2 (401 nm), but also by the LEDs 1a3 (428 nm), 2al (470nm) and 1b1 (539 nm).
Although the algae species were also well excited in the purple range by the LEDs 1a2 (401 nm)
and 1a3 (428 nm), the relative excitation by these LEDs, however, differs between all species.
Moreover, having a closer look at the green to red range, the cyanobacteria were mainly excited
by the LEDs 1b1 (539 nm), whereas the algae were hardly excited in this region.

Consequently, both diagrams in Figure 5.16 and 5.17 lead to similar results and describe
the relative pigment composition of the algal and bacterial species. Nevertheless, it has to
be noted that these diagrams are similar but not equal, since the pigment composition of the
light-harvesting-complex is variable and may depend on the effective light intensity which is
used during the cultivation process. The relative pigment composition depends furthermore
on the available nutrient supply in the samples. The algal and bacterial species may change
their natural colour as a result of nutrient deficiency. On the other hand, the methods used to
obtain these diagrams were different. While the fluorometer used to characterise the cultures,
has a monochromatic excitation light, excitation on the detection module is done with LEDs
that have a spectral width of approximately 20 nm. This spectral width of the LEDs leads to an
excitation of more than one specific pigment in the light-harvesting-complex.

As a first proof of concept we analysed then the samples by using the principal component
analysis. Since the whole evaluation was done in Matlab, a code based on the mathematical
principles of the principal component analysis (PCA) was written in Matlab. The code is not
given in this work, since it is a first outline and has to be optimised and adjusted in further
steps. Figure 5.18 demonstrates the resulting separation of the samples. Both cyanobacteria
could be distinguished clearly from the algae species by using only two principal components.

Figure 5.18.: Resulting score plot after analysing the data by the means of the principal component
analysis. Both cyanobacteria — the unknown bacteria and the anabaenopsis species were seperated
clearly from the rest.
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To summarise this section, it can be noted that we were able to analyse the actual pigment
composition of several algal and bacterial species, by using all eight excitation channels for this
proof of concept. The resulting pigment compositions recorded on the detection module fit to
the spectral characterisation of the sample (with only few restrictions). In further investigations,

it should be checked whether a separation of the bacteria is also possible with only two LEDs.
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6. Conclusion and Outlook

In order to come to an end and summarise the present master’s thesis, all important results
and findings are presented briefly in this chapter.

A multitude of different algae species was cultivated and described morphologically con-
cerning their outer structure and average cell size. Furthermore, all 34 different species were
characterised spectrally and the differences between different algal phyla were examined with
special respect to their absorbance behaviour. These differences in the excitation spectra were
assigned, by the means of the literature, to marker pigments, which are typical for a particular
algal phylum. These variable pigmentations of different algal phyla are presented at the begin-
ning of each phylum (compare appendix A). It is to be mentioned that the cyanobacteria are
clearly distinctive from other algal phyla, since their excitation spectrum is mainly influenced
by additional peripheral antenna complexes — the phycobilisomes. Since these pigments absorb
in the spectral range between 566 - 655 nm, the phycobilisomes close the green gap, where
chlorophyll and other light-harvesting pigments are not able to absorb. Other algae and higher
plants, by contrast, absorb mainly in the blue-green range (380 - 550 nm) as well as in the red
range (Q band of chlorophyll a) featuring the typical green gap.

For further investigations and attempts to distinguish more algae phyla, the shape of the
absorption spectra has to be analysed in the blue-green spectral range (380- 550 nm). In
this range, the pigmentation of the light-harvesting complexes and photosystems lead to
a characteristic curve, since the resulting shape of the curve represents an overlay of the
absorptions characteristics of several pigments. Therefore, the relative differences at certain
wavelengths have to be examined and analysed.

Concerning the miniaturised algae detection module, which should be feasible to work
as a early warning system in the marine monitoring, it has to be mentioned that the three
prototypes were important and necessary in order to reach the desired goals and adapt the
optical detection module subsequently. The last two versions of the detection module — the
aluminium based and the device made out of POM-C — have shown in several tests that they
are able to detect particular algae cells of medium size. However, since these devices are very
sensitive, they have to be shielded against ambient light and electro-magnetic interferences.
We had problems, especially with the POM-C device, to shield the module, make it optically
dense in order to reduce the average noise to a reasonable level. Since the signals, which we
want to detect, are small with approximately 300 pW, we have to ensure that a too high noise

level does not prevent the detection of particular cells. It is for this reason that we invested a
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lot of time and energy in this part of shielding the detection module. By a complete shielding
of the device, we prevent electro-magnetic coupling from surrounding sources into our device
and reduced the background level from 300 - 825 pW to 225 - 440 pW. The different levels were
measured on different channels. The deviation of the noise amplitude was 5 pW. Consequently,
we obtain a detection limit of 15 pW with an average signal of 300 pW for a particular cell.
According to that a particular cells with an average cell size of 22 um are detectable. Most of the
cyanobacteria exhibit an average filament length of 60 um, although few cyanobacteria, which
have cells instead of filaments, such as the cultivated Synechocystis sp., grow only to 10 pm in
size. Nevertheless, it is important that the average noise level is low as much as possible and
the resulting limit of detection is smaller than 300 pW. Furthermore, the detection module
has to ensure a linear behaviour in this area, which we tested successfully by the means of a
Sulforhodamine 101 calibrations.

However, it has to be noted that the POM-C device has to be tested, whether all available
and relevant LEDs could be used for separation and whether the whole system is optically
dense in order to prevent scattering effects and interferences, which may lead to undesirable

signals or raise the average noise level.

The data analysis, by contrast, has proven that a distinction of cyanobacteria from other algal
phyla is possible by the means of the multivariate data analysis. Although the experiment
was just a proof of concept in order to demonstrate that it may be possible to differentiate
between blue-green algae and other phyla with our device, since we used all eight excitation
channels for the separation. Further investigations with the available optic elements have to
demonstrate, which LED/filter combination might be optimal for a distinction of cyanobacteria
with only two LEDs. Moreover, it has to be checked, whether all LEDs can be used on this
detection module or whether they lead to undesirable signal interferences.

As a consequence, it has to be mentioned as a final outlook that the optical detection
module has to be optimised in further tests. Several experiments have to be done with respect
to the robustness and long-term stability of the module concerning the pressure and the
temperature drift. The energy consumption in the stand-by mode, which is very high so
far, has to be reduced, if possible and an autonomously working measurement record for an
optimal application in the SCHeMA project and also for other field trips has to be designed.
Therefore, the measurement time and the pump velocity have to be coordinated as well as
the LED-modulation frequency and the read out of the photodiodes. Furthermore, a simple
mathematical algorithm, which may achieve adequate separation results as the multivariate
data analysis, has to be developed. Instead of a complex eigenvalue problem, the data should
be analysed with mathematical operations as simple as possible.

All further investigations should always be done with the aim of developing a valuable
addition to existing technologies in marine monitoring in order to detect and identify harmful

algae blooms at an early stage.
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A. Algae Fact Sheet

On the following pages, all analysed algae species are presented. Their characteristic attributes,
their morphology meaning their cell shape and average cell diameter, and also their spectral
behaviour based on their pigmentation are presented on two sides. For each algae species the
typical habitat is described and also, if available in the literature, further information about
harmful effects or their commercial application. Since the algae species are classified into phyla,
there is as general introduction for each chapter containing the main features of the phylum. In
addition to that, a 3D spectrum illustrates the general absorption and fluorescence behaviour
of the phylum. Based on this 3D spectrum, the diagnostic pigments as well as other relevant
pigments, which are important for an adequate differentiation, are deduced for each phylum.
Besides these diagnostic pigments, the overall shape of the absorption curve is important
for a suitable differentiation of the algal phyla. It has to be noted that it was not possible to
record a 3D spectrum for the chlorophyta, since the fluorometer was defective. Therefore, an
overlapped excitation and emission spectrum was presented to examine the typical pigments

of the phylum.

For the morphological description, a microscopic picture of each algae species was made
using the light microscope Axiovert 25 of Carl Zeiss in combination with the GenICam camera,
which takes the photo in the infrared range. Moreover, the algae cells were fixed by means of
Lugol’s solution. Based on this picture, the cell shape as well as the approximate cell diameter
could be characterised. Additionally, since the colour of an algae sample is the first visual and
catchy feature of an algae, a photograph showing the species in its cultivation flask, was taken.
The individual cultivation conditions, under which the algae species were grown, are listed

furthermore.

Concerning the absorption and fluorescence behaviour of the algae, an excitation spectrum
as well as an emission spectrum was recorded with the aid of the fluorometer. The typical
pigment composition within the photosynthetic apparatus, which leads to the resulting spectral
behaviour, is also described by the means of the literature. The basic idea how the algae could
be distinguished in an unknown water sample is described in chapter 2 Theoretical background.
In addition to the diagnostic pigments, the overall shape of the excitation spectra and their
differences have to be examined in a further step in order to optimise the separation algorithm.

For more details about the individual methods used in this appendix, please see chapter 3
Material and Methods.
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A.1. Bacillariophyta

Bacillariophyta, also called diatoms or brown alga, form one of twelve phyla in the kingdom
Chromista. It is a widespread algal group with more than 13.000 different species listed in the
algae-database [42]. As a result, the phylum contains a variety of morphological types — oval,
fusiform or even cylindrical cells forming chains or staying solitary. Common to all of them,
however, is their siliceous frustule.

Moreover, diatoms can occur in any habitat: in freshwater, marine or brackish zones all over
the world, in benthic or planktonic water areas. In addition to their flexible habitat, they are
well-known bloom-forming organisms. [43]

It is also reported in the literature, that few of the diatoms might accumulate metabolites
such as poly-unsaturated aldehydes, fatty acids or unhealthy biotoxins. Besides, some algae
species belonging to this phylum may also produce harmful domoic acids by itself. [43]

Figure A.1.: 3D spectrum of Skeletonema Costatum belonging to the phylum Bacillariophyta. Ex-
citation between 300 - 750 nm, slitwidth = 2.5 nm; Emission between 400 - 950 nm, slitwidth
=2.5nm.

Since Bacillariophyta are photoautotrophic microorganisms that often appear with harmful
Dinophyta, it is important that they are studied. Typical pigments, which are present in all
Diatoms, are fucoxanthin, chlorophyll a and chlorophyll c. Considering the fact, that chlorophyll
a is an ubiquitous photosynthetic pigment and chlorophyll c is typical for all algae species
belonging to the kingdom Chromista, only fucoxanthin could be used as “marker” pigment.
Comparing the 3D spectrum of S. costatum (cf. Figure A.1), a representative of this phylum, all
photosynthetic pigments named above could be found in this spectrum. The significant emis-
sion of these algae takes place around 680 nm resulting from the fluorescence of chlorophyll a.
On the other side, the maximal excitation appears in the region of 400 - 500 nm, resulting from
fucoxanthin (450 nm, EtOH), the Soret peak of chlorophyll a (432 nm, acetone) and chlorophyll
¢ (444 nm, acetone). The intensive excitation around 650 nm results from the excitation of both
chlorophyll molecules. [44]
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Amphora — C.G.Ehrenberg ex ET.Kiitzing

This yellow-brown diatom is mainly found in benthic zones, but can also occur in brackish or

fresh water areas. Some species of the genus Amphora may produce domoic acid, which is a

neurotoxin that causes amnesic shellfish poisoning (ASP), if it is accumulated over the food

chain. [43]

Since the species is not known, the detailed pigmentation of the algae could not be deter-

mined. Consequently, only the major pigments of the phylum Bacillariophyta, to which the alga

belongs, are listed below.

Characterisation

Taxonomy [42]

Empire Eukaryota
Kingdom Chromista
Phylum Bacillariophyta
Class Bacillariophyceae
Order Thalassiophysales
Family Catenulaceae
Genus Amphora

Pigments of the light-harvesting complex

accessory pigments

major Fucoxanthin,
Chlorophyll a, ¢1 + c2

reaction centre

Chlorophyll a
Morphology
Cell length 219 um
Cell shape convex dorsal and straight
ventral margin; clear raphe
with radial dorsal striae [43]
Cultivation
Culture medium L1
Light intensity 0.277Wm™2
Light/dark cycles 10h / 14h
Growth temperature 19°C

PR

Figure A.2.: Cultivation of the
alga belonging to the genus
Amphora

Figure A.3.: Fusiformed Amphora cells
under the light microscope; Lugol’s
solution (I2/ K1) as fixing agent
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For the spectral characterisation of the Amphora algae, as it is shown in Figure A 4, the algal
sample was diluted in glycerine to avoid sedimentation effects of the algae cells. An emission
spectrum with an excitation wavelength of 440nm as well as an excitation spectrum with
an emission at 750 nm were measured using the spectrofluorometer. Each measurement was
repeated ten times and the resulting excitation and emission spectra were averaged. After the
measurement, the emission spectrum was normalised to the maximal chlorophyll fluorescence
(678 nm), whereas the excitation spectrum was normalised to the Soret peak of chlorophyll a
(438 nm).

Figure A.4.: Normalised emission and excitation spectrum of the alga Amphora for spectral
characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7 nm. Emis-
sion at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after 10
measurements.
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Phaeodactylum tri

cornutum — Bohlin

P. tricornutum is a widely distributed brown alga, which can be found in coastal or marine

regions, but also in freshwater zones. Harmful effects of this algal species itself or of its blooms

are not known.

The morphology of this microalgae is greatly influenced by its environmental conditions

and may arise in three different morphological types (oval, fusiform or triradiate). [45]

Characterisation

Taxonomy [42]
Empire
Kingdom
Phylum

Class

Order

Family

Genus

Eukaryota

Chromista

Bacillariophyta
Bacillariophyta incertae sedis
Bacillariophyta incertae sedis
Phaeodactylaceae
Phaeodactylum

Pigments of the light-harvesting complex [46]

accessory pigments
major

minor

reaction centre

Morphology

Cell length
Cell shape

Cultivation

Culture medium
Light intensity
Light/dark cycles
Growth temperature

Fucoxanthin,

Chlorophyll a, ¢1 + ¢2
Diadinoxanthin, Diatoxanthin,
(B-Carotene

Chlorophyll a

17.5 ym
fusiform

Fs / 30%
0.277Wm™2
10h / 14h
19°C

Figure A.5.: Cultivation of the
microalga Phaeodactylum tricor-
nutum

Figure A.6.: Image of Phaeodactylum tricor-
nutum under the light microscope with
Lugol’s solution (I3 /K I) as fixing agent
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The spectra in A.7 illustrate the spectral characterisation of P. tricornutum. The algal sample
was diluted in glycerine to avoid sedimentation effects of the cells. An emission spectrum
with an excitation at 440 nm as well as an excitation spectrum with an emission wavelength of
750 nm were measured using the fluorometer. The sample was measured ten times and then,
the excitation and emission spectra were averaged. Afterwards, the emission spectrum was
normalised to the maximal chlorophyll fluorescence (676 nm), whereas the excitation spectrum
was normalised to the Soret band of chlorophyll a (434 nm).

Figure A.7.: Normalised emission and excitation spectrum of the microalgae Phaeodactylum
tricornutum. Excitation at 440 nm, slitwidth = 14nm, emission slitwidth = 7nm. Emis-
sion at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after 10
measurements.
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Ditylum brightwellii — (T.West) Grunow

This yellow-brown microalga occurs in shallow near-shore or marine areas and may bloom
especially during spring, consisting of genetically different populations. Harmful effects of

this centric diatom are not known. [47]

Characterisation

\
Taxonomy [42] =\
Empire Eukaryota
Kingdom Chromista
Phylum Bacillariophyta
Class Mediophyceae "
Order Lithodesmiales Libgam
Family Lithodesmiaceae
Genus Ditylum

Pigments of the light-harvesting complex [48]
Figure A.8.: Cultivation of the

accessory pigments microalga Ditylum brightwellii

major Fucoxanthin,
Chlorophyll a, ¢1 + c2
reaction centre

Chlorophyll a
Morphology [47]
Cell length 40 - 300 pm
Cell shape triangular prism connection
through central spine
Cultivation
Culture medium Fy / 18%
Light intensity 0.277Wm~2
Light/dark cycles 10h / 14h . . .
Growth temperature 19°C Figure A.9.: Small chains of the mi-

croalgae Ditylum brightwellii under
the microscope; Lugol’s solution
(I2/ K1) as fixing agent
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The spectra A.10 illustrate the spectral behaviour of the algae D. brightwellii. The algal sample
was diluted in glycerine to avoid sedimentation of the algae cells. An emission spectrum with
an excitation at 440 nm and an excitation spectrum with an emission wavelength of 750 nm
were measured using the spectrophotometer. Each measurement was repeated ten times and
then the excitation and emission spectra were averaged. Afterwards, the emission spectrum
was normalised to the maximum of the chlorophyll fluorescence (692 nm) and the excitation
spectrum was normalised to the Soret band of chlorophyll a (439 nm).

Figure A.10.: Normalised emission and excitation spectra of Ditylum brightwellii. Excitation at
440 nm, slitwidth = 5 nm, emission slitwidth = 5 nm. Emission at 750 nm, slitwidth = 20 nm,
excitation slitwidth = 5nm. Averaged spectra after 10 measurements.
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A. Algae Fact Sheet

Skeletonema costatum — (Greville) Cleve

S. costatum is a centric, yellow-brown diatom, which appears in coastal regions all over the
world, preferring the shallow parts of the oceans. When the microalgae blooms, it causes water

discolourations and reduces the oxygen content in the water systems (= anoxic water). [47]

Characterisation

Taxonomy [42]

Empire Eukaryota !
Kingdom Chromista

Phylum Bacillariophyta

Class Mediophyceae

Order Thalassiosirales =
Family Skeletonemataceae ' '
Genus Skeletonema

Pigments of the light-harvesting complex [49]
Figure A.11.: Cultivation of the

i t .
accessory pigments microalga Skeletonema Costa-

major Fucoxanthin, Diadinoxanthin ;
Chlorophyll a, ¢1 + c2 wm
minor Diatoxanthin, 5-Carotene
reaction centre
Chlorophyll a
Morphology
Cell length 6.4 pm
Cell shape cylindrical cells forming
marginal ring of spines [47]
Cultivation
Culture medium L1
Light intensity 0.277 Wm 2
Light/dark cycles 10h / 14h ) )
Growth temperature 19°C Figure A.12.: Small chains of Skele-

tonema costatum under the micro-
scope with Lugol’s solution (I5/ K I)
as fixing agent
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A.1. Bacillariophyta

For the spectral characterisation of S. costatum (compare Figure A.13), an algal sample was
diluted in glycerine and an emission spectrum as well as an excitation spectrum were recorded
using the spectrophotometer. For the measurement of the algal emission, an excitation of
440 nm was used. The spectrum was normalised to the maximal chlorophyll fluorescence at
682 nm. Furthermore, the excitation spectrum was measured using an emission wavelength of
750 nm. Afterwards the spectrum was normalised to the maximal excitation peak at 416 nm.
The measurement for each spectrum was repeated ten times and then the spectra were aver-
aged.

Figure A.13.: Normalised emission and excitation spectrum of Skeletonema costatum for spectral
characterisation. Excitation at 440 nm, slitwidth = 5 nm, emission slitwidth = 5 nm. Emis-
sion at 750 nm, slitwidth = 20nm, excitation slitwidth = 5nm. Averaged spectra after 10
measurements.
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A. Algae Fact Sheet

Cyclotella meneghiniana — Kiitzing

The algal species C. meneghiniana is a yellow-brown diatom which is widely distributed in
freshwater areas all over the world. It is one of the most common diatom species. Harmful
effects are not known, but this microalga is highly salt-tolerant and has morphological varieties.
[50]

Since the detailed pigment composition of this algal species is not known in the literature,
the description of the pigmentation is carried out by the genetically very similar alga Cyclotella.
sp., which belongs to the same genus as C. meneghiniana.

Characterisation -
Taxonomy [42] Al

. /
Empire Eukaryota P
Kingdom Chromista . &
Phylum Bacillariophyta
Class Mediophyceae
Order Thalassiosirales
Family Stephanodiscaceae
Genus Cyclotella

Pigments of the light-harvesting complex [51]

accessory pigments Figure Al4.: Cultlvatlon Of the
major Fucoxanthin, Diadinoxanthin, microalga Cyclotella meneghini-
Chlorophyll a, ¢1 + c2 ana
minor Diatoxanthin, 5-Carotene
reaction centre
Chlorophyll a
Morphology
Cell diameter 10-35 um
Cell shape complex and therefore not clearly
defined [50]; here cylindrical cells
forming small chains
Cultivation
Culture medium Fy / 18%
Light intensity 0.277Wm2
Light/dark cycles 10h / 14h

o Figure A.15.: Small chains of Cy-
19°C o .
clotella meneghiniana under the mi-
croscope; Lugol’s solution (I3/ K1)
as fixing agent

Growth temperature
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A.1. Bacillariophyta

For the spectral characterisation of C. meneghinianam, an algal sample was diluted in glycer-
ine to hold the algae cells in suspension. An emission spectrum and an excitation spectrum
were measured using the spectrophotometer. The excitation wavelength for the emission
spectrum was set to 440 nm, whereas the emission wavelength for the excitation spectrum was
set to 750 nm. The measurement for each spectrum was repeated ten times and afterwards the
spectra were averaged and normalised. The resulting emission spectrum was normalised to
the maximal chlorophyll fluorescence at 688 nm and the excitation spectrum was normalised

to the Soret band of chlorophyll a at 440 nm.

Figure A.16.: Normalised emission and excitation spectrum of Cyclotella meneghiniana. Excita-
tion at 440 nm, slitwidth = 5nm, emission slitwidth = 5 nm. Emission at 750 nm, slitwidth =
20 nm, excitation slitwidth = 5 nm. Averaged spectra after 10 measurements.
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A.2. Cryptophyta

A.2. Cryptophyta

Cryptophyta are the photosynthetic cells of the whole phylum Cryptista, which belongs to the
kingdom Chromista. In the literature, they are mainly called Cryptista, although the accepted
scientific name of the algal phylum is Cryptophyta. [52] At the moment, there are more than 200
different species of the phylum Cryptophyta listed in the algae-database. [42] These microalgae
inhabit freshwater as well as marine areas, but all of the investigated algae species in this thesis
prefer the brackish water.

Moreover, these non-toxic algae species are very consistent in their morphology. All of the
organisms have an asymmetrical cell shape that can be described as an unicellular spherical
drop with two flagella.

Figure A.17.: 2D spectrum of the microalgae Rhodomonas minuta belonging to the phylum
Cryptophyta. Normalised emission and excitation spectrum of Rhodomonas minuta for spec-
tral characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7nm.
Emission at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7 nm.

In previous articles, it was reported that Cryptophyta are risen from red algae and therefore,

they contain additionally phycobilins as accessory pigments. As a result, Cryptophyta are able
to absorb the incident light in a broader wavelength-range. It is furthermore suggested that
phycobilins are used to optimise the photosynthesis under reduced light conditions. [53] By
using these phycobilins, Cryptophyta close the green gap where chlorophyll cannot absorb. As
it is indicated from their ancestors, Cryptophyta contain a modified form of phycoerythrin in
the thylakoidal space. [54]
A typical pigment of Cryptophyta, additionally to chlorophyll a, chlorophyll ¢ and the modified
biliprotein mentioned above, is alloxanthin. Since alloxanthin only occurs in Cryptophyta, it might
be used as “marker” pigment. In the 2D spectrum of Rhodomonas minuta, a representative of
the Cryptophyta (cf. Figure A.17), all typical pigments of this phylum could be found. The
absorbance around 560 nm results from the modified biliprotein. Moreover, the excitation
of alloxanthin is seen in the shoulder around 450 nm (451 nm acetone/hexane). [17] Also
chlorophyll @ and chlorophyll ¢ are excited in this region (chl a at 432nm, chl c at 432nm,
acetone). [44] The emission peak results from the chlorophyll a fluorescence.
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A. Algae Fact Sheet

Hemiselmis sp. rcc 659

This algal species appears commonly in freshwater and marine, brackish and coastal regions.
It is a flagellate, unicellular Cryptophyta and its cells are one of the smallest ones in this phylum.

[55] Harmful effects of H. sp. are not known in the literature.

Characterisation

Taxonomy [42]

Empire Eukaryota
Kingdom Chromista
Phylum Cryptophyta
Class Cryptophyceae
Order Pyrenomonadales
Family Chroomonadaceae
Genus Hemiselmis

Pigments of the light-harvesting complex [51]
Figure A.18.: Clear to bluish

culture of the microalga
Hemiselmis sp.

accessory pigments
major Alloxanthin, Chlorophyll a + ¢
reaction centre

Chlorophyll a
Morphology
Cell diameter 12.0 um
Cell shape cone with half sphere [56]
flagellated [55]
Cultivation
Culture medium L1-Si
Light intensity 0.277Wm™2
Light/dark cycles 10h / 14h ) o
Growth temperature 19°C Figure A.19.: Drop shaped Hemiselmis

sp. under the light microscope with
Lugol’s solution (Iy/KI) as fixing
agent
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A.2. Cryptophyta

For the spectral characterisation of Hemiselmis sp. rcc 659, an excitation spectrum and an
emission spectrum of this alga were measured using the fluorometer. The sample was diluted
in glycerine to avoid sedimentation of the algae cells. The excitation wavelength for the emis-
sion spectrum was set to 440 nm and the emission wavelength for the excitation spectrum was
set to 750 nm. The measurement for each type of spectrum was repeated ten times. Afterwards
the spectra were averaged and normalised. The emission spectrum was normalised to the
maximal chlorophyll fluorescence at 678 nm, whereas the excitation spectrum was normalised
to the Soret peak of chlorophyll a at 436 nm.

Figure A.20.: Normalised emission and excitation spectrum of Hemiselmis sp.. Excitation at
440 nm, slitwidth = 14 nm, emission slitwidth = 7 nm. Emission at 750 nm, slitwidth = 14nm,
excitation slitwidth = 7nm. Averaged spectra after 10 measurements.
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A. Algae Fact Sheet

Rhodomonas minuta — Skuja

Rh. minuta is a cosmopolitan Cryptophyta that occurs in freshwater areas, marine and brackish

water. [57] Harmful effects of this alga are not known in the literature. [58]

According to the algae database the currently accepted name of this species is Rhodomonas

lacustris var. nannoplanctica (Skuja) Javornicky. [42]

Characterisation

Taxonomy [42]

Empire Eukaryota
Kingdom Chromista

Phylum Cryptophyta

Class Cryptophyceae
Order Pyrenomonadales
Family Pyrenomonadaceae
Genus Rhodomonas

Pigments of the light-harvesting complex [59]

accessory pigments

major Alloxanthin, Chlorophyll a + c2
minor (B-Carotene
reaction centre

Chlorophyll a
Morphology
Cell diameter 13.0 um
Cell shape cone with half sphere [56]
Cultivation
Culture medium MWC 0%
Light intensity 0.277Wm™2
Light/dark cycles 10h / 14h
Growth temperature 19°C

Figure A.21.: Cultivation of the
microalga Rhodomonas minuta

Figure A.22.: Drop shaped cells of
Rhodomonas minuta under the light
microscope with Lugol’s solution
(I2/ K1) as fixing agent
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A.2. Cryptophyta

To describe the spectral behaviour of Rh. minuta, the algal sample was diluted in glycerine
and an emission spectrum and an excitation spectrum were recorded using the spectrofluoro-
meter. For the emission spectrum, the excitation wavelength was set to 440 nm, whereas the
emission wavelength for the excitation spectrum was set to 750 nm. The measurements for
both spectra were repeated ten times and then the spectra were averaged and normalised
separately. The emission spectrum was normalised to the maximum of the chlorophyll fluores-
cence at 682 nm and, by contrast, the excitation spectrum was normalised to the Soret band of

chlorophyll a at 436 nm. The resulting spectra are given in Figure A.23.

Figure A.23.: Normalised emission and excitation spectrum of Rhodomonas minuta for spectral
characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7 nm. Emis-
sion at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after 10
measurements.
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A. Algae Fact Sheet

Rhodomonas salina — (Wislouch) D.R.A.Hill & R.Wetherbee

The microalga Rh. salina is a red to brown alga that occurs mainly in marine or brackish areas.

Only few species were found in freshwater regions. [57] Moreover, this alga is a non-toxic

Cryptophyta. [60]

Characterisation

Taxonomy [42]

Empire Eukaryota
Kingdom Chromista

Phylum Cryptophyta

Class Cryptophyceae
Order Pyrenomonadales
Family Pyrenomonadaceae
Genus Rhodomonas

Pigments of the light-harvesting complex [46]

accessory pigments

major Alloxanthin, Chlorophyll a + ¢
minor a-Carotene, Crocoxanthin,
Monadoxanthin
reaction centre
Chlorophyll a
Morphology
Cell diameter 17.0 um
Cell shape cone with half sphere [56]
Cultivation
Culture medium F, / 18%
Light intensity 0.277Wm™2
Light/dark cycles 10h / 14h
Growth temperature 19°C

e
Bl

Figure A.24.: Cultivation of the

microalga Rhodomonas salina

Figure A.25.: Drop shaped cells of
Rhodomonas salina under the micro-
scope. Lugol’s solution (I3/K1I)
used as fixing agent
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A.2. Cryptophyta

For the spectral characterisation of Rh. salina the algal sample was diluted in glycerine to
avoid sedimentation of algae cells and an emission as well as an excitation spectrum were
measured using the spectrofluorometer. For the emission spectrum the excitation wavelength
was set to 440 nm and for the excitation spectrum the emission wavelength was set to 750 nm.
The measurements for both spectra were repeated ten times and then the spectra were averaged
and normalised separately. The emission spectrum was normalised to the maximum of the
chlorophyll fluorescence at 683 nm whereas the excitation spectrum was normalised to the

Soret peak of chlorophyll a at 434 nm. The results are given in Figure A.26.

Figure A.26.: Normalised emission and excitation spectrum of Rhodomonas salina for spectral
characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7 nm. Emis-
sion at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after 10
measurements.
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A.3. Dinophyta

A.3. Dinophyta

Dinophyta is a phylum of the kingdom Chromista that contains more than 3.000 algae species
according to the algal database AlgaeBase [42]. These algae group mainly occurs in coastal and
estuarine regions all over the world and it is a well-known bloom-forming group. [61]

Furthermore, several algae species in this phylum produce biotoxins, which cause gastroin-
testinal disturbances like the ciguatera fish poisoning (CFP) or the diarrhetic shellfish poisoning
(DSP) syndrome. Other syndromes like the paralytic shellfish poisoning (PSP), which is caused
by A. minutum or the neurotoxic shellfish poisoning (NSP), induce neurological disorders. [62]

Figure A.27.: 3D spectrum of the algae Alexandrium minutum belonging to the phylum Dino-
phyta. Excitation between 300 - 700 nm, slitwidth = 5 nm; Emission between 450 - 900 nm,
slitwidth = 5 nm.

Since this phylum contains several toxin-producing algae, it is of high interest to analyse
these algae and determine their pigmentation to prevent further disturbances caused by the
consumption of contaminated seafood.

Typical pigments, which are present in all Dinoflagellates, are peridinin, diatoxanthin, diadinox-

anthin and chlorophyll a + ¢ as accessory pigments in the light-harvesting complex (LHC) and
chlorophyll a as dimer in the reaction centre. Since both xanthophylls are only a minor part
in the LHC, and both chlorophylls are present in other algae, peridinin is the most suitable
molecule used as “marker” pigment.
The excitation and emission properties of these pigments are shown in the 3D spectrum of
Alexandrium minutum (compare Figure A.27), a toxic alga belonging to the phylum Dinophyta.
The maximal emission at 680 nm results from the fluorescence of the chlorophyll a« molecule.
The intensive excitation band between 425 - 500 nm, by contrast, results from peridinin, as
major accessory pigment (454 nm, hexane), the Soret band of chlorophyll a (432 nm, acetone)
and chlorophyll ¢ (444 nm, acetone). Also the minor pigments are excited in this region. [19,
44] The intensive excitation around 650 nm results from the excitation of both chlorophylls.
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A. Algae Fact Sheet

Alexandrium minutum — Halim

The alga A. minutum is found in coastal regions all over the world and occurs as dense red
tides, when it blooms. As algae bloom, A. minutum can produce the neurotoxin Saxitoxin
(STX), which threatens marine organisms and, after accumulation over the food chain, leads to
paralytic shellfish poisoning (PSP). [61]

Characterisation

Taxonomy [42]

Empire Eukaryota
Kingdom Chromista
Phylum Dinophyta

Class Dinophyceae
Order Gonyaulacales
Family Goniodomataceae
Genus Alexandrium

Pigments of the light-harvesting complex [63]
Figure A.28.: Cultivation of the

accessory pigments . . )
Y Pi5 microalga Alexandrium minu-

major Peridinin, Chlorophyl a + ¢ ;
minor Dinoxanthin, Diadinoxanthin, um
Diatoxanthin
reaction centre
Chlorophyll a
Morphology
Cell diameter 32.0 um
Cell shape spherical to ellipsoidal,
armoured [61]
Cultivation
Culture medium L1-Si
Light intensity 0.277Wm™2
Light/dark cycles 10h / 14h ) )
Growth temperature 19°C Figure A.29.: Spherical cell of Alexan-

drium minutum under the light mi-
croscope using Lugol’s solution
(I2/ K1) as fixing agent
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A.3. Dinophyta

For the spectral characterisation of A. minutum, the alga was diluted in glycerine and an
excitation as well as an emission spectrum were measured using the spectrofluorometer. The
excitation wavelength for the emission spectrum was set to 440 nm, whereas the emission
wavelength for the excitation spectrum was set to 750 nm. The measurement for each spectrum
was repeated ten times and, afterwards, the resulting spectra were averaged and normalised.
The emission spectrum was normalised to the maximal chlorophyll fluorescence at 680 nm and

the excitation spectrum was normalised to the Soret peak of chlorophyll a at 430 nm.

Figure A.30.: Normalised emission and excitation spectrum of Alexandrium minutum. Excitation
at 440 nm, slitwidth = 14 nm, emission slitwidth = 7nm. Emission at 750 nm, slitwidth =
14nm, excitation slitwidth = 7nm. Averaged spectra after 10 measurements.
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A. Algae Fact Sheet

Heterocapsa triquetra — (Ehrenberg) Stein

The golden Dinophyta H. triquetra occurs in neritic and estuarine zones and may form blooms
during summer. Harmful effects of this microalga are not known in the literature, but rather, it

is considered to be a quality food for other marine organisms. [47]

Characterisation

Taxonomy [42]

Empire Eukaryota y - =

Kingdom Chromista '

Phylum Dinophyta 9

Class Dinophyceae 7

Order Peridiniales e
. wiass

Family Heterocapsaceae 7 .M.;rs

Genus Heterocapsa N g

Pigments of the light-harvesting complex [51]
Figure A.31.: Cultivation of the

accessory pigments . :
Yy Pi8 microalga Heterocapsa triquetra

major Peridinin, Diadinoxanthin,
Chlorophyll a + ¢
minor Alloxanthin, Diatoxanthin,
[-Carotene
reaction centre
Chlorophyll a
Morphology
Cell length 21.0 pm
Cell shape two joined cones,
with unilateral protrusion [47]
Cultivation
Culture medium L1-Si
Light intensity 0.277Wm 2
Light/dark cycles 10h / 14h . . L
Growth temperature 19°C Figure A.32.: Microscopic image of

Heterocapsa triquetra. Lugol’s solu-
tion (Ip/KI) used as fixing agent
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A.3. Dinophyta

The spectral characterisation of H. triquetra is shown in Figure A.33. The algal sample was
diluted in glycerine and both spectra — the emission as well as the excitation spectrum — were
recorded using the spectrofluorometer. For the emission spectrum an excitation of 440 nm
was used, whereas the excitation spectrum was measured with an emission of 750 nm. The
measurement for each spectrum was repeated ten times and then the resulting excitation
and emission spectra were averaged and normalised separately. The emission spectrum was
normalised to the maximum of the chlorophyll fluorescence at 679 nm and, by contrast, the

excitation spectrum was normalised to the maximal excitation at 456 nm.

Figure A.33.: Normalised emission and excitation spectrum of Heterocapsa triquetra. Excitation
at 440 nm, slitwidth = 14 nm, emission slitwidth = 7nm. Emission at 750 nm, slitwidth =
14 nm, excitation slitwidth = 7nm. Averaged spectra after 10 measurements.
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A.4. Haptophyta

A.4. Haptophyta

The phylum Haptophyta belongs to the kingdom Chromista and includes more than 600 algae
species — according to the database AlgaeBase. [42]

These algae species mainly occur in marine water, but could also be found in terrestrial and
brackish areas. Furthermore, few microalgae of this phylum are reported to be harmful for
marine animals, however, adverse effects for humans are not known in the literature.

Moreover, this algal group is not very important for the industry. Some might be used as
feed in aquacultures, but apart from that, a commercial use is not reported.
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Figure A.34.: 3D spectrum of the algae species Pleurochrysis elongata belonging to the phylum
Haptophyta. Excitation between 300 - 750 nm, slitwidth = 3 nm; Emission between 400 - 850
nm, slitwidth = 6 nm.

Normally Haptophyta are golden to brown and have a similar pigmentation as the algae
belonging to the phylum Bacillariophyta / Diatoms. Pigments, that are present in all algae species
of the Haptophyta, are fucoxanthin, chlorophyll a and chlorophyll c,. Since the major pigmentation
is quite similar, a differentiation of Diatoms and Haptophyta might not be easy and depends
primarily on the minor pigments of the photosystem.

Nevertheless, the 3D spectrum of Pleurochrysis elongata (cf. Figure A.34), a representative
alga of the phylum Haptophyta, illustrates the excitation and emission behaviour of the pho-
tosynthetic pigments in this phylum. The significant emission around 680 nm results from
the fluorescence of chlorophyll a. By contrast, the most intensive excitation in the range of
450 - 500 nm results from fucoxanthin (450 nm, EtOH), from the excitation of the Soret band of
chlorophyll a (432 nm, acetone) and also from the excitation of chlorophyll ¢ (444 nm, acetone).
[44]
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A. Algae Fact Sheet

Pleurochrysis elongata — (Droop) R. W. Jordan, L. Cros & J. R. Young

This golden-brown alga appears in marine and coastal regions. According to Houdan et al. P.

elongata was found to be toxic against the shrimp Artemia salina, but harmful effects against

humans are not known in the literature. [64]

Since a detailed pigment composition of P. elongata is not known in the literature, the

description of the pigmentation is done by the genetically very similar alga P. roscoffensis,

which also belongs to the genus Pleurochrysis.

Characterisation

Taxonomy [42]

Empire Eukaryota
Kingdom Chromista

Phylum Haptophyta

Class Coccolithophyceae
Order Coccolithales
Family Pleurochrysidaceae
Genus Pleurochrysis

Pigments of the light-harvesting complex [65]

accessory pigments

major Fucoxanthin,
Chlorophyll a + ¢1 + ¢2

reaction centre

Chlorophyll a
Morphology
Cell length 18.0 um
Cell shape spherical to drop-shaped
Cultivation
Culture medium L1-Si
Light intensity 0.277 W m 2
Light/dark cycles 10h / 14h
Growth temperature 19°C

Hegg
ooyt YSS
Sengaty

Figure A.35.: Cultivation of the
microalga Pleurochrysis elon-
gata

Figure A.36.: Microscopic photo-
graph of drop shaped cells of Pleu-
rochrysis elongata with Lugol’s solu-
tion (Iy/KI) as fixing agent
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A.4. Haptophyta

For the spectral characterisation, which is illustrated in Figure A.37, the algal sample was
diluted in glycerine to avoid sedimentation of algae cells. An emission and an excitation
spectrum were measured using the spectrofluorometer. For the emission spectrum the exci-
tation wavelength was set to 440 nm, whereas the emission wavelength of 750 nm was used
for the excitation spectrum. The measurement for each spectrum was repeated ten times and
then the resulting excitation and emission spectra were averaged. After that, both spectra
were normalised separately. The excitation spectrum was normalised to the Soret peak of
chlorophyll a at 436 nm and the emission spectrum was normalised to the maximal chlorophyll
fluorescence at 681 nm.

Figure A.37.: Normalised emission and excitation spectrum of Pleurochrysis elongata for spec-
tral characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7nm.
Emission at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after
10 measurements.
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A. Algae Fact Sheet

Isochrysis galbana — Parke

The golden-brown alga occurs in marine water systems and their cells are motile and stay

solitary. Harmful effects are not known in the literature.

Moreover, I. galbana is used in aquacultures as feed for marine animals. [66]

Characterisation »
Taxonomy [42]

Empire Eukaryota

Kingdom Chromista

Phylum Haptophyta

Class Coccolithophyceae Y
Order Isochrysidales feorARSs
Family Isochrysidaceae AL
Genus Isochrysis a

Pigments of the light-harvesting complex [51]
Figure A.38.: Cultivation of the

accessory pigments microalga Isochrysis galbana

major Fucoxanthin, Diadinoxanthin,
Chlorophyll a + ¢; + ¢
minor Diatoxanthin, 5-Carotene
reaction centre
Chlorophyll a
Morphology
Cell diameter 10.0 um
Cell shape ellipsoid, bi-flagellate [66]
Cultivation
Culture medium Fy / 30%
Light intensity 0.277Wm™2
Light/dark cycles 10h / 14h ) )
Growth temperature 19°C Figure A.39.: Solitary cells of Isochry-

sis galbana under the light micro-
scope with Lugol’s solution (I3 / K I)
as fixing agent
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A.4. Haptophyta

For the spectral characterisation of I. galbana as it is shown in Figure A .40, an algal sample
was diluted in glycerine. An emission and an excitation spectrum were recorded using the
spectrofluorometer. For the excitation spectrum, the emission wavelength was set to 750 nm
and for the emission spectrum, the excitation was set to 440 nm. The measurement for each
spectrum was repeated ten times and the resulting excitation and emission spectra were aver-
aged and normalised separately. The excitation spectrum was normalised to the Soret band
of chlorophyll a at 436 nm and the emission spectrum was normalised to the maximum of
chlorophyll fluorescence at 682 nm.

Figure A.40.: Normalised emission and excitation spectrum of Isochrysis galbana for spectral
characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7 nm. Emis-
sion at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after 10
measurements.
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A. Algae Fact Sheet

Ruttnera spectabilis — Geitler

R. spectabilis is a golden-brown microalga, which is distributed in freshwater, terrestrial and

coastal regions. Harmful effects are not known in the literature. [58]

Besides, this microalga is more common under its taxonomic synonym Chrysotila lamellosa. [42]

Characterisation

Taxonomy [42]
Empire
Kingdom
Phylum

Class

Order

Family

Genus

Eukaryota
Chromista
Haptophyta
Coccolithophyceae
Isochrysidales
Isochrysidaceae
Ruttnera

Pigments of the light-harvesting complex [65]

accessory pigments
major

reaction centre

Morphology

Cell diameter
Cell shape

Cultivation

Culture medium
Light intensity
Light/dark cycles
Growth temperature

Fucoxanthin,
Chlorophyll a + ¢1 + ¢

Chlorophyll a

9.0 um
spherical to laminar [58]

Fy / 18%
0.277Wm2
10h / 14h
19°C

Figure A.41.: Cultivation of the
microalga Ruttnera spectabilis

Figure A.42.: Ruttnera spectabilis un-
der the microscope. Lugol’s solu-
tion (I2/ K1) used as fixing agent
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A.4. Haptophyta

Figure A .43 illustrates the averaged and normalised emission and excitation spectra of R.
spectabilis to describe its spectral properties. The algal sample was diluted in glycerine to
avoid sedimentation effects of the cells and measured using the spectrofluorometer. For the
excitation spectrum, the emission wavelength was 750 nm and for the emission spectrum, the
excitation wavelength was set to 440 nm. Each measurement was repeated ten times and the
resulting excitation and emission spectra were averaged. Afterwards, the excitation spectrum
was normalised to the Soret peak of chlorophyll a at 442 nm, but the emission spectrum was
normalised to the maximal chlorophyll fluorescence at 678 nm.

Figure A.43.: Normalised emission and excitation spectrum of Ruttnera spectabilis for spectral
characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7 nm. Emis-
sion at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after 10
measurements.
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A. Algae Fact Sheet

Prymnesium saltans — Massart

P. saltans is an unicellular, golden-brown microalga that could be found in marine water. [42,
67] It is a rare species and for some time, P. saltans was suggested to be of the same species
as P. paroum. Hence, both marine algae were reported to form harmful algae blooms. In fact,
unhealthy impacts are determined for P. parvum, however, the status of P. saltans remains

unclear. [67]

Since a detailed pigmentation is not yet known in the literature, the description of the
pigment composition is done by the genetically very similar alga P. parvum.

Characterisation

Taxonomy [42]

Empire Eukaryota

Kingdom Chromista

Phylum Haptophyta

Class Coccolithophyceae o
Order Prymnesiales .
Family Prymnesiaceae

Genus Prymnesium

Pigments of the light-harvesting complex [51]
Figure A.44.: Cultivation of the

accessory pigments ) ,
Y P8 microalga Prymnesium saltans

major Fucoxanthin, Diadinoxanthin,
Diatoxanthin,
Chlorophyll a + c3 + ¢; [49]
minor (B-Carotene
reaction centre
Chlorophyll a
Morphology
Cell length 14.0 pm
Cell shape oblong and irregular [67]
Cultivation
Culture medium Fy / 18%
Light intensity 0.277Wm—2
Light/dark cycles 10h / 14h Fi Ad5: Mi . h
Growth temperature 19°C lgure A.45.: Microscopic photo-

graph of Prymnesium saltans with
Lugol’s solution (I2/ K1) as fixing
agent
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A.4. Haptophyta

An emission spectrum and an excitation spectrum of the alga P. saltans were measured
using the spectrofluorometer for spectral characterisation. The algal sample was diluted in
glycerine and the emission wavelength for the excitation spectrum was set to 750 nm, whereas
the excitation wavelength for the emission spectrum was 440 nm. The measurement for each
spectrum was repeated ten times and then the resulting excitation and emission spectra were
averaged. Both spectra were normalised separately as it is illustrated in Figure A.46. The exci-
tation spectrum was normalised to the Soret peak of chlorophyll a at 440 nm and the emission

spectrum was normalised to the maximal chlorophyll fluorescence at 680 nm.

Figure A.46.: Normalised emission and excitation spectrum of Prymnesium saltans for spectral
characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7 nm. Emis-
sion at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after 10
measurements.
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A.5. Orchophyta

A.5. Orchophyta

The Orchophyta is a phylum belonging to the kingdom Chromista. In accordance to the algal
database AlgaeBase, this phylum includes 3.793 algae species. [42]

These yellow-green algae mainly occur in the marine water, but few species prefer freshwater
regions. They are consistent in their morphology, so they could be described as uniflagellate
and spherical in shape.

In the literature no harmful effects, that were caused by algae species of this phylum, are
reported. By contrast, due to their favourable cultivation conditions and their high biomass
production, several algal species of the Orchophyta are a potential source for biofuel production.
Furthermore, they were also used commercially in the pharmaceutical industry, since in some
algae species one of the major accessory pigment is -carotene.

Figure A.47.: 3D spectrum of the algae species Nannochloropsis salina belonging to the phylum
Orchophyta. Excitation between 300 - 750 nm, slitwidth = 2.5 nm; Emission between 400 - 950
nm, slitwidth = 2.5 nm.

Typical pigments, that are present in all algae species of this phylum, are 3-carotene, vaucheri-

axanthin and chlorophyll a. Due to the fact, that chlorophyll a is a ubiquitous photosynthetic
pigment and also several carotenoids are part of different algae species of other classes, only
vaucheriaxanthin could be used as potential “marker” pigment.
The spectral properties of algae belonging to the phylum Orchophyta are illustrated in Figure
A.47. The significant emission band around 680 nm results from the fluorescence of chlorophyll
a. Moreover, the intensive excitation in the range of 350 - 450 nm results from the excitation of
[B-carotene (425 nm, 449 nm, 475 nm, acetone/hexane) [17], the excitation of vaucheriaxanthin
(418 nm, 441 nm, 470nm, EtOH) [20] and the excitation of the Soret peak of chlorophyll a
(432 nm) [44].
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A. Algae Fact Sheet

Eustigmatos magnus — (J. B. Petersen) D. J. Hibberd

E. magnus is a yellow-green freshwater species that also occurs in terrestrial ecoregions. [42]
An unhealthy impact of this microalga is not known in the literature, but, on the contrary, it is
recognised as a source of valuable carotenoids, which have healthy and colouring properties.
Besides, when the alga ages, it changes its colour from yellow-brown to yellow-orange due to
an increased content of S-carotene. [68]

Furthermore, E. magnus is suggested as a potential feedstock for the biofuel production. [69]

Characterisation

Taxonomy [42]

Empire Eukaryota
Kingdom Chromista

Phylum Ochrophyta

Class Eustigmatophyceae
Order Eustigmatales
Family Eustigmataceae
Genus Eustigmatos

Pigments of the light-harvesting complex [68]
Figure A.48.: Cultivation of the

accessory pigments . .
Ty Pig microalga Eustigmatos magnus

major (-Carotene, Violaxanthin,
Vaucheriaxanthin, Chlorophyll a

minor Zeaxanthin, Luteoxanthin,
Antheraxanthin

reaction centre
Chlorophyll a

Morphology

Cell diameter 15.0 um

Cell shape spherical, uniflagellate [42]
eyespot at one end [70]

Cultivation

Culture medium MWC 0%

Light intensity 0.277Wm™2

Light/dark cycles 10h / 14h

19°C Figure A.49.: Spherical cells of Eustig-
matos magnus with an eyespot un-
der the light microscope. Lugol’s
solution (I/ K1) as fixing agent

Growth temperature
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A.5. Orchophyta

For the description of the spectral behaviour of E. magnus, the algal sample was diluted in
glycerine to avoid sedimentation of the cells. An excitation spectrum and an emission spectrum
of the sample were recorded by using the spectrophotometer. The excitation wavelength for the
emission spectrum was set to 440 nm and the emission wavelength for the excitation spectrum
was set to 750 nm. The measurement for both spectra was repeated ten times and afterwards
the resulting spectra were averaged and normalised as it could be seen in Figure A.50. The
emission spectrum was normalised to the maximal chlorophyll fluorescence at 703 nm and the

excitation spectrum was normalised to the Soret peak of chlorophyll a at 435 nm.

Figure A.50.: Normalised emission and excitation spectra of Eustigmatos magnus. Excitation at
440 nm, slitwidth = 5 nm, emission slitwidth = 5 nm. Emission at 750 nm, slitwidth = 20 nm,
excitation slitwidth = 5nm. Averaged spectra after 10 measurements.
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A. Algae Fact Sheet

Nannochloropsis salina — D. J. Hibberd

This yellow-green marine alga is small and unicellular. Harmful effects are not known in the

literature, rather it is used as a source for -carotene in cosmetics or as feed in aquacultures.

[42, 71]

Characterisation

Taxonomy [42]
Empire
Kingdom
Phylum

Class

Order

Family

Genus

Eukaryota
Chromista
Ochrophyta
Eustigmatophyceae
Eustigmatales
Monodopsidaceae
Nannochloropsis

Pigments of the light-harvesting complex [72]

accessory pigments

major
minor

reaction centre

Morphology

Cell diameter
Cell shape

Cultivation

Culture medium

Violaxanthin, Chlorophyll a
Vaucheriaxanthin-(ester),
Zeaxanthin, 8-Carotene

Chlorophyll a

6.0 um
solitary, drop-shaped to
cylindrical [73]

special medium

berochierorysis ol

k

A= oS4

Figure A.51.: Cultivation of the
microalga  Nannochloropsis
saina

Light intensity 0.13Wm~2
Light/dark cycles 10h / 14h . ) )
° Figure A.52.: Microscopic photo-

Growth temperature 23°C S .
graph of Nannochloropsis salina with
Lugol’s solution (I2/ K1) as fixing
agent
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A.5. Orchophyta

An excitation and an emission spectrum of N. salina were measured using the spectro-
fluorometer for spectral characterisation. The algae sample was diluted in glycerine to avoid
sedimentation of the cells. Then, an excitation wavelength of 440 nm was used for the emission
spectrum. Moreover, the emission wavelength for the excitation spectrum was set to 750 nm.
The measurement for each spectrum was repeated ten times and then the resulting spectra
were averaged. Afterwards, both spectra were normalised separately as it is shown in Figure
A.53. The excitation spectrum was normalised to the Soret band of chlorophyll a at 437 nm,
whereas the emission spectrum was normalised to the maximal chlorophyll fluorescence at

688 nm.

Figure A.53.: Normalised emission and excitation spectrum of Nannochloropsis salina for spec-
tral characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7nm.
Emission at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after

10 measurements.
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A. Algae Fact Sheet

Chloridella neglecta — (Pascher & Geitler) Pascher

This yellow-green marine alga is the lectotype of the genus Chloridella. The information in the
literature and studies about this species are rare, therefore harmful effects are not noted so far.
[42]

Since a detailed pigment composition of this rarely analysed algae species is not known in
the literature, the description of the pigments is done by the class xanthophyceae.

Characterisation .
Taxonomy [42] ! _’
Empire Eukaryota ‘
Kingdom Chromista
Phylum Ochrophyta

Class Xanthophyceae e 2t
Order Mischococcales

Family Pleurochloridaceae

Genus Chloridella

Pigments of the light-harvesting complex [20]
Figure A.54.: Cultivation of the

accessory pigments microalga Chloridella neglecta

major Diadinoxanthin, Diatoxanthin,
Heteroxanthin, Vaucheriaxanthin,
Vaucheriaxanthin-ester,

Chlorophyll a
minor (-Carotene, Neoxanthin
reaction centre
Chlorophyll a
Morphology
Cell diameter 17.0 um
Cell shape spherical with an eyespot at
one end [70]
Cultivation
Culture medium MWC 0%
Light intensity 0.277Wm™2
Light/dark cycles 10h / 14h . .
Growth temperature 19°C Figure A.55.: Spherical cells of Chlo-

ridella neglecta under the micro-
scope. Lugol’s solution (I3/K1I)
used as fixing agent
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A.5. Orchophyta

To describe the spectral behaviour of Chl. neglecta, an algal sample was first diluted in glyc-
erine to avoid sedimentation. Then, an emission and an excitation spectrum were measured
using the spectrophotometer. For the excitation spectrum an emission wavelength of 750 nm
was chosen. For the emission spectrum an excitation of 440 nm was used. The measurements
were repeated ten times and then, the resulting spectra were averaged and normalised. The
excitation spectrum was normalised to the maximal excitation at 381 nm, whereas the emission
spectrum was normalised to the maximal chlorophyll fluorescence at 707 nm. An overlaid plot

of both spectra is shown in Figure A.56.

Figure A.56.: Normalised emission and excitation spectrum of Chloridella neglecta for spectral
characterisation. Excitation at 440 nm, slitwidth = 5nm, emission slitwidth = 5 nm. Emis-
sion at 750 nm, slitwidth = 20nm, excitation slitwidth = 5nm. Averaged spectra after 10

measurements.
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A. Algae Fact Sheet

Unknown microalga

We got this microalga from our supplier under the name Chrysochromulina chiton. However, Ch.
chiton is a golden-brown microalga but the grown algae is dark green. Moreover, the recorded
excitation spectrum (compare Figure A.59) suggests that this microalga is more similar to a
Orchophyta or Chlorophyta species than to a Haptophyta species.

Since the species remains unknown, a detailed pigment composition could not be researched.
Therefore, the spectral characterisation is carried out by the phylum to which the alga probably
belongs. The list below includes only the pigments, that are contained in all algae species
belonging to the phylum Orchophyta and Chlorophyta.

Characterisation

Taxonomy [42]

Empire Eukaryota
Kingdom unknown
Phylum unknown
Class unknown
Order unknown
Family unknown
Genus unknown

Pigments of the light-harvesting complex [74]
Figure A.57.: Cultivation of the

accessory pigments .
Yy P18 nameless microalga

p-Carotene, Chlorophyll a
reaction centre

Chlorophyll a
Morphology
Cell length 20.0 pm
Cell shape spherical and elongate
Cultivation
Culture medium F> / 30%
Light intensity 0.277Wm™2
Light/dark cycles 10h / 14h .
Growth temperature 19°C Figure A.58.: Elongated cells of the

unknown algae under the light
microscope using Lugol’s solution
(I2/ K1) as fixing agent
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A.5. Orchophyta

For the spectral characterisation of this algae species, a sample was diluted in glycerine to
avoid the sedimentation of the algae cells. Then, an emission spectrum as well as an excitation
spectrum were measured using the spectrophotometer. The excitation wavelength for the
emission spectrum was set to 440 nm, whereas the emission wavelength for the excitation
spectrum was set to 750 nm. The measurement of each type of spectrum was repeated ten
times and then the resulting spectra were averaged. Afterwards, the emission spectrum was
normalised to the maximal chlorophyll fluorescence at 686 nm and the excitation spectrum

was normalised to the excitation maximum at 376 nm. The results are given in Figure A.59.

Figure A.59.: Normalised emission and excitation spectra of the nameless algae. Excitation at
440 nm, slitwidth = 5 nm, emission slitwidth = 5 nm. Emission at 750 nm, slitwidth = 20 nm,
excitation slitwidth = 5nm. Averaged spectra after 10 measurements.
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A.6. Chlorophyta

A.6. Chlorophyta

Chlorophyta are the typical and well-known "green algae" belonging to the kingdom Plantae.
According to the algae-database AlgaeBase this phylum includes 6.032 algae species. [42]

These algae are mainly found in freshwater areas, but few of them inhabit also marine
regions. Furthermore, Chlorophyta are bi-flagellate and ellipsoid or oval in their cell shape.

Harmful effects caused by algae species belonging to the Chlorophyta are not known in
the literature. However, it is reported that some species are used in ecotoxicological tests.
Besides, other species are a potential source for the biodiesel production or are suggested to
have some healthy effects. They are able to accumulate astaxanthin or produce /-carotene as
photosynthetic pigment, which have antioxidative properties. Therefore, these algae species
are used in medical tests or as nutritional supplement.

Figure A.60.: Averged excitation and emission spectrum of Selenastrum capricornutum belonging
to the phylum Chlorophyta. Excitation at 440 nm, slitwidth = 14nm; Emission at 750 nm,
slitwidth = 7nm. Averaged spectra after 10 measurements.

Typical pigments, that are part of the light-harvesting complex in all algae of the phylum
Chlorophyta, are lutein, 3-carotene and chlorophyll a + b as major pigments and violaxanthin and
neoxanthin as minor pigments in the photosystems. Furthermore, chlorophyll a is the typical
dimer in the reaction centre. The pigment that is most suitable being the “marker” pigment
of the phylum Chlorophyta, is lutein; especially in the combination with chlorophyll b. Lutein
is the major pigment in the light-harvesting complex and it does not appear in algae species
belonging to other phyla. The absorption behaviour of these pigments leads to the overlapped
excitation spectrum shown in Figure A.60. The spectral behaviour of the chlorophyta is
predominantly defined by -carotene (425, 449, 475 nm, acetone/hexane), lutein (445, 473 nm)
and chlorophyll a (Soret band around 432 nm and @ band around 670 nm) and chlorophyll b
(472.5, 655.5 nm, pyridinine). Moreover, violaxanthin (439, 468 nm) and neoxanthin (416, 440,
469 nm) are also typical pigments in the chlorophyta. [17, 75, 76]
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A. Algae Fact Sheet

Tetraselmis suecica — (Kylin) Butcher

T. suecica is a bright-green microalga that is widely distributed in marine and brackish water.
So far, unhealthy impacts are not known in the literature. [77]
On the contrary, algae species belonging to the genus Tetraselmis are rich in proteins and

therefore might be used as nutritional supplements in human or animal feed. [71]

Characterisation

Taxonomy [42]

Empire Eukaryota ~r
Kingdom Plantae ;
Phylum Chlorophyta

Class Chlorodendrophyceae

Order Chlorodendrales

Family Chlorodendraceae

Genus Tetraselmis

Pigments of the light-harvesting complex [78, 51]
Figure A.61.: Cultivation of the

accessory pigments . . .
Y Pi5 microalga Tetraselmis suecica

major Lutein, Chlorophyll a + b
minor (B-Carotene, Neoxanthin,
Violaxanthin
trace Antheraxanthin, Zeaxanthin
reaction centre
Chlorophyll a
Morphology
Cell length 18.0 um
Cell shape compressed, elliptical to
oviform [77]
Cultivation
Culture medium MWC 0%
Light intensity 0.277Wm2
Light/dark cycles 10h / 14h ) )
Growth temperature 19°C Figure A.62.: Solitary but compressed

cells of Tetraselmis sueccica under
the microscope. Lugol’s solution
(I2/K1I) used as fixing agent
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A.6. Chlorophyta

As it is illustrated in Figure A.63, an emission and an excitation spectrum were measured
for spectral characterisation of T. suecica. For this, the algal sample was diluted in glycerine
to avoid sedimentation of the cells. Using the spectrofluorometer, an excitation and an emis-
sion spectrum were measured. For the emission spectrum the sample was excited at 440 nm,
whereas for the excitation spectrum, the emission wavelength was set to 750 nm. The mea-
surement was repeated ten times and then the resulting excitation and emission spectra were
averaged and normalised separately as it is shown in Figure A.63. The excitation spectrum
was normalised to the Soret peak of chlorophyll a at 434 nm and the emission spectrum was

normalised to the maximal chlorophyll fluorescence at 682 nm.

Figure A.63.: Normalised emission and excitation spectrum of Tetraselmis suecica for spectral
characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7nm. Emis-
sion at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after 10
measurements.
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A. Algae Fact Sheet

Chlamydomonas reinhardtii - P.A.Dangeard

Ch. reinhardtii is a green microalga which is found in freshwater areas, stagnant water or on

humid soil. It could also be found in marine zones or in snow. [79]

This alga is well described and analysed, hence it becomes a “model-alga”, which is used

for further investigations, medical or biological studies and toxicological tests. In addition,

harmful effects of Ch. reinhardtii are not known in the literature. [80]

Characterisation

Taxonomy [42]
Empire
Kingdom
Phylum

Class

Order

Family

Genus

Eukaryota

Plantae

Chlorophyta
Chlorophyceae
Chlamydomonadales
Chlamydomonadaceae
Chlamydomonas

Pigments of the light-harvesting complex [59]

accessory pigments
major
minor

reaction centre

Morphology

Cell diameter
Cell shape

Cultivation

Culture medium
Light intensity
Light/dark cycles
Growth temperature

Lutein, Chlorophyll a + b
Neoxanthin, Antheraxanthin,
Zeaxanthin, Carotene,
Violaxanthin

Chlorophyll a

14.0 um
oval, bi-flagellate [81]

MWC 0%
0.277Wm—2
10h / 14h
19°C

Figure A.64.: Cultivation of the
microalga Chlamydomonas rein-
hardtii

Figure A.65.: Microscopic photo-
graph of Chlamydomonas reinhardtii
with Lugol’s iodine (I3 /K1) as fix-
ing agent
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A.6. Chlorophyta

For the spectral characterisation of Ch. reinhardtii the algal sample was diluted in glycerine.
An emission and an excitation spectrum were measured using the spectrofluorometer. For
the excitation spectrum, the emission wavelength was set to 750 nm, whereas the excitation
wavelength for the emission spectrum was 440 nm. The measurement for each spectrum was
repeated ten times and then the resulting excitation and emission spectra were averaged.
Afterwards, both spectra were normalised separately. The excitation spectrum was normalised
to the Soret band of chlorophyll a at 436 nm. The emission spectrum, by contrast, was nor-

malised to the maximal chlorophyll fluorescence at 684 nm. The results are given in Figure A.66.

Figure A.66.: Normalised emission and excitation spectrum of Chlamydomonas reinhardtii for
spectral characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7nm.
Emission at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after
10 measurements.
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A. Algae Fact Sheet

Choricystis minor - (Skuja) Fott

The green microalga is a cosmopolitan alga that is found in freshwater and in nutrient-poor
lakes. Unhealthy effects of this alga are not known in the literature. [82]

Moreover, it was also reported, that Ch. minor could be used to produce biodiesel under
certain cultivation conditions. [83]

Since a detailed pigment composition of the microalga is not known in the literature, the de-
scription of the photosynthetic pigments, which are expected to be part of the light-harvesting
system, is done by the phylum in general.

Characterisation

W
-

Taxonomy [42]

Empire Eukaryota v

Kingdom Plantae

Phylum Chlorophyta

Class Chlorophyceae
Order Chlamydomonadales
Family Coccomyxaceae
Genus Choricystis

Pigments of the light-harvesting complex
Figure A.67.: Cultivation of the

accessory pigments . e
Yy P18 microalga Choricystis minor

major Lutein, 5-Carotene,
Chlorophyll a + b
minor Violaxanthin, Neoxanthin
reaction centre
Chlorophyll a
Morphology
Cell diameter 7.7 um
Cell shape ellipsoid, coccoid [84]
Cultivation
Culture medium MWC 0%
Light intensity 0.277Wm~2
Light/dark cycles 10h / 14h . . .
Growth temperature 19°C Figure A.68.: Coccoidal cells of Chori-

cystis minor under the microscope.
Lugol’s solution (I3/K1I) used as
fixing agent
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A.6. Chlorophyta

An emission and an excitation spectrum of Ch. minor were measured for spectral characteri-
sation (compare Figure A.69). The algal sample was diluted in glycerine to avoid sedimentation
of the cells and then an emission spectrum and an excitation spectrum were measured using
the spectrofluorometer. The excitation wavelength for the emission spectrum was 440 nm and
the emission wavelength for the excitation spectrum was 750 nm. The measurement for each
spectrum was repeated ten times and then the resulting spectra were averaged and normalised
separately. The excitation spectrum was normalised to the Soret peak of chlorophyll a at
437nm, whereas the emission spectrum was normalised to the maximal chlorophyll fluores-

cence at 687 nm.

Figure A.69.: Normalised emission and excitation spectrum of Choricystis minor for spectral
characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7nm. Emis-
sion at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after 10

measurements.
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A. Algae Fact Sheet

Dunaliella salina — (Dunal) Teodoresco

D. salina is a highly variable, non-toxic microalga. It mainly occurs in marine and halophilic
areas, but can also be found in freshwater regions. Furthermore, this alga is very tolerant to
pH-fluctuations although it prefers high pH-values. Moreover, the content of 3-carotene in D.
salina is high, so the alga is a well-known feedstock for the pharmaceutical and food industry.

[85] Furthermore, D. salina is used for biodiesel production. [71]

Considering the cell shape and the algal colour, D. salina is a flexible alga. Depending on
the season, D. salina changes its colour from red to green. Even the cell shape might change
depending on environmental conditions — the cells could be ellipsoidal, oval, egg-shaped or
spindle-shaped. [86]

/

/ —
Characterisation :

=

Taxonomy [42]
Empire Eukaryota
Kingdom Plantae :
Phylum Chlorophyta M i3
Class Chlorophyceae 2
Order Chlamydomonadales il
Family Dunaliellaceae
Genus Dunaliella

Figure A.70.: Cultivation of the

Pigments of the light-harvesting complex [86] algae species Dunaliella salina

accessory pigments

major B-Carotene, Chlorophyll a + b
minor Lutein, Neoxanthin, Zeaxanthin
reaction centre
Chlorophyll a
Morphology
Cell diameter 14.0 um
Cell shape spherical to spindle-shaped,
eyespot on one side,
unicellular, bi-flagellate [85]
Cultivation
Culture medium MWC 0% e
Light intensity 0.277Wm™2 Figure A.71.. Spherical cells of
Light/dark cycles 10h / 14h Dunaliella salina under the micro-
Growth temperature 19°C scope. Lugol’s solution (Iy/K1I)

used as fixing agent
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A.6. Chlorophyta

For the spectral characterisation of D. salina, an algal sample was diluted in glycerine. Then
an excitation and an emission spectrum were measured using the spectrofluorometer. The
emission wavelength for the excitation spectrum was set to 750 nm, whereas the excitation
wavelength for the emission spectrum was set to 440 nm. The measurement for each spectrum
was repeated ten times and then the resulting spectra were averaged. After the measurement,
both spectra were normalised as it is illustrated in Figure A.72. The emission spectrum was
normalised to the maximal chlorophyll fluorescence at 684 nm and the excitation spectrum

was normalised to the Soret peak of chlorophyll a at 436 nm.

Figure A.72.: Normalised emission and excitation spectrum of Dunaliella salina for spectral
characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7 nm. Emis-
sion at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after 10
measurements.
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A. Algae Fact Sheet

Dunaliella tertiolecta — Butcher

The cell shape of this green marine alga can vary and may form symmetrical, oval or even

pyriform cells. So far, harmful effects are not known in the literature. [42]

Characterisation

Taxonomy [42]

Empire Eukaryota

Kingdom Plantae

Phylum Chlorophyta

Class Chlorophyceae
Order Chlamydomonadales
Family Dunaliellaceae
Genus Dunaliella

Pigments of the light-harvesting complex [46]
Figure A.73.: Cultivation of the

accessory pigments . . .
Y Pi5 microalga Dunaliella tertiolecta

major Lutein, Chlorophyll a + b
minor Neoxanthin, Fucoxanthin,
Antheraxanthin, Zeaxanthin,
(B-Carotene
reaction centre
Chlorophyll a
Morphology
Cell diameter 14.0 pm
Cell shape radially symmetrical, oval,
bi-flagellate [42]
Cultivation
Culture medium MWC 0%
Light intensity 0.277Wm™2
Light/dark cycles 10h / 14h ) _
Growth temperature 19°C Figure A.74.: Oval cells of Dunaliella

tertiolecta under the microscope. Lu-
gol’s solution (Iy/KI) as fixing
agent
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A.6. Chlorophyta

For the spectral characterisation of D. tertiolecta, an excitation and an emission spectrum were
measured using the spectrofluorometer (compare Figure A.75). The excitation wavelength for
the emission spectrum was set to 440 nm and the emission wavelength for the excitation was
set to 750 nm. The measurement for each spectrum was repeated ten times and the resulting
spectra were averaged. Then, both spectra were normalised — the excitation spectrum was
normalised to the Soret peak of chlorophyll a at 435 nm, whereas the emission spectrum was
normalised to the maximal chlorophyll fluorescence at 681 nm. The sample was diluted in

glycerine to avoid sedimentation of the algae cells.

Figure A.75.: Normalised emission and excitation spectrum of Dunaliella tertiolecta for spectral
characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7 nm. Emis-
sion at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after 10
measurements.
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A. Algae Fact Sheet

Haematococcus pluvialis — Flotow

H. pluvialis is a freshwater species that normally appears as green and motile alga. Under
unfavourable conditions, however, it becomes non-motile and red. [87] This red colour results
from astaxanthin, which could be accumulated by the alga under stressful conditions. Due to
the fact, that antioxidative properties are attributed to astaxanthin, the alga is of interest to the
industry. [88]

Moreover until now, harmful effects of this microalga are not known in the literature. [88]

Characterisation

Taxonomy [42]

Empire Eukaryota

Kingdom Plantae

Phylum Chlorophyta

Class Chlorophyceae
Order Chlamydomonadales
Family Haematococcaceae
Genus Haematococcus

Pigments of the light-harvesting complex [89]
Figure A.76.: Cultivation of the

accessory pigments . .
Yy P18 microalga Haematococcus pluvi-

major p-Carotene, Astaxanthin, alis under unfavourable condi-
Chlorophyll a + b .
. . tions
minor Lutein
reaction centre
Chlorophyll a
Morphology
Cell diameter 26.0 um
Cell shape spherical,
unicellular, bi-flagellate [87]
Cultivation
Culture medium MWC 0% Figure A.77.: Microscopic photo-
Light intensity 0.277Wm™2 graph of green and motile (left) or
Light/dark cycles 10h / 14h red and non-motile (right) H. pluvi-
Growth temperature 19°C alis. Lugol’s solution (I3/ K1) was

used as fixing agent
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A.6. Chlorophyta

An excitation spectrum as well as an emission spectrum were measured for the spectral
characterisation of the red and non-motile H. pluvialis. First, the algal sample was diluted
in glycerine and then measured using the spectrofluorometer. For the excitation spectrum,
the emission wavelength was set to 750 nm and for the emission spectrum, the excitation
wavelength was 440nm. The measurement for each spectrum was repeated ten times and
the resulting excitation and emisison spectra were averaged. Afterwards, both spectra were
normalised separately as it is shown in Figure A.78. The excitation spectrum was normalised
to the Soret peak of chlorophyll a at 436 nm, whereas the emission spectrum was normalised

to the maximal chlorophyll fluorescence at 685 nm.

Figure A.78.: Normalised emission and excitation spectrum of the red and non-motile Haemato-
coccus pluvialis for spectral characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission
slitwidth = 7nm. Emission at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Aver-
aged spectra after 10 measurements.
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A. Algae Fact Sheet

Scenedesmus sp.

S. sp. is a green microalga which is found in freshwater areas. [42] Unhealthy effects of this
alga are not known in the literature. On the contrary, due to the fact that it has a high lipid
content and could grow under heterotrophic conditions, S. sp. is a potential biodiesel producer

and also important as food supplements. [90]

Since a detailed pigment composition of S. sp. is not known in the literature, the description
of the pigmentation is done by the genetically similar algae species Scenedesmus armatus. [91]

Characterisation =
R Y

Taxonomy [42] /

Empire Eukaryota -

Kingdom Plantae I

Phylum Chlorophyta -

Class Chlorophyceae

Order Sphaeropleales

Family Scenedesmaceae

Genus Scenedesmus

Pigments of the light-harvesting complex [92] Figure A.79.: Cultivation of the

accessory pigments microalga Scenedesmus sp.
major Lutein, Chlorophyll a + b,
minor (B-Carotene, Loroxanthin,
Violoxanthin, Neoxanthin [91]
under stress: Astaxanthin, Canthaxanrhin,

Echinenone, Adonirubin
reaction centre

Chlorophyll a
Morphology
Cell length 13.0 um
Cell shape rotational ellipsoid [91]
Cultivation
Culture medium MWC 0%
Light intensity 0.277Wm™2 Figure A.80.. Ellipsoid cells of
Light/dark cycles 10h / 14h Scenedesmus sp.  forming long
Growth temperature 19°C chains. Lugol’s solution (I3/K1I)

used as fixing agent
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A.6. Chlorophyta

To describe the spectral behaviour of Scenedesmus sp., a sample of this alga was diluted in
glycerine and an emission as well as an excitation spectrum were measured using the spec-
trophotometer. For the excitation spectrum, the emission wavelength was set to 750 nm and
for the emission spectrum the alga was excited at 440 nm. The measurement for each spectrum
was repeated ten times and afterwards, the resulting spectra were averaged and normalised.
The emission spectrum was normalised to the maximal chlorophyll fluorescence at 688 nm,
whereas the excitation spectrum was normalised to the Soret peak of chlorophyll a 436 nm.

The results are shown in Figure A.81.

Figure A.81.: Normalised emission and excitation spectra of Scenedesmus sp.. Excitation at
440 nm, slitwidth = 5 nm, emission slitwidth = 5 nm. Emission at 750 nm, slitwidth = 20 nm,

excitation slitwidth = 5nm. Averaged spectra after 10 measurements.
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A. Algae Fact Sheet

Monoraphidium

The species of this alga is unclear, but considering the genus, Monoraphidium is a green fresh-
water species which prefers slow floating, nutrient-rich regions. [58]

Harmful effects of this genus are not known in the literature, however, it contains several
species that are suggested to be a potential feedstock for the biofuel production. [93]

Since the algal species is not fully defined, the description of the algal pigment composition
is done by the algae species Monoraphidium contortum, which is a common representative of

this genus.

Characterisation

Taxonomy [42]

Empire Eukaryota
Kingdom Plantae

Phylum Chlorophyta
Class Chlorophyceae
Order Sphaeropleales
Family Selenastraceae
Genus Monoraphidium

Pigments of the light-harvesting complex [94]
Figure A.82.: Cultivation of the

accesso igments
Y P8 microalga Monoraphidium

major Lutein, Violaxanthin
Chlorophyll a + b
minor Neoxanthin, -Carotene,
reaction centre
Chlorophyll a
Morphology
Cell diameter 18.5 um
Cell shape lean needles,
curved in divers forms [95]
Cultivation
Culture medium MWC 0%
Light intensity 0.277Wm™2
Light/dark cycles 10h / 14h )
Growth temperature 19°C Figure A.83.: Curved cells of Mono-

raphidium under the light micro-
scope. Lugol’s solution (I3/K1I)
used as fixing agent
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A.6. Chlorophyta

For the spectral characterisation of the alga belonging to the genus Monoraphidium, the
algal sample was diluted in glycerine to avoid sedimentation of the cells. Then an excitation
spectrum with an emission wavelength of 750 nm and an emission spectrum with an excitation
wavelength of 440 nm were measured using the spectrofluorometer. The measurement of
each spectrum was repeated ten times and then the spectra were averaged and normalised
separately as Figure A.84 illustrates. The excitation spectrum was normalised to the Soret peak
of chlorophyll a at 437 nm, whereas the emission spectrum was normalised to the maximal

chlorophyll fluorescence at 687 nm.

Figure A.84.: Normalised emission and excitation spectrum of an Monoraphidium algae for
spectral characterisation. Species remain unknown. Excitation at 440 nm, slitwidth = 14nm,
emission slitwidth = 7nm. Emission at 750 nm, slitwidth = 14 nm, excitation slitwidth =
7nm. Averaged spectra after 10 measurements.
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A. Algae Fact Sheet

Pseudokirchneriella subcapitata — (Korshikov) EHindak

This green microalga occurs in freshwater ponds and rivers. Due to its availability, favourable

growth rates and culturing, P. subcapitata is often used in ecotoxicological tests. [96] Besides,

unhealthy effects of this alga itself are not known in the literature.

Since a detailed pigment composition of this algal species could not be researched in the

literature, the pigmentation is described by the phylum Chlorophyta in general. The list below

contains only these pigments, that are common in all other algae species belonging to this

phylum.

Characterisation

Taxonomy [42]
Empire
Kingdom
Phylum

Class

Order

Family

Genus

Eukaryota

Plantae
Chlorophyta
Chlorophyceae
Sphaeropleales
Selenastraceae
Pseudokirchneriella

Pigments of the light-harvesting complex

accessory pigments

Figure A.85.: Cultivation of the
microalga Pseudokirchneriella

major Lutein, 5-Carotene, beapitat
Chlorophyll a + b subcapitata
minor Violaxanthin, Neoxanthin
reaction centre
Chlorophyll a
Morphology
Cell diameter 11.0 um
Cell shape semi-circularly curved,
solitary [96]
Cultivation
Culture medium MWC 0% S
Light intensity 0.277Wm™2 Eopn
Light/dark cycl 10h / 14h
ight/dark cycles o / Figure A.86.: Solitary cells of Pseu-
Growth temperature 19°C ) ; .
dokirchneriella subcapitata under the
microscope using Lugol’s solution
(I2/ K1) as fixing agent
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A.6. Chlorophyta

For the spectral characterisation of Pseudokirchneriella subcapitata, the algal solution was
diluted in glycerine to avoid sedimentation. Then an excitation spectrum with an emission
of 750 nm and an emission spectrum with an excitation wavelength of 440 nm were recorded
using the spectrofluorometer. Both spectra were normalised separately. As it is shown in Figure
A.87, the excitation spectrum was normalised to the Soret band of chlorophyll a at 436 nm and
the emission spectrum was normalised to the maximum of the chlorophyll fluorescence at

686 nm. Each spectrum was measured ten times and averaged afterwards.

Figure A.87.: Normalised emission and excitation spectrum of Pseudokirchneriella subcapitata
for spectral characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth =
7nm. Emission at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra
after 10 measurements.
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A. Algae Fact Sheet

Selenastrum capricornutum — Printz

Formerly, S. capricornutum and P. subcapitata, a Chlorophyta described previously, were suggested
to be of the same type, so these algae species have similar properties. It is a green microalga
that is found in freshwater areas, lakes and rivers. Harmful effects of this alga are not known

in the literature, but it is used in toxicity test as well as P. subcapitata. [96]

Since a detailed pigmentation of this alga could not be researched in the literature, the
pigment composition is described by the phylum Chlorophyta in general. The list below
contains all pigments that are common in all other algae species of the phylum Chlorophyta.

Characterisation

Taxonomy [42]

Empire Eukaryota
Kingdom Plantae
Phylum Chlorophyta
Class Chlorophyceae
Order Sphaeropleales
Family Selenastraceae
Genus Selenastrum

Pigments of the light-harvesting complex
Figure A.88.: Cultivation of the

accessory pigments . ,
Y P8 microalga Selenastrum capricor-

major Lutein, 5-Carotene, ;
Chlorophyll a + b num
minor Violaxanthin, Neoxanthin
reaction centre
Chlorophyll a
Morphology
Cell diameter 11.0 um
Cell shape semi-circularly curved
solitary [96]
Cultivation
Culture medium MWC 0%
Light intensity 0.277Wm™2
Light/dark cycles 10h / 14h ) . )
Growth temperature 19°C Figure A.89.:. Microscopic photo-

graph of Selenastrum capricornutum
with Lugol’s solution (I2/ K I) as fix-
ing agent
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A.6. Chlorophyta

To describe the spectral behaviour of S. capricornutum an excitation spectrum with an emis-
sion wavelength of 750 nm as well as an emission spectrum with an excitation of 440 nm were
measured using the spectrofluorometer. The measurement for each spectrum was repeated ten
times and then averaged. Comparing Figure A.90, both spectra were normalised to different
wavelengths. The excitation spectrum was normalised to the Soret band of chlorophyll a at

436 nm, whereas the emission spectrum was normalised to the maximum of the chlorophyll

fluorescence at 687 nm.

Figure A.90.: Normalised emission and excitation spectrum of Selenastrum capricornutum for
spectral characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7nm.
Emission at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after

10 measurements.
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A. Algae Fact Sheet

Chlorella emersonii — Shihira & R.W.Krauss

Ch. emersonii is a less known representative of the genus Chlorella than Ch. vulgaris, which is

described later. The current accepted name of Ch. emersonii is Graesiella emersonii — (Shihara &
R.W.Krauss) H.Nozaki, M.Katagiri, M.Nakagawa, K.Aizawa & M.M.Watanabe. It is a green
microalga that occurs in freshwater and terrestrial zones. [58] Besides, harmful effects of this

species are not known in the literature. This alga is similar to Ch. vulgaris, therefore, for further

information see the next pages.

Since the detailed pigmentation of this algae species is not known in the literature, the

general description of the pigment composition is done by the genetically similar alga Chlorella

vulgaris and Chlorella sp..

Characterisation

Taxonomy [42]
Empire
Kingdom
Phylum

Class

Order

Family

Genus

Eukaryota
Plantae
Chlorophyta
Trebouxiophyceae
Chlorellales
Chlorellaceae
Chlorella

Pigments of the light-harvesting complex [97]

accessory pigments

major
minor

reaction centre

Morphology

Cell diameter

Lutein, Violaxanthin,
Chlorophyll a + b
Zeaxanthin, Neoxanthin,
Antheraxanthin

Chlorophyll a

11.0 um

Figure A.91.: Cultivation of the
microalga Chlorella emersonii

Cell shape spherical to subspherical
solitary, or grouped [58]
Figure A.92.: Subspherical cells of
Chlorella emersonii under the micro-
scope using Lugol’s iodine (I3/ K1)
as fixing agent
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A.6. Chlorophyta

Cultivation

Culture medium MWC 0%
Light intensity 0.277Wm™2
Light/dark cycles 10h / 14h
Growth temperature 19°C

An emission spectrum as well as an excitation spectrum were measured for the spectral
characterisation of Ch. emersonii. First, the algal sample was diluted in glycerine to avoid sedi-
mentation of the cells and afterwards the spectra were recorded using the spectrofluorometer.
For the excitation spectrum, the emission wavelength was set to 750 nm, whereas the excitation
wavelength for the emission spectrum was set to 440 nm. The measurement of each spectrum
was repeated ten times and then the spectra were averaged and normalised as it is shown
in Figure A.93. The excitation spectrum was normalised to the Soret peak of chlorophyll a

at 436 nm and the emission spectrum was normalised to the chlorophyll fluorescence at 686 nm.

Figure A.93.: Normalised emission and excitation spectrum of Chlorella emersonii for spectral
characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7nm. Emis-
sion at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after 10
measurements.
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A. Algae Fact Sheet

Chlorella vulgaris — Beyerinck

Ch. vulgaris is a cosmopolitan, green microalga that prefers stagnant water and humid soil, but

might also occur in freshwater and marine regions. [42]

An unhealthy impact of this species is not known in the literature, but rather a certain
health benefit. Ch. vulgaris is able to absorb and accumulate radionuclides and heavy metals
(= bio-absorption). Therefore, this microalga could be used for wastewater treatment [98] and
as food supplement, additive or colourant. Moreover, it is a potential feedstock for the biofuel
production. [99]

Characterisation

Taxonomy [42]

Empire Eukaryota
Kingdom Plantae

Phylum Chlorophyta
Class Trebouxiophyceae
Order Chlorellales
Family Chlorellaceae
Genus Chlorella

Pigments of the light-harvesting complex [59]
Figure A.94.: Cultivation of the

accessory pigments microalga Chlorella vulgaris

major Lutein, Chlorophyll a + b

minor Zeaxanthin, Antheraxanthin,
(B-Carotene, Neoxanthin,
Violoxanthin, Canthaxanthin

Pheophytin a [99]
reaction centre

Chlorophyll a
Morphology
Cell diameter 10.0 um
Cell shape spherical [99]

Figure A.95.. Microscopic photo-

Cultivation graph of Chlorella vulgaris with Lu-
Culture medium MWC 0% foi rsIt solution (Iy/KI) as fixing
Light intensity 0.277Wm™2 &
Light/dark cycles 10h / 14h
Growth temperature 19°C
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A.6. Chlorophyta

For the spectral characterisation of Ch. vulgaris, an excitation spectrum and an emission
spectrum were measured. The sample was diluted in glycerine. Then, the excitation spectrum
was measured with an emission wavelength of 750 nm. Furthermore, an emission spectrum
was measured by using an excitation of 440 nm. Both spectra were recorded using the spec-
trofluorometer. The measurements were repeated ten times and the resulting spectra were
averaged and afterwards normalised. The excitation spectrum was normalised to the maximal
excitation at 376 nm, whereas the emission spectrum was normalised to the maximal chloro-
phyll fluorescence at 686 nm. The overlaid plot of both spectra is shown in Figure A.96.

Figure A.96.: Normalised emission and excitation spectrum of Chlorella vulgaris for spectral
characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7 nm. Emis-
sion at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra after 10
measurements.
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A. Algae Fact Sheet

Unknown microalga

We got this microalga from our supplier under the name Chaetoceros peruvianus. However, Ch.
peruvianus is a yellow-brown diatom and the grown alga is bright green. Furthermore, the
recorded excitation spectrum (compare Figure A.99) suggests that the alga is more similar to
the Chlorophyta species than to the Diatoms.

Since the species remains unknown, a detailed pigment composition could not be researched.
Therefore, the spectral characterisation is carried out by the phylum to which the alga belongs.
The list below includes only the pigments, that are contained in all algae species belonging to
the phylum Chlorophyta.

Characterisation

Taxonomy [42]

Empire Eukaryota
Kingdom Plantae
Phylum Chlorophyta
Class unknown
Order unknown
Family unknown
Genus unknown

Pigments of the light-harvesting complex
Figure A.97.: Cultivation of the

accessory pigments )
unknown microalgae

major Lutein, 5-Carotene
Chlorophyll a + b
minor Violaxanthin, Neoxanthin
reaction centre
Chlorophyll a
Morphology
Cell diameter 7.6 um
Cell shape coccoid, spherical
Cultivation
Culture medium Fy / 30%
Light intensity 0.277Wm™2
Light/dark cycles 10h / 14h . . o
Growth temperature 19°C Figure A.98.: Microscopic image of

the nameless algae. Lugol’s solu-
tion (I2/KI) use as fixing agent
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A.6. Chlorophyta

For the spectral characterisation of the unknown microalga as it is illustrated in Figure
A.99, the algal sample was diluted in glycerine to avoid sedimentation effects of the cells. An
emission spectrum with an excitation at 440 nm and an excitation spectrum with an emission
wavelength of 750 nm were measured using the spectrofluorometer. Each measurement was
repeated ten times and then the excitation and emission spectra were averaged. After the
measurement, the emission spectrum was normalised to the maximal chlorophyll fluorescence
(687nm), whereas the excitation spectrum was normalised to the Soret peak of chlorophyll a
(437 nm).

Figure A.99.: Normalised emission and excitation spectrum of the unknown Chlorophyta as
spectral characterisation. Excitation at 440 nm, slitwidth = 14 nm, emission slitwidth = 7nm.
Emission at 750 nm, slitwidth = 14 nm, excitation slitwidth = 7nm. Averaged spectra of 10
measurements.
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A.7. Cyanophyta

A.7. Cyanophyta

Cyanophyta are also known under the name Cyanobacteria. Previously, they were classified as
blue-green algae to the empire of the algae. By contrast today, the Cyanophyta are classified to
the prokaryotic bacteria, since they have no nucleus. Nevertheless, they share some properties
with the algae. According to the algae-database, there are 4.483 photosynthetic cyanobacteria
listed in the literature. [42]

Cyanobacteria mainly occur in freshwater regions and form filamentous organisms that
might be curved and coiled or linear. Furthermore, they are dominant bloom-forming organ-
isms and some of the cyanobacteria might create hypoxic conditions or produce toxins, known
as cyanotoxins. Since the cyanotoxins can lead to skip disorders (= dermatoxins), liver diseases
(= hepatotoxins) or even neurological diseases (= neurotoxins), the harmful bacteria should be
recognised at an early stage. [100, 101]

Figure A.100.: 3D spectrum of an blue-green cyanobacteria belonging to the phylum Cyanobacteria.
The exact species is unknown. Excitation between 300 - 750 nm, slitwidth = 2.5 nm; Emission
between 400 - 950 nm, slitwidth = 2.5nm.

In addition to the light-harvesting complex, the cyanobacteria have another peripheral an-
tenna complex, which is called phycobilisome. Within this complex phycocyanin (excitation at
621 nm, emission at 634 nm), allophycocyanin (655 nm, solvent unknown), and phycoerythin
(excitation at 566 nm, emission at 574 nm) are the accessory pigments. Due to this, cyanobacte-
ria can use a wider range of the incident light in order to close the green gap, where chlorophyll
and other pigments do not absorb. [18, 22, 102] They predominantly define the spectral
behaviour of the blue-green algae. Besides these phycobilisomes, cyanobacteria contain com-
mon light-harvesting pigments as other algae. Typical pigments are [-carotene (425, 449,
475 nm, acetone/hexane), zeaxanthin (425, 450, 475 nm, acetone /hexane), echinenone (460 nm,
acetone/hexane), myxoxanthophyll (449, 474, 505 nm, ethanol) and chlorophyll a, whereby zeax-
anthin is most suitable as “marker” pigment. [18,17, 103, 104]

Figure A.100 illustrates a 3D spectrum of a blue-green cyanobacteria. The absorbance be-
haviour is clearly different to other algal phyla, since the excitation spectrum is predominantly
defined by the absorption of the phycobilisomes.
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A. Algae Fact Sheet

Blue-green cyanobacteria

The species of this bacteria is unknown, therefore a general description of the cyanobacteria,
its habitat and pigment composition is not possible. Moreover, it is not clear if this species has
harmful effects, however, cyanobacteria are associated with cyanotoxins and Saxitoxin which
cause serious damages to health or even lead to death.

Besides, during the cultivation process, it was observed that these cyanobacteria are capable
of switching their photosynthesis process between an anoxygenic form of photosynthesis
to an oxygenic form. In accordance to Garlick, Oren, and Padan, there are eleven different
cyanobacteria which are capable of using a facilitative anoxygenic photosynthesis. [13]

Since the right species is unknown, the pigment composition of this alga could not be

researched in the literature.

Characterisation

Taxonomy [42]

Empire Prokaryota
Kingdom Eubacteria
Phylum Cyanobacteria
Class Cyanophyceae
Order unknown
Family unknown
Genus unknown

Pigments of the light-harvesting complex [105]

accessory pigments Figure A.101.: Cultivation Of the
major Phycobilins, Chlorophyll a cyanobacteria at different stages
minor unknown
reaction centre
Chlorophyll a
Morphology
Cell length 68.0 um
Cell shape long, filamentous chains
without nucleus
Cultivation
Culture medium special medium
Light intensity 1Wm—2
Light/dark cycles 4h /20h Fi A102: Mi ) h
Growth temperature 26 °C igure A.102.: Microscopic photo-

graph of the cyanobacteria with Lu-
gol’s iodine (Iy/K ) as fixing agent
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A.7. Cyanophyta

For spectral characterisation of this cyanobacteria, an emission as well as an excitation spec-
trum were measured using the spectrofluorometer. The bacterial sample was diluted in
glycerine to avoid sedimentation. For the excitation spectrum, the emission wavelength was
set to 750 nm and for the emission spectrum the excitation was 595 nm. The measurement was
repeated ten times and then the resulting spectra were averaged. Afterwards, the excitation
and the emission spectra were normalised separately. The excitation spectrum was normalised
to the maximal excitation at 630 nm and the emission spectrum was normalised to the maximal

fluorescence of the phycobilines at 663 nm.

Figure A.103.: Normalised emission and excitation spectra of a blue-green cyanobacteria. Excita-
tion at 595 nm, slitwidth = 14 nm, emission slitwidth = 7nm. Emission at 750 nm, slitwidth =
14nm, excitation slitwidth = 7nm. Averaged spectra after 10 measurements.
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A. Algae Fact Sheet

Anabaenopsis elenkinii — V.V.Miller

A. elenkinii is a cyanobacteria that lives in freshwater areas. [42] Under normal conditions, this
bacteria occurs as mossy green culture, but under unfavourable conditions the colour turns to
yellow. At the moment the toxicity of A. elenkinii is not yet officially accepted, nevertheless,
in accordance to Mar$alek, Bldha, and Hinddk, it is suggested to produce hepatoxic and
neurotoxic alkaloids, especially when it blooms. Besides, A. elenkinii is a strong bloom-forming
species. [100]

Characterisation

Taxonomy [42]

Empire Prokaryota
Kingdom Eubacteria
Phylum Cyanobacteria
Class Cyanophyceae
Order Nostocales
Family Aphanizomenonaceae
Genus Anabaenopsis Figure A.104.: Cultivation of the
microalga Anabaenopsis elenk-
inii under unfavourable condi-
Pigments of the light-harvesting complex [103, 105] tions.
accessory pigments
major Phycobilins, 3-Carotene,
Echinenone, Chlorophyll a
minor Myxoxanthin, Zeaxanthin
reaction centre
Chlorophyll a
Morphology
Cell length 61.0 um
Cell shape coiled filament,
terminal heterocytes and
akinete [106]
Cultivation
Culture medium MWC 0%
Light intensity 0.13Wm™2
Light/dark cycles 10h / 14h . . .
Growth temperature 93°C Figure A.105.: Slightly curved fila-

ment of Anabaenopsis elenkinii under
the microscope. Lugol’s solution
(I2/ K1) as fixing agent
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A.7. Cyanophyta

To describe the spectral behaviour of A. elenkinii an excitation and an emission spectrum
were measured using the spectrofluorometer. The sample was diluted in glycerine to avoid sed-
imentation. The emission wavelength for the excitation spectrum was set to 750 nm, whereas
the excitation for the emission spectrum was set to 595 nm. The measurement was repeated ten
times and then the spectra were averaged and normalised as it is shown in Figure A.106. The
excitation spectrum was normalised to the maximal excitation peak at 656 nm and the emission
spectrum, by contrast, was normalised to the maximal fluorescence of the phycobilines at
664 nm.

Figure A.106.: Overlaid emission and excitation spectra of Anabaenopsis elenkinii. Excitation at
595 nm, slitwidth = 14 nm, emission slitwidth = 7 nm. Emission at 750 nm slitwidth = 14 nm,
excitation slitwidth = 7nm. Averaged spectra after 10 measurements.
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A. Algae Fact Sheet

Synechocystis sp. PCC 6803

This yellow-green cyanobacteria is unicellular with cryptic plasmids. Synechocystis sp. inhabits
freshwater areas and it is used as a source for biofuel production. Furthermore, Synechocystis
sp. is a model organism, so it is a well described and analysed cyanobacteria. [107, 108, 109]

Harmful effects of this bacterial species are not known in the literature.

Characterisation

Taxonomy [42]

Empire Prokaryota
Kingdom Eubacteria
Phylum Cyanobacteria
Class Cyanophyceae
Order Synechococcales
Family Merismopediaceae
Genus Synechocystis

Pigments of the light-harvesting complex [59, 105]
Figure A.107.: Cultivation of the

accessory pigments . ;
Yy P& microalga Synechocystis sp.

major Phycobilins, Carotene,
Zeaxanthin, Chlorophyll a
minor Myxoxanthophyll, Echinenone
reaction centre
Chlorophyll a
Morphology
Cell diameter 7.0 um
Cell shape cryptic plasmids with up
to four plasmids forming
bands [108]
Cultivation
Culture medium Fy / 18%
Light intensity 0.13Wm™2
Light/dark cycles 10h / 14h ) )
Growth temperature 93°C Figure A.108.: Plasmid-band of Syne-

chocystis sp. under the light micro-
scope; downloaded from
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A.7. Cyanophyta

An emission and an excitation spectrum of S. sp. were recorded using the spectrofluorometer
for spectral characterisation. First the bacterial sample was diluted in glycerine. Then, the
excitation spectrum was measured with an emission wavelength of 750 nm. For the emission
spectrum, an excitation of 595 nm was used. The measurement was repeated ten times and the
resulting spectra were averaged afterwards. At least, both spectra were normalised separately.
The excitation spectrum was normalised to the maximal excitation at 656 nm, whereas the

emission spectrum was normalised to the maximal phycobilin fluorescence at 664 nm.

Figure A.109.: Overlaid emission and excitation spectra of Synechocystis sp.. Excitation at
595 nm, slitwidth = 14 nm, emission slitwidth = 7nm. Emission at 750 nm, slitwidth = 14 nm,
excitation slitwidth = 7nm. Averaged spectra after 10 measurements.
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B. List of Equipment

Table B.1.: All instruments and components used for the algae detection module

instrument name

manufacturer description

ThomaNeu CarlRoth
Axiovert 25 Carl Zeiss
Fluorolog® Horiba
Fluorometer HITACHI
Aluminium protolabs

Acetal Copolymer (POM-C) protolabs
PIC32-PINGUINO-MICRO OLIMEX

ADC MAZeT
LED375-06 + Roithner
BG25/39, 2mm LaserTechnik
LED405-06V + Roithner
BG25/39, 2mm LaserTechnik
LED430-06 + Roithner
BG25/39, 2mm LaserTechnik
LED450-06 + Roithner
BG25/39, 2mm LaserTechnik
B56L5111P + Roithner
BG25/39, 2mm LaserTechnik
B5B-433-B505 + Roithner
F39-558 550/88, 2 mm LaserTechnik
B5B-433-B525 + Roithner
F39-558 550/88, 2 mm LaserTechnik
LED545-06 + Roithner
F39-558 550/88, 2 mm LaserTechnik
B5B-433-20 + Roithner
F39-558 550/88, 2 mm LaserTechnik
Y5CAB111P + Roithner
F39-558 550/88, 2 mm LaserTechnik
B5B-435-TL + Roithner
F49-645 645/30, 1.12mm LaserTechnik
B5B-436-30 + Roithner

F49-645 645/30, 1.12mm LaserTechnik

hemocytometer,

0.05x 0.05 x 0.1 mm? volume of least squares

inverted transmitted light microscope
steady state spectrofluorometer
fluorescence spectrophotometer F-7000

CNC machined optics block, grey
CNC machined optics block, black
printed-circuit-board with

80 MHz microcontroller and SD-card
analog-digital-converter

LED1al- LED/filter combination, (380 nm)
LED1a2- LED/filter combination, (401 nm)
LED1a3- LED/filter combination, (428 nm)
LED1a4- LED/filter combination, (448 nm)
LED2al- LED/filter combination, (470 nm)
LED2b1- LED/filter combination, (502 nm)
LED2b2- LED/filter combination, (516 nm)
LED1b1- LED/filter combination, (539 nm)
LED2b3- LED/filter combination, (572 nm)
LED2b4- LED/filter combination, (595 nm)
LED2c1- LED/filter combination, (640 nm)

LED3c2- LED/filter combination, (653 nm)

continuation on next page
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B. List of Equipment

instrument name manufacturer description

RG9 Schott longpass / bandpass filter, 7; (720nm) < 0.45
RG665 Schott longpass filter,7; (665 nm) = 0.5

BPW34 photodiode Vishay silicon pin photodiode

Capillary Hilgenberg  quartz, ID = 1.94mm, OD = 3mm
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