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POVZETEK

Cvetenje cianobakterij predstavlja nevarnost zaljekon zdravje ljudi zaradi
sproganja velikih koltin toksinih sekundarnih metabolitov - cianotoksinov, ki
nastajajo v procesu staranja in odmiranja cian@gkt Te spojine so
dermatotoksine, hepatotoks&ne, delujejo kot promotorji tumorjev, v zadnje@asu
pa jih povezujejo tudi z neurodegenerativnimi obhplekot sta Alzhaimerjeva
bolezen ali amiotrofina lateralna skleroza. Eden najresnejSih primeo&giinega
delovanja tovrstnih spojin je poznan iz Braziliggd 1996, ko je zaradi onesnazenja
vode v vodovodnem omrezju hemodializnega cent@gdo smrti Sestindvajsetih
pacientov zaradi odpovedi jeter. Zaradi nevanastidravje povezane s cianotoksini
je svetovna zdravstvena organizacija WHO pripidaovrednost 1 pg/L kot mejno
koncentracijo mikrocistina-LR (MC-LR) - najbolj nasnega doslej poznanega
cianotoksina — v pitnih in rekreacijskih vodah. Mozpa je, da bo ta vrednost v
prihodnosti Se znizang&e bodo ugotovljeni novi tok&ni ucinki tega toksina. V tej
lu¢i WHO in druge javne agencije v ragiih drzavah méno pripor@ajo nadalnje
raziskave cianobakterij in cianotoksinov ter razeggtemov za njihovo zgodnje
odkrivanje in odstranjevanje.

Ta disertacija se osred@g na razvoj novih metod za detekcijo cianopigmeniov
mikrocistina LR ter njegovo odstranjevanje iz siadkod. V prvem delu smo
uporabili visoko obButljivo spektrometrijo na toplotnede (TLS) za detekcijo dveh
cianopigmentov: zamrezenega alofikocianina (CL-ARCYEr-fikoeritrina (Cr-PE).
Oba pigmenta smo uspesSno detektirali s tehniko TLSistemu, ki je bil v
nadaljevanju optimiziran za detekcijo Cr-PE. ZaRE-smo s kombinacijo TLS in
pretane injekcijske analize (FIA) dosegli spodnjo megtekcije 13 pg/L. Pri tem
smo lahko uporabljali manjSe ké&ine vzorcev, zaradi pretnega sistema pa je bila
tudi zmanjSana fotorazgradnja tega fotolabilneganginta. Dosezena spodnja meja
detekcije je le Stirikrat viSja od koncentracije&kderitrina 3.16 pg/L, ki jo po
konzervativni oceni sprosti enaka kitia cianobakterij, kot lahko povafionastanek

1 upg/L mikrocistina-LR. Glede na to, da realnoc¢gkujemo dodatno znizanje
spodnje meje detekcije za fikoeritrin z optimizacigksperimentalnih pogojev,
navedeni rezultati kazejo, da lahko TLS uporabinai kcinkovito metodo za
detekcijo cinobakterijskih pigmentov in kot metodta zgodnje odkrivanje

prisotnosti cianotoksinov.



Cr-PE smo detektirali tudi na mikrofluidneripu pri ¢cemer smo uporabili
mikroskop na terndne Ie&e. Ob dodatku 30% etanola, ki zaradi ugodnejSih
optoterménih lastnosti (viSji temperaturni koeficient lommedolicnika, nizja
toplotna prevodnost) v primerjavi z vodo izboljSk¢atljivost tehnike TLS, smo
dosegli spodnjo mejo detekcije 51 pg/L, ki jo z dimad optimizacijo instrumenta
lahko Se izboljSamo.

V drugem delu disertacije je predstavljen detekMj@-LR s sitemom, ki deluje an
osnovi kombinacije TLS in FIA ter inhibicije proteske fosfataze PP2A. MC-LR
inhibira proteinsko fosfatazo, zato lahko dmhoo koncentracijo toksina na osnovi
TLS meritve zmanjSanja koncentracije produkta rgakmed PP2A in substratom
(p-nitrofenilfosfatom), ki je sorazmerna zmanjSamyjktivnosti encima. Z opisano
metodo smo dosegli spodnjo mejo detekcije 0.64 pgilje 1.6 krat nizja od
dopustne koncentracije za MC-LR v pitni vodi pgppriccilu WHO.

V zakljutnem delu disertacije je predstavljena metoda z&amsvanje MC-LR iz
vode, ki temelji na adsorpciji toksina na novem kozitnem materialu iz hitosana
in celuloze. NaSe raziskave so pokazale, da sattuvmateriali sposobni vezati 96
mg mikrocistina na gram adsorbenta, kar je 4.8 keitod najbolj @inkovitega
materiala doslej opisanega v literaturi. Poleg k#s@dsorpcijske sposobnosti so
materiali na osnovi celuloze in hitosana okoljujbotijazni, saj sta hitosan in
celuloza biokompatibilna in biorazgradljiva, komgaoz material pa je sintetiziran z
uporabo ionskih tekon, ki jih po izpiranju z materiala lahko recikliro z

destilacijo.

Kljuéne besede: cianobakterija, cvetenje cianobakterij, cianopigmenti, mikrocistina

LR, toplotne lece, kompozitni material iz hitosana in celuloze.



SUMMARY

Cyanobacteria blooms represent a threat to envieahgnd human health due to the
huge release of toxic secondary metabolites duhag senescence and death. These
compounds are dermatotoxic, hepatotoxic, tumor pters and recently they have
been related to neurodegenerative diseases sucllzmeimer and Lateral
Amyotrophic Sclerosis. The most serious case oeduim Brazil in 1996 when the
contamination of the water supplies of a hemodislgentre caused the death of 26
patients following liver failure. The healthrisk associated to these contaminants
lead the World Health Organization (WHO) to setvsmnal guidelines for the
presence of microcystin-LR (MC-LR) so far, the most harmful cyanotoxin known -
in drinking and recreational waters. The maximurhoveéd concentration of this
toxin in drinking water was set tog/L but it is possible that in the future this limi
will be further decreased if new toxic effects vii# discovered. In this perspective,
WHO and other public agencies of different coustrs&rongly recommend further
studies on cyanobacteria, cyanotoxins and on thvelolement of early warning
detection and removal systems of cyanobacteriacganotoxins.

This work is focused on the development of novethwoés for the detection of
cyanopigments and for the detection and removM®GfLR from freshwater. In the
first part of this thesis the highly sensitive tnat lens (TL) techniques were applied
to the detection of two cyanopigments, namely citodsed allophycocyanin (CL-
APC) and Cr-phycoerythrin (Cr-PE). Both pigmentsavsuccessfully detected in a
thermal lens spectrometric (TLS) system which wathér optimized for Cr-PE. For
Cr-PE a limit of detection (LOD) of 1A8g/L was achieved by coupling TLS with
flow injection analysis (FIA), a technique thatoalled to use smaller sample
volumes and to reduce pigment photodegradation.

The achieved LOD is close to the value of 3ub8L which is the average estimated
concentration of PE that can be related to thegpias of an amount of cyanobacteria
that could result in formation of fig/L of MC-LR. Given the fact that a further
decrease in the LOD is expected to be achievedobgnzation of the experimental
conditions, results indicates that TLS can be aguhw tool for the detection of

cyanobacteria pigments and hence an effective aatging system for the presence



of cyanotoxins. Cr-PE was also successfully detean a microfluidic chip by a
thermal lens microscope. In this system the low€dD was equal to 5g/L and it
was achieved in the presence of 30% ethanol tlsaptlaer organic solvents, is
known to improve the sensitivity of the TLS techuegAs in the case of TLS system
it is expected that lower LODs will be reached hytHer optimization of the

experimental conditions.

In the second part of this thesis a detectiornesydor MC-LR based on the coupling
of TLS with FIA and the protein phosphatase inldpitassay (PPIA) is presented.
MC-LR inhibits the protein phosphatase and the eotration of the toxin is
extrapolated from the decrease of the enzymatitvigctwhich is related to
concentration of the reaction product detected b$.TThe LOD achieved with this
system was 0.64g/L, i.e. 1.6 times lower than the limit set by WH@ drinking

water.

In the final part of this work a method for the @ral of MC-LR based on the
adsorption on chitosan-cellulose novel compositetenads is presented. The
maximum adsorption efficiency of these materials, the given experimental
conditions, was equal to 96 mg per gram of adsarbeterial i.e. 4.8 times higher
then the best adsorber found in literature. Besttieshigh adsorption efficiency,
these composite materials have also the advanthdgeeing completely green.
Indeed, chitosan and cellulose are biocompatibte laodegradable. Moreover the
ionic liquid that is used to prepare them can beshed away and recovered by

distillation.

Keywords: cyanobacteria blooms, cyanobacteria, cyanopigments, microcystin-LR,

thermal lens techniques, chitosan-cellulose composite materials.
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1-INTRODUCTION

During the last decaddsarmful algal blooms (HABs) phenomenon in fresh water
has increased in seriousness and occurrence. Es®mrrefor this worsening is
probably due to the global warmihgto eutrophicatioh and dissemination of

bacteria cells that are transported in ship bdllas

Cyanobacteria are among the principle microorgasismolved in HABs. These
blooms can pose a serious threaten to the envinohared human health for two
reasons. The first is that these blooms can causxygen depletion in water with
consequences on the aquatic ecosystdie second is that cyanobacteria during
their senescence and death release secondary fitesabamong which there are
compounds (cyanotoxins) that are toxic to both atsnand humans. Contamination
occurs by direct contact, ingestion and inhalatibejr effects are acute and chronic
and in at least one case they had fatal consegsi@mc@umans. Since these toxins
are quite stable they can effect the environmedttaiman health at different levels.
They can directly poison aquatic animals and marmgatds, cattle, livestock and
pets that drink from befouled reservdits They can scale up the food chain by
accumulation in predatdrsFood can be a source of intoxication as wellpsroan
be irrigated with contaminated wdtecattle fed with polluted forage and aquaculture
producté can be infected through water. Humans can entecdntact with
cyanotoxins also trough recreational and occupatioraters by breathing aerosols
or by accidental swallow of water. In addition tealth issues it must be mentioned
that cyanotoxins have also an economic impact. €egrand fish farmers can lose
their products. Recreational waters tourism careféected as well. Beaches and
recreational boating areas can not be frequentethglthe occurrence of HABs.
Moreover also sport fish is effected by HABs thedKe the ecosystem and release
algal toxins that poison the fish. However the maoncern about freshwaters
cyanotoxins derives from the fact that they caridumd in drinking water supplies.
Not all the traditional water treatments are susftésn the removal of these harmful
compounds. Moreover a single treatment is not emotay get rid of all the
contaminants from water hence the complete renmivihlis toxic compounds can be

very expensive. Furthermore there is a lack of #icia regulation regarding



cyanotoxins treatment in drinking water plants. Blbsence of legislation is due to
the fact that there are no standardized methods tlier identification and

quantification of these harmful chemicals in thenpkes. Given the different types of
existing cyanotoxins, the variability among the sagmoups and the fact that in a
sample more then one of these compounds can benpressingle method is not
enough for an accurate analysis. Often it is regubo concentrate the toxins and
separate theme from matrix contaminants and thiemthe analysis expensive and
time consuming. Moreover there is a lack of standa&ference materials for the
majority of the known cyanotoxins. Thé&brld Health Organization (WHO) has

released a guideline for drinking water quafitgut only MC-LR has been taken in
consideration due to the fact that, so far, ithe tost noxious and better known

cyanotoxin among all the others.

More then one method has been developed to dgtanbbacteria and cyanotoxins
but there is a lack of a unique and standardizethod for all of these compounds.
Moreover, due to the seriousness of the publictheadd environmental issues world
organizations such as WHO and public agencies fédérdnt countries such as the
U.S. and Australia Environmental protection agegEiPA), strongly recommend
further studies on the biology of cyanobacteria, tbe structures and effects of
cyanotoxins and on the development of early wardigigction and removal systems
of cyanobacteria and cyanotoxins in fresh waterdedd, the effects of these toxins
are not completely known and only in recent yehey thave been found to play a
role in neurodegenerative disedses™? It is likely that further studies will unearth
new cyanotoxins effects and therefore it can beeetgul that the guidelines will be
revised and that the acceptable limit for the preseof these toxic compounds in
drinking and recreational waters will be decreasednsequently more powerful
tools to detect and remove these toxins will belireqgl.



2- AIMS OF THE THESIS

This work is focused on the developing of novellddo face the threat represented
by the cyanobacterial blooms at three differentelev 1) the detection of
cyanobacteria pigments as early warning systemthépresence of microcystins, 2)
the detection of MC-LR and 3) the removal of tlugih from water.

The amount of pigments in water can be correlatéti the relative amount of
microcystins and hence their detection representeany warning tool for the
presence of these toxic compounds. In order tdfeetwe, the detected amount has
to be in the order of few micrograms per liter, ¢erreally sensitive detection
techniques are required. Given their high sengjtiihermal lens techniques are
particularly suitable for this purpose. Indeed thar lens spectrometry (TLS) can
indirectly detect samples absorbances down t6vilfile thermal lens microscopy
(TLM) in combination with microfluidics was repodeto being able to detect
subyoctomoles of analyfe In the first part of this thesis the developmehnovel
tools for the detection of cyanopigments based lwrntal lens techniques are
presented.

It is worth mentioning that, even though thermaisldechniques are affected by
fluorescence and cyanobacteria pigments are hifjhbrescent, there are some
advantages that compensate for this drawback. dhdeembining TLM with
microfluidics allows to downscale the analysis och#p. Taking in consideration
that the lasers required for this detection metlr@dexpected to become cheaper and
portable, it looks worth to perform preliminary epnents on this cyanopigments.
Moreover, as shown in the second part of this shésese techniques can be applied
also to the detection of cyanotoxins, meaning ithat laboratory (or directly on field
if portable systems will be developed) only oneety instrumentation is required
for the two different kinds of analytes.

In the second part of this thesis a novel MC-LRed&gbn method, based on the
combination of FIA with PPIA and the TLS is presaht

Finally, in the last part of this thesis, a novetthod for the removal of MC-LR

based on the adsorption on completely green cortgpositerials is presented.



3-THEORETICAL BACKGROUND

3.1 Harmful algal blooms

3.1.1 Cyanobacteria harmful algal blooms formation

Fresh water cyanobacteria together with marine alyacteria are the oldest
photosynthetic organisms on Earth During their evolution they developed
numerous adaptive mechanism that confer them a hijgrance to extreme
environmental conditions such as very high and loght, desiccation, high

temperatures and nutrient deprivation. This exglaheir distribution all over the

globe where fresh water cyanobacteria can be fautakes, ponds and rivers. Some
species are able to fix the atmospheric nitrogesh tanstore phosphorus allowing
them to exploit both deficiencies and overabundaon€enutrients. The great
capability of exploiting nutrients enriched envinsents together with favorable
climate conditions such as very high/low light, higemperatures, low water
turbulence and long water residence time can leadmassive proliferation of these

microorganisms (Fig.3.1).

Figure 3.1 Massive algal blooms in lakes. L=ft panel: cyanobacteria bloom (in turqucise) in the
lakes Osterseen, Bavaria, Cermany {Courtesy: Michael Knall). Right panel: Microcystis bloom in Lake
Erie , USA (Courtesy: NASA Earth Observatory).

The high density of the cells can cause foul odad taste and water toxicity.
Moreover it can cause a loss in water transparandya fast depletion of nutrients,
inorganic carbon and other important resourcesjltreg in a decline of biomass.
This decline is usually associated with the fororatf decaying scum that are foul
smelling and unsightly. The scum can host microp@ihogens and deprive the

water layers beneath it causing hypoxia and an@i@3.2). In addition there can be



a release of hydrogen sulfide that is toxic andréiease of nutrients from sediments
that increases eutrophication thus stimulatinggituevth of the bloom. Furthermore

some species of cyanobacteria release secondaapotiegs (cyanotoxins) that are
toxic to the environment, animals and humans.

Figure 3.2 HABs and their negative effect on the environment. Upper and lower left pansls:
cyancbactera blooms in a Delle channel, Lille, France {(Courtesy; Lamiot). The scums were emitting a
strong odor, probably due to the presence of Spirufina. The blue color is given by the release of pigments
from dead cyanobacteria. Upper right panel: a dead buffalo found in a reservoir with a dense bloom of
Microcystis in South Africa (Courtesy: Jannie Coestz). Lower right panel: a dead fish found in Binder
Lake, |1A, USA, stricken by a cyanchacteria bloom (USGS).

Algal blooms are an increasing environmental camcdrake Erie in 2011
experienced the largest algal bloom peak of ang'filNew blooms appear where
they have never been observed in the'paButrophicatio™® and climate chand®
are considered to be the main reasons for the growthe number and severity of
the HABs. Eutrophication is mainly due to anthropig activities. Nutrients from
farms and yards, urban runoff, faulty septic systeamd the burning of fossil fuels
are all contributing to the overload of nutriemisgthie environmeAt. Climate change
with the increase of temperature favors the spoéaganobacteria. They grow better
then other species at higher temperatures. Moretiversurface warming causes a
stratification of water layers in lakes thus reagcthe vertical mixing and favoring
the bloom formation.



3.1.2 Harmful algal blooms management

The management of HABs is a complex issue. Posajfipjeoaches are numerous but
not adequate and/or too costly. Retention timebmshortened by flushing water
Water stratification can be avoided by mixih® or bubbling* but these methods
are not always effecti?®and they can be very expensive. Algaecide canskd®
but they can be noxious to the environment andutadns and moreover they could
enhance the fast release of huge amounts of @%thénother method that has been
suggested to lower the amount of cyanobacteria magsomanipulation i.e. a
controlled alteration of a food web in order totoes the ecosystem hedthThis
can be done introducing planktivorous spetfies by removing zooplanktivorous
species thus increasing the herbivorous zooplafktdh has to be pointed out
anyway that biomanipulation does not lead to a Iltergh effect on an ecosystem,
that is not easy to carry it out on a large scgktesn and that is effected by the
availability of phosphorous and nitrogénOne more possible approach in HABs
management is to reduce the load of nitrogen amdpdtorous compounds deriving
from anthropogenic activities by the application afmore wise management of
farming and industrial activities. This strategywamay can be difficult and costly and
the positive effects can be seen on a long-terrte stéoreover even though it is
possible to decrease the external loading of misigheir internal load in the
sediment as well as the climate chaligan make ineffective this reductidh

At the present time there is no strategy to pretlemtoccurrence of HABs given the
complexity and the extent of this phenomenon. lexpected, instead, that their
occurrence will increase due to climate change eummophication. This scenario
makes largely relevant the development of earlyngr detection systems for
cyanobacteria and their cyanotoxins and of metHfodghe removal of harmful
cyanobacterial secondary metabolites from watefadhit is unlikely that it will be
possible to avoid the formation of HABs and the smauent release of toxic
compounds in water in the near future. Howevedetected on time, it could be
possible to avoid at least the exposure of humansoxins that are present in

drinking and recreational waters.



3.1.3 Guidelines and policies

The threat to human health represented by cyanwtoldad to the release of a
provisional guideline for drinking water by the VitbHealth Organization in 1998.
The guideline (that was confirmed in 2011 and il$ wlid) determines lug/L as
the maximum concentration of MC-LR allowed in diimik water, considering a
daily intake of 2 liters of watét Due to the lack of sufficient data regarding esth
cyanotoxins the guideline was restricted only te ttype of cyanotoxin. Many
countries including many European states, Chinag&oJapan an others adhered to
it. The U.S.A. did not release federal guidelines
(www.glerl.noaa.gov/res/Centers/HABS/guidelinesihtbut the U.S. EPA included
MC-LR (and some cyanotoxins) in the Contaminant didate List (CCL)
(http://water.epa.gov/scitech/drinkingwater/dwsfccin 1998, 2005 and 20089.
Canada has fixed theaximum acceptable concentration (MAC) for MC-LR in
drinking water at 1.;g/L* while Australia set the maximum allowed concefrat
of microcystin in drinking water at 1.8g/L*°. An overview of drinking water
guidelines in other countries is given in table 2.1

Regarding the recreational waters the WHO adoggeitlelineg’ based on the risks
associated with different types of exposure (TaB).3According to this guidelines
at low risk concentrations the major threat is espnted mainly by irritative and
allergenic effects caused by skin exposure to ffamatoxin. It is unlikely that an
accidental swallow of contaminated water at thiscemtration could pose a serious
hazard to humans but it has to be noted that thesexe could be harmful for people
with a particular sensitivity to allergens. Micr@tyns at concentration between 10
and 20 pg/L represent a hepatotoxic risk. The dimeldakes in consideration the
tolerable daily intake and the assumption of anta@® kg) ingesting 100 mL of
water. It must be taken in consideration that #mosisness of this risk increases in
the case of children (because they weight lesstasdikely that they swallow larger
volumes of water) and of people with liver dysfuons. At higher concentrations
even a small volume of water if ingested can cae®us health problems. In the
U.S.A. different states have set different guidedinAustralia and other countries
have suggested a limit of 20 pg/L for recreatiawlvities that entail a high risk of
exposure (like swimming) while a 100 pg/L limit wasiggested for other



recreational activities such as fishing and bodfin§ome other countries have set

multilevel guidelines for recreational waters tae¢ resumed in the table 3.3.

Table 3.1 Guidelines for drinking water in different countries (adapted from Burch 2008 and

updated where possible)

COUNTRY po/L
Australia 1.3
Brazil 1
Canada 15
Czech Republic 1
China 1
France 1
Italy 1
Japan 1
Korea 1
New Zeeland 1
Norway 1
Poland 1
South Africa (accep?a;glls range)
Spain 1
U.S.A. NO LI(I\:/I(I:'II'_but in
WHO 1

Source

NHMRC Drinking Water guidelines 2011
(updated in December 2013)36

From Burch 200839
Health Canada 201240
From Burch 200839
From Burch 2008%°
From Burch 200839
Lucentini and Ottaviani 2011**
From Burch 200839
From Burch 2008°°
Drinking Water Standards for New Zeland 200842
From Burch 2008°°
From Burch 200839
From Burch 2008%°
From Burch 200839
http://water.epa.gov/drink/ndwac/cclprocess/index.cfm

WHO Guidelines for Drinking Water Quality 2011



Table 3.2 WHO guidelines for recreational waters

Probability of risk Cyanobacteria (cells/mL) MC concentration (pg/L)
Low < 20,000 <10
Medium 20,000-100,000 10-20
High 100,000-10,000,000 20-2,000
Very high > 10,000,000 >2,000

Table 3.3 Guidelines for recreational waters in Australia and Europe {(adapted from
Burch 2008).

Country Level Guideline Provisions

10 pgi'L of MCs or > 50,000 cells/mL of

Probability of adverse health effects due to
1 toxic M. seruginasa or biovolume > 4

knowm toxins == closure is recommended

Australia mm’iL of a mix of cyanobacteria where _
total biovelume of all cyancbacteria Probability of adverse health effects due to high
2 material > 10 mm’/L or levels of cyanobacterial material where known
scums are consistently present toxins are not present => closure is
Monitor cyanobacteria in a routine surveilance
1 <10 pgL MCs
program

Publish wamings. discourage bathing, consider
Germany 2 > 10 <100 pgl MCs l e
temporary closure

Publish wamings, discourage bathing, temporary

3 > 100 pglL MCs
closure recommended

MC-LR> 10 pgllor

1 Issue waming

presence of scums
Netherlands | § _ e Tievel

MC-LR > 20 pglLor ssue waming and continue mondonng; if kevels

- presence of scums are persistently high => closure of bathing

facilities
1 20,000 cyanobacterial celis/mL Monitoring intensified to fortnightly
. . > 20,000 < 100,000 cyancbacterial Analysis of MCs. If MC-LR eq” = 25 pgL =>
ranes cells/mL prohibition of swimming
3 Seums All activities are prohibited




3.2 Detection of cyanobacteria
3.2.1 State of the art in the detection of cyanobtaria

Monitoring the cyanobacterial concentrations irtewaan be a useful tool in order
to assess the possible incoming of harmful bloominbis kind of approach
nowadays is based on the measurement of the fleemwes of cyanobacteria given by
their pigment$*** While total phytoplankton content is usually a¢¢el by the
measurement of chlorophylls fluorescence, cyanebiactan be detected separately
because their photosynthesis accessory pigmentsbabs a different range of the
visible spectrum (Fig. 3.3). Moreover from the amaf cyanopigments detected,

the concentration of cyanotoxins can be estinfated

Chlorophyll b \fhycoe\r.?thrinx Phycocyanin

A

Chlorophylla .

|

y
p-Carotene /

Absorption

-

7250 300 350 400 450 500 550 600 650 700
Violet Blue Green Yellow Red

Wavelength (nm)

Figure 3.3 Absorbance spectra of photosynthetic
pigments (Courtesy: Purves et al.).

Despite the doubts that have been risen aboutatlndity of this approach, due to the
fact that not all the cyanobacteria produce toxars] hence it does not assess the
real danger, the lack of a method suitable fordbeection of a particular kind of
these harmful metabolites still makes this appraagood tool as an early warning

detection system. Frequent analysis can be pertbritbeassess the presence of
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potentially toxic cyanobacteria not only in the gamment but also in water plants

were an early and sensitive detection system éxtwéme importance.

3.2.2 Cyanobacteria pigments

In comparison to plants cyanobacteria are ablestw aibroader part of the visible
spectrum for photosynthesis. This capability dexifeom the fact that, besides
chlorophylls, they have accessories pigmenphycobiliproteins - that absorbs at
different wavelengths and that transfer the enéogghlorophyll. Phycobiliproteins
can constitute up to 60% of the soluble proteintesnof cyanobacteffand allow
them to survive in severe conditions of dim lighkee in polar regiorfd. The main
groups of these pigments are phycocyanin (PC),plajlcocyanin (APC) and
phycoerythrin (PE). PC is purple to dark cobalteblvith an absorption maximum at
610-620 nm; APC is bright greenish or aqua-bluénvaih absorption maximum at
650-655 nm and PE is bright pink with an absorptitaximum at 540-570 nm. The
most largely expressed phycobiliproteins in cyawtdr@a are phycocyanin and
allophycocyanin while phycoerythrin is present isnaall amount and not in all types
of cyanobacteri&. Besides their primary function of photosynthetigments it has
also been suggested that they could have a rat@c@ecystin carriers in the gut of
grazer§’. Furthermore, given their highly fluorescenceythee used as fluorophores

in immunofluorescence.

3.3 Detection of cyanobacteria toxins

3.3.1 Cyanobacteria toxins

Three are the main structures of cyanotoxins: cymdiptides (that comprehends the
families of microcystins and nodularins), alkaloidéncluding anatoxins,
cylindrospermopsins, lyngbyatoxins and saxitoxars) poyketides (aplysiatoxifis)
Given the higher toxicity and the lack of guideBnfr the other cyanotoxins, this
work is focused on MC-LR. Therefore only the famoy microcystins will be

described.

11



3.3.2 Microcystins

The main species of cyanobacteria that contain aoystins areMicrocystis,
Planktothrix and Anabaena. Microcystins (MCs) are cyclic heptapeptides with a
molecular mass between 500 and 4008'DEeheir general structure is composed by
the aromatic amino acid Adda (3-amino-9-methoX§;&trimethyl-10-phenyl-4,6-
dienoic acid) and two variable amino acids that e main responsible for the

diversity of more then 80 different analogues @ ttyanotoxin.

| Methyl-dehydro-alanine
so-glutamic acid
e (Mdha)

n, coon G /9

|
e Ve \rwN\ .
|

- Alanine
HC, 1. 0O CHy ~ "(Ala)

HSCHCH3HO- N N

[ A
/ H g H ) \
3-amino-9-methoxy-2,6,8-trimethyl-

COOH )
10-phenyl-4,6-dienoic acid \ Leucine

(Adda) (Leu)
/ NH Methyl aspartic
C acid

Arginine HN NH (MeAsp)
(Arg) 5

Figure 3.4 Structure of microcystin-LR

Different types of MCs differ in their lipophilicés and polarities and this could
explain the differences in toxicities among the rberms of the same family of
cyanotoxins. The most toxic one is MC-’Rhat is also the one that has been
associated to the majority of the cases of cyanotoxoxication in most of the
countries.

In humans the symptoms of microcystin poisonindeditiepending on the way of
exposure. Direct contact with the skin can camash, hives, or skin blisters (especially
on the lips and under swimsuits). If contaminatedewis swallowed the toxin can cause
gastrointestinal symptoms such as stomach painse@awomiting, diarrhea, severe
headaches, and fever. The inhalation of pollutemdroplets can cause runny eyes and

nose, cough, and sore throat, chest pain, astlkaamptoms, or allergic reactions.
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Moreover the exposure to large amount of microoystan cause liver damade
Although it can affect also the kidney and the kiagd remain in small amounts in
the blood stream thus contaminating other tissihesmain target organ of this class
of cyanotoxin is the liver where it is mostly stdte The toxin in fact is actively
transported inside this organ via organic aniongparting polypeptides OATP1B1,
OATP1B3 and OATP1AZ2 that are expressed only iritlee>*,

The mechanism of toxicity of the microcystins iséd on the inhibition of type 1
and 2A protein phosphatases (PP) activity The ADDA portion has an important
role for the interaction with the PP The toxin binds to the phosphatases present in
the cytoplasm inducing an increase in phosphonylgieteins in the liver. The
excessive phosphorylation of the cytoskeletal pnsteauses the hypertrophy of the
organ, the disruption of liver tissue with a cansent massive hepatic
hemorrhag®. Therefore microcystin intoxication in some cases represent an
indirect cause of death for example in patienthhiepatic diseas®s Moreover,
microcystin is a possible carcinogenic compounduimans and it is likely that it has
a tumor promoter activily. Indeed, he disequilibrium in the phosphorylation of
tumor suppressor target proteins can cause turnbfgpation.

3.3.3 State of the art in the detection of MC-LR

A variety of methods have been developed to détectconcentrations of MC-LR
and they can greatly differ in complexity and ie #ind of information they provide.
The only one that is officially recognized by IS®©the HPLC/PDA analysis (ISO
20179:2005, confirmed in 2009). In addition to tmethod that is the most used,
other common analytical methods are ELISA immunapssand the PPIX. The
advantage of these methods is that they are fassamsitive and can be used for a
large scale screening since they can be easilpmeetd on 96-well plates. Anyhow
they have some drawbacks such as the lack of satedor different analogues of
microcystin and the predisposition to give falsesipee results. In the table 2.4
some of the numerous methods that have been dedefop the detection of MCs

are listed.
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Table 3.4 Methods developed for the detection of MCR

HPLC/UV

LC-MS-SIR

SPE/HPLC/PDA

SELDI-TOF-MS

TLC

SPE/UPLC/MS/MS
Chromatographic
methods
LC/ESI/MS

LC/MS/MS

LDTD-APCI-MS/MS

SPR

MALDI-MS

QD-FRET

PPIA

ELISA

TRFIA

Biological

methods Immunoelectrode

Photoelectrochemical
immunosensor

EWMI

Q-PCR

Microcystins/Nodularin
PP2A Microtiter plate

QuantyPlate kit for

Commercial kits Microcystins

Microcystins-DM
ELISA (Microtiter
Plate)

0.2 pg/L

0.2 pg/L

0.25 pg/l

1.2 pg/L

1 pg/L

2.5 ng/L

0.05 pg/L

0.025 pg/L

0.2 pg/L

0.5 ng/ml extracellular
0.05 ng/ml intracellular

6.5 ug/L

0.03 pg/L

1 pg/L

0.05 pg/L

0.01 ng/mL

0.01 ng/L

0.055 pg/L

0.10 pg/L to 3.6 pg/L

7.2 ng/L

0.25 pg/l

0.147 pg/L

0.1 pg/L

14

Spoof et al. 200363
Spoof et al. 200363
Lawton et al. 199464
Yuan and Charmichael 200465
Pelander et al. 2000%°
Wang et al. 200767

Yu et al. 2009°®

Zhang et al. and Thermoscientific
2012%°

Roy-Lachapelle et al. 201470
Deviin et al. 2014"*
Roegner et al. 201472
Feng et al. 201473
Ward et al. 1997%
Ueno et al. 199661
Lei et al. 2004"*
Lebogang et al. 201475
Tian et al. 2014"°
Xiao-Hong et al. 2014
Fortin et al. 2010"°
Abraxis
Envirologix

Abraxis



3.4 Protein phosphatase inhibition assay

The PPIA is one of the methods in use for the dieteof microcystin’. It is based

on the inhibition of protein phosphatase 1 or 2A rhbicrocystins and the toxin
concentration is therefore measured in terms of lmsenzymatic activity. In the
colorimetric PPIA a protein phosphatase removes pihesphate group from the
colorless substratpara-nitrophenylphosphate (p-NPP) leading to the foromabf

para-nitrophenol. In basic conditions the para-nitrapbleloses a proton and the
resulting p-NP (yellow) can be detected at 405 nhhme concentration of
microcystins is therefore extrapolated from therdase in the formation of the

reaction product pNP.

p-nitrophenol

(colorless) (colorless)

p-nitrophenilphosphate l
Base

(yellow)

p-nitrophenolate

Figure 3.5 Colorimetric reaction catalyzed by protein phosphatases

3.5 Thermal lens spectrometry
The TLS is a photothermal technique that relieshmthermal lens effect. When a

sample is irradiated by a laser (pump beam) andeitoited species releases the
energy via non radiative relaxation processes arease of the sample temperature
(between 18 and10° K) occurs. If a laser beam with a Gaussian intgrmiofile is
used for excitation a temperature gradient is gerdrin the sample, and this causes
formation of a refractive index gradient that aats a lens. This refractive index

gradient causes in fact defocusing of the probenbedh a consequent change of its
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radius and its intensity at the beam axis. In th& The changing of the refractive
index is monitored by a probe beam and the relathange of intensity on the axis
of the probe beam is converted into an electroigicas which is proportional to the
concentration of the analyte in the sample. Thelifuade of the thermal lens effect is
proportional to the heat generated in the irradia@mple and therefore it depends
on the power of excitation laser and the absorbafitee sample. The fluorescence
efficiency of the sample has to be taken into antas well since the relaxation via
radiative processes decreases the heating of thplesathus decreasing the thermal
lens effect. Also the thermo-optical propertieshaf medium such as the temperature
coefficient of refractive index and the thermal doativity play a role on the
amplitude of the thermal lens effect. In a simptlifimodel where it is assumed that
the released heat is equal to the energy absogbttelsample the relative change in

the probe beam intensity is described by the eguoati

qy_2-303P [—dn/ dr JA
I Ak

arctg[z/ﬁ]=2.3o3EA

WhereAl/l is the relative change of the intensity in &entre of the beam, P is the
excitation laser powerdn/dT is the sample’s temperature coefficient of refxac
index, A is the absorbance of the samples the wavelength of the probe beam and
k is the thermal conductivity of the sample. E is thermal lens enhancement factor
and represents the increase in sensitivity depgnfilom the laser power and the
thermooptical properties of the solvent. The adagatof TLS is that thermal lens
effect can be observed already when applying ar lassver on the order of
milliwatts even in the case of samples that aresiciemed transparent. From the
equation it is evident that the sensitivity of ttexhnique can be enhanced by
increasing the power of the excitation laser andirbgroving the thermo optical
properties of the sample medium. This enables meamsants of optical absorbencies
as low as 10 against the IHusually reached by conventional transmission-mode
spectrophotometric techniques. Moreover the TUSa to perform measurements
on non fluorescencing samples. Another advantagthisftechnique is that very

small amount of sample is required to perform a sueament. This makes it
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possible to perform measurements in volumes dowsuto pL. Furthermore the
signal response is relatively fast (millisecond dimscale for measurements in
liquids). In addition detection on flowing sampte be performed.

Besides the great advantages of TLS some drawbaciss be mentioned. The
sensitivity achieved in water samples is low du¢h® highk values and lowdn/dT

of this solvent but it can be improved by modifyitng solvents in order to improve
the thermo-optical properties of the sample. A biglaser power can be used but
could represent a problem if a sample is photddaBilow injection analysis, where
the resident time of the sample under the intentasger light is short, can be a
solution. Another problem is that there are limitaslers sources thus in some cases
the TLS has to be coupled to coloring reactioneraer to enable excitation of the
analyte with the available excitation laser (indir@letection). Furthermore this
technique has a poor selectivity and it can natrargnate different compounds that
are absorbing at the same wavelength. Therefore R&S to be coupled with
separation techniques like HPLC, IC, CE or withdmalytical assays (BA), where it
acts as a highly sensitive detector.

The coupling of TLS with other techniques such #@s dhd FIA enables to reach
high sensitivity and increases selectivity in tie¢edmination of various analyf8<™.
One example of the successful use of these hypdenétchniques are studies on
bilirubin uptake in the hepatic célfs In this experiment, a novel bilirubin detection
method, based on TLS-FIA combination, was develogddder physiological
conditions, bilirubin has a very low solubility aftdcan not be detected by common
spectrophotometry. TLS allowed the bilirubin dei@tt under physiological
conditions and was further used with FIA to avoisihg the sensitivity due to
bilirubin photolability’®. Furthermore, recently the direct analysis ofrbiin in
human and animal serum was reported for the fins¢*f. Other successful recent
analytical applications of the TLS are listed ihl&a3.5.
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Table 3.5 Some of the recent analytical applicatianof TLS

Determination of Hg** in water and drug samples Shokoufi et al 2014%
Determination of carotenoids in food Luterotti et al 2013%°
Determination of Lead (ll) in ethanolic buffer Saavedra and Gomez 2013%
Study of Eosin Y Photobleaching Herculano 2013%
B- lactoglobulin detection on solid support Cevdek and Franko 2010%
Determination of colloidal silver in drinking water Korte-Kobylinska et al 2010%

Determination of Ag concentration in drinking water

. Bruzzoniti et al 2010°*
for space aircrafts

Detection of thiono-organophosphorous pesticides Boskin et al. 2009%
Quiality certification of biodiesels Lima et al 2009%
Study of vegetable edible oils characteristics Jimenez-Perez 2009%

3.6 Thermal lens microscopy

In 2000 Takehiko Kitamori's group discovered tHarimal lens measurements were
possible under optical microscdpand in 2001 they designed a large and complex
thermal lens microscope that could detect 1 ynmflesamplé®. Later they
developed a more user friendly microscope thatas mommercially available
(https://lwww.i-mt.co.jp/e02tech/thrmllens.html).

In the thermal lens microscopy the pump and théeimeam are aligned coaxially
under the microscope and focused with a singlerchtic lens (Fig. 3.6). The
resulting chromatic aberration for wavelengths e and pump beam is of a few
um thus enabling the detection of analytes in mvetts and microchannels. The
combination of TLM with microchip technology wasggested as a novel powerful

tool for a variety of research fiefs
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Figure 3.6 Scheme of the propagation of the beams in a
thermal lens microscope

3.7 TLM combined with microfluidics chips

In microfluidics small amounts of fluids on the erdf 10°10° L are processed in a
system basically consisting of a chip containingrmmthannels with dimensions in
the range of 10-100 um. A microfluidic system engrally composed of a device
for introducing the liquid and the reagents inte #$ystem, a device to make the
liquids flow in the system and mix them, and of atedtion system. Other
accessories are required for the specific typexpéement that will be performed on
the chip.

The advantages of using a microfluidic chip are exgus. Physics of fluids differs
from macro to micro-scale and this representsgaaldvantage in terms of reduced
diffusion time for processes that are downscaleal tacrofluidic chip. The diffusion
time at microfluidics scale is reduced due to thet that in the microchannels there
is a high interface-to-volume ratio and a shorfudibn distance, and the diffusion
time decreases with the second power of distannaly8is with multiple steps can
be performed in a continuous flow on the same rolim thus highly reducing
operation time. The amount of reagents and powed us low, thus reducing the
exposure of the operators to chemical hazards,edsitrg the impact on the
environment and the costs. Thanks to the improvenoénthe manufacturing
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technologie¥® of the accessories (for example micropumps) antbnaé™ %, a
variety of microfluidics systems can be designeok. kot elaborate systems basic
chips are commercially available and are readys®-or can be customized by the
distributors. The small dimension of a chip makes suitable for in situ
measurements and to perform reactions in pardfleteover microfluidic systems
can be automatét

Being the working volumes and related optical iatéion lengths of a microfluidic
chip so small, really sensitive detection systenesrequired. So far the most widely
used methods of detection are based on fluoresteticé®™°® Some other methods
are based on electrochemigfry?*®and M3+

As for the already cited TL techniques in macrascgystems, TLM represent a
powerful detection technique that complements therofluorescence techniques in
microfluidics systems. Both the time for the detatby TLM and for the reaction in
a microfluidics chip are fast. Therefore, the tirequired for an analysis performed
in such a kind of system can be really short. Qgeifscant example is represented
by the time required for the antigen-antibody reectto occur in the case of
Immunoglobulin A that was reduced from 15 hourslfominutes downscaling the
analytical system from a commercial microtiter plédr ELISA tests to a microchip-
TLS system®. Some other applications of TLM for detection aticrofluidic chips

are described in the table 3.6.
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Table 3.6 Examples of the application of TLM combied with microfluidics

Electrochemical valence control of uranium

Detection of C reactive protein by micro-ELISA

Detection of thyroxine from serum sample

Detection of amino acids in buffers containing gold nano patrticles

Detection of carbamate pesticides azo-derivatives in tetraborate buffer

Simultaneous detection of IgG from human, goat and chicken by using
capillary-assembled microchip

Quantitative detection and fixation of gold nanoparticles on the wall of a
microchannel

Cytochrome ¢ monitoring in apoptotic cells

Determinaiton of Co(ll) in m-xylene

Subsingle-molecule determination of non fluorescent samples

Tsukahara et al.
20133

Ohashi et al. 2010

Islam et al. 2010'%

Kitagawa et al.
2008

Smirnova et al.
2008’

Henares et al.
2007'%

Mawatari et al.
2006

Tamaki et al. 2002

Minagawa et al.
2001

Tokeshi et al. 2001*

3.8 TL coupled with FIA

In the flow injection analysis the samples and thagents are injected into a
flowing carrier stream. A FIA manifold is generalgomposed of a pump, an
injection valve, a flow through detector and tubthgt connects all the parts of the
system. The pump propels the stream towards thetfioough cell of the detection

system via narrow tubing (usually with a diametetween 0.5 and 0.8 mm). The
injection valve is used to inject a precise voluofieghe sample that in general is in
the range of few pL up to few mL. The reaction tagkace while the sample and the
reagent run through the system and are mixed dubet fluid dynamics of flow

through narrow-bore tubing. The product of the tieacis then detected as a
transient peak with its height and area proportidnathe concentration of the

analyte. A schematic representation of a possitife system is represented in figure

3.7.
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Figure 3.7 Scheme of a flow injection system. The carrier buffer runs in the system driven by a peristaltic
pump. The sample and the reagent are introduced in the flowing stream by a injector. The reaction occurs in a
reaction coil and the product is detected while running in the flow cell. The signal recorded by the detector is
then converted in numeric values by a PC software.

The advantages of FIA are many. It allows to inseethe sample throughputs: only
small amounts of sample are required and the tionethfe analysis in a flowing
system is reduced. Moreover this technique has kmisatility, robustness and
reproducibility. New analytical improvements basedoperating modes under non-
stationary conditions have been made. FIA is snh@pid and can be automated.
Moreover the exposure of the operator under hamasrcchemical and physical
sample pre treatments is decreased. This techisquere environmentally friendly
due to the downscaling of the processes and wvallbe use of alternative detection
systems with the concomitant simplification of tbperating conditions (namely
chemiluminescent detection). Furthermore flow asialytechniques are well-
established tools for the automation and miniaadin of analytical methodologies
and new applications have been used in the fieldnefronmental analysis carried
out by means of micro-total analysis systems (U &S the table 3.7 some of the
recent applications of FIA are listed.

Besides the already mentioned advantages the catinrof FIA with TLS allows
to avoid photodegradation of the analyte by theicgdn of its exposure time to the
laser. Moreover it allows the use of higher lasewgrs in order to improve the

sensitivity of the system.
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Table 3.7 Examples of analytical applications of iw injection analysis

Analysis of estrogenic compounds in methanolic solutions

Detection of human prealbumin in agueous solutions

Detection of highly polar pesticides in food

Detection of aspartame in soft drinks and commercial
pharmaceutical formulations

Determination of guanine and adenine in beef

Determination of isoamyl nitrate in pharmaceuticals

Determination of protein content in diary products

Detection of pesticides in food, urine and blood plasma

Detection of acetaldehyde in saliva

Determination of titrable acidity and pH in wine

Determination of hexavalent chromium in water

Determination of hypoclorite in commercial products

Detection of Cu?* in wastewater

Determination of B-d-glucose in commercial medical solutions
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Alvarez Romero et al. 2004

Brocenschi et al. 20143

Ma et al. 2014

Mol and van Dam 2014

Radulescu et al. 2014

Thangaraj et al. 2014

Kishikawa et al. 20138

Liang and Li 2013"*°

Nanita and Padivitage
2013

Ramdzan et al. 2013"**

Vahl et al. 2013'%
Madzgalj et. al 2008"%
Soto et al. 2008

Tag et al. 2007%
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3.9 Removal of MC-LR from fresh water

3.9.1 State of the art in the removal of cyanotoxsfrom drinking

water

Various water treatment processes have been sedgdst the removal of
intracellular or the inactivation of the extracéiucyanotoxins; some examples are
coagulation®® flocculatiot'® dissolved air flotatiolf’, microfiltration*®
ultrafiltration*?®, adsorption on activated carddh ultrasonicatiof* and
photocatalitic degradation by T Oxidation processes have also been suggested
but they can cause the lysis of the cells and tibxias release in water, moreover the
results about their efficacy are discordant. Ozonatwas suggested to be a
successful method to reduce MC#Rbut in a recent work it was reported that it
increases the release of cyanotoxins from bacteelé without being effective in
their removai®. The same group that reported the ineffectivenésgonation, found
that chlorine, among the other tested chemicals, tiva most effective in reducing
the cyanotoxin. However this result is in contrasth previous reports where
chlorination was found to cause a release of thim tinvat was three time faster then
its degradation by chlorine its&lf. Among the water treatment processes there is
also the use of chlorine dioxide but in a receatlgtthe formation of trihalometanes
and haloacetic acids as disinfection by-productoong the cell lysis of
Microcystis aeruginosa by this chemical was reportéd Furthermore the chlorine
dioxide doses that can be used in a drinking waltett are not effectivé®

Apart from the discrepancies of the results, mdsthe aforementioned water
treatments have the shortcoming of relying on tbe aof chemicals. In this work a
novel, simple and green system for the removal @-IMR from water based on

polysaccharides composite materials is presented.
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3.9.2 Novel polysaccharide composite materials fahe removal of
MC-LR

Polysaccharide composites are a category of mkstewdh promising potential
applications in the field of green chemisty A composite is an engineered material
made from two or more different constituents witffedent chemical and physical
properties that are maintained separately in thesHed material. Polysaccharide
composites are of particular interest because #rey environmentally friendly
because of being degradable by microorganism wittiteaineed of other industrial
processes. Furthermore, polysaccharides that afgrdolfucts of other processes
could be used thus decreasing the impact on th&oamvent and being more
economically effective®. Among the polysaccharides that are most commoseyl

in the preparation of these composite materialethee cellulose and chitosan.

Cellulose is the most common polysaccharide inreadnd it is the main component
of plants' cell wall and green algae. It is a pabgharide consisting of a linear chain
of several hundred to over ten thousf(it—4) linked D-glucose units with a
straight chain polymer organization that forms miigrils. This structure confers to
cellulose a high tensile strength. Cellulose iselass, odorless and biodegradable.
Besides its traditional use in paper industry, regplication of cellulose based
materials have been developed. Cellulose has bsed for microencapsulation,
immunoisolation for allogenic or xenogenic impldfits as wound dressing
materiat*® and tissue-engineered products for regenerafidlamaged and diseased
organs*’. Cellulose beads have been used for protein imlinatibn, water
treatment, and chromatographic matéffal One drawback of cellulose as a
constituent of composite materials is that it solble in water and in most organic
solvents due to its crystalline structure. High penatures and concentrated acids are
thus required to solubilize 1. Moreover, these processes can involve side
reactions** and the presence of impurities can be responfibline modification of

cellulose properties.
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Figure 3.8 Structure of cellulose

Chitosan is a linear polysaccharide obtained upanigb deacetylation of chitin.
Chitin is the second most abundant polysacchandeature after cellulose and it
can be found in cell wall of fungi and in the ekelgeton of arthropods (where it

represents the main component).
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HO HO HO CH
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- -n

Figure 3.9 Structure of chitosan

Chitosan is a really versatile polysaccharide thad a variety of applications in
many fields. The high number of N-groups makesoshin a useful chelating agent
and it makes it cost effective in comparison tdutese that has a lower amount of
N-groups and thus requires a synthetic substituttofunctionalize it. Chitosan is

biodegradable, relatively inert, non-toxic and liepatible. Furthermore it has
antibacterid"® and wound healing propertf&% and it is easily processed into a
variety of components such as (&lsbead$”® scaffoldd* etc. Structure and

properties of chitosan have been exploited in nieelias a bactericide and fungicide
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190051 hemostasis®'*® drug delivery?***> cancer diagnosi® ™’ tumor

treatment® and tissue regenerati*®® It has found application also in agriculture
where it can be used for plant preservdfibmnd in winemaking for example to
avoid the use of sulphur dioxitfé In food industry it has applications as a coating
material to prolong the shelf-life of produtts and its adsorbent properties have
been exploited for water purification from metéfs dyes®>°® and other water
contaminant$’. Furthermore it has been reported that chitosaified with fly ash

or immobilized on clay, can adsorb and remove algaeh asChlorela
Pyrenoidosa'®® or Microcystis aeruginosa from watet®®.

Despite of its numerous useful properties, chitogasents also some drawbacks.
The intra and inter hydrogen bonds confer to tbiggaccharide an ordered structure
that is responsible for the previously describedhathges but at the same time these
bonds makes the chitosan poorly soluble in watefoasellulosé’. This implies
that an acid is required to solubilize chitoSanFurthermore chitosan swells in wet

environments and this leads to weakening of itsctire.

Recently it has been reported that an ionic liggid), namely 1-butyl-3-
methylimidazolium chloride ([BMIFCIT]), is able to dissolve both celluld$&and
chitosari”® lonic liquids are salts that are in the liquidtstoften up to 200 °C; they
have many interesting properties such as chemindl thermal stability, high
solubility power, non flammability, high ionic couctivity, and a wide
electrochemical potential windd#. They are calledyreen solvents because they
differ from the traditional volatile compounds bgitheir vapor pressure negligible
and thus being recyclaBilé Their peculiar properties make IL good solvemts eo-
catalysts in many reactions including organic gaialand inorganic synthe$i&

The possibility to dissolve cellulose and chitosaBMIm*CI7] at the same time
brought to the development of a completely greenmusite material, being the IL

recovered by distillation and hence recyclafle
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Figure 3.10 Structure of 1-butyl-3-methylimidazolium chloride
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4-EXPERIMENTAL

4.1 Chemicals and reagents

Reagents and chemicals that were used in this arerksted in table 4.1

Table 4.1 Reagents and chemicals used

BSA Sigma-Aldrich
Cross linked allophycocyanin (from cyanobactena) Flogen® FEBICO
Cr-phycoerythrin (from cyancbacterna) Flogen® FEBICO
DTT Sigma-Aldrich
EDTA Sigma-Aldrich
Ethanol absolute Sigma-Aldrich
KoHP O, Sigma-Aldrich
KH.PO, Sigma-Aldrich
MgCl;«6H,0 Fluka
Microcystin-LR (100% methanol solution) DHI
Microcystin-LR {powder) ENZO life sciences
Phosphatase 2A, C subunit, human recombinant, L309 deletion Cayman chemical
p-NFPP Sigma-Aldrich
FPotassium iodide Fluka
TRIZMA base Sigma-Aldrich

4.2 Buffers and solutions

All the water solutions were prepared using dewedhigvater from a Milli-Q water

purification system, MilliRO 5 PLUS (Merck Millipe; Merck KGaA, Darmstadt,

Germany). A Potassium phosphate buffer (KPi) 0.1pM.7 was used to dilute the
cyanopigments. Other buffers that were used atediin table 4.2.
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Table 4.2 Buffers

Carrier buffer 1 Tris-HC1 40 mM pH 8.4. 34 mM MgCl,. 4mM EDTA. 0.05mg/mL BSA.
pNPP 1 mM

Tris-HC1 40 mM pH 8.4, 34 mM MgCly, 4mM EDTA, 0.05mg/mL BSA,

RN "2
Carrier buffer 2 pNPP 3 mM

Tris-HC1 40 mM pH &.4. 34 mM MgCls, 4 mM EDTA. 0.05 mg/mL BSA.

Carrier buffer 3 pNPP 20 mM

Tris-HC1 40 mM pH 8.4. 34 mM MgCl,. 4 mM EDTA. 0.05 mg/mL BSA,

Enzyme buffer DTT 2mM

4.3 Thermal lens manifold

4.3.1 Conventional TLS system

The detector consisted of a dual-beam laser syfdepending from the experiments
the excitation source (pump beam) was representeghbArgon-ion laser (Innova
90, Coherent Inc. Santa Clara CA, USA, operatingldt5 nm or 457.9 nm) or by a
Krypton laser (Innova 300 C Coherent) operating(.7 nm or 647 nm). The probe
beam was represented by a Helium-neon laser (1163R.8 nm, 2 mW JDS
Uniphase Corporation, Milpitas CA, USA) or by a tdet-neon laser5-LGR-393-
230 533 nm, 4 mW Melles Griot, Carlsbad, CA, USA). Ttveo beams were
properly focused on the sample cell by a set ofdsnwhile their collinear
propagation was assured by a dichroic mirror (HR.5Tm or 457.9 nm/HT 632.8
nm/45 deg or HR533 nm/HT 47nm/45 deg and HR 6328HT406.7 nm/45 deg
Laser Components GmbH, Olching, Germany). The ghetmal effect was induced
by the pump laser that was modulated by a mecHaalegper (300 CD Scitec
instruments Ltd, Trowbridge, U.K.) operating at K@. The consequent periodic
changes in the refractive index gradient in the@ar(related to the concentration of
the sample) caused a defocusing of the probe besmiting in a change of the probe
beam intensity at its axis. This variation could ¢ensed by a PIN photodiode
(Thorlabs Inc, Newton, NJ, USA) connected to a {oclmplifier (SR830, Stanford
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Research Systems Inc, Sunnyvale, CA, USA) and dechr stored and later
elaborated by a computer.

For batch mode measurements a 1 mL cell (1 cm qatit) (101-QS Hellma

Analytics GmbH & Co. KG, Millheim, Germany) was dsd-or measurements
performed in a FIA-TL system the cuvette was regdiaby a 8 uL flow-trough cell

(Hellma 176.050-QS). The carrier buffer was pumpedhe system by an HPLC
pump (Smartline Pump 1000, Knauer, Berlin, Germamize samples were injected
in the system by a six port injector (A1358, Kndugy means of microsyringes
(Hamilton, Bonadutz AG, Switzerland).

mimor
pump laser

detector

interference

Tilter
lens

Lock-in

optical
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,  chopper

e |

1 cel
- probe laser I G —= == mirror

dichroic
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wtecar (—sanpte |
carrier
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Figure 4.1 Scheme of a conventional TLS system

4.3.2 Commercial thermal lens microscope

A commercial thermal lens microscope (ITLM-10, IMJo, Ltd, Sakado, Japan)

operating with an excitation laser source of 532amd a probe laser source of 670
nm was used. The detector was composed of a sipbotodiode connected to a
computer and the Cr-PE was detected in a 100 pmacgcell using an excitation
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laser power of 20 mW. The position of the cell vehgnged at each measurement
due to photodegradation of the sample.

4.3.3 Built in house thermal lens microscope

A thermal lens microscope built in house with agoarion laser as excitation source
(wavelength = 514.5 nm, power = 85 mW) was expibfier the detection of Cr-
phycoerythrin. For the experiments a commercialu¥iction chip (part code No
3200008, Dolomite, Royston, UK) with an H interfag@art code No 3200155,
Dolomite) were used. The chip had microchannelszf%ide x 10Qum deep, with

one Y-junction channel and two straight channels.

Figure 4.2 Commercial Y chip and H interface

The Cr-PE solutions were injected by a microsyri(tgamilton) in both settings and
the pigment was detected directly on the microchipe Cr-PE solutions were first
detected in a static flow and in a gravity driveawf system. In the former, the buffer
was not running in the system but only filling th@&crochip. In the latter, the
pigment solutions were injected in a system weesflthw was obtained by placing a
syringe (filled with the carrier buffer and conredttto the microchip by tubing) in a
horizontal position and at a different heights mdey to obtain different flow rates

(70 cm for the lowest 85 cm for the fastest).
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Figure 4.3 Scheme of the built in house TL microscope. A gravity driven flow
system is shown. The pigment is detected directly in the chip that is placed under the
thermal lens microscope [COURTESY: MingQiang Liu]
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Figure 4.4 Scheme of the tubing connections to the chip [Courtesy
MingQiang Liu]

4.3.4 Thermal lens signal, calibration curves and QD calculation

In batch mode experiments the thermal lens signalréssed in volts) was affected
by photodegradation hence its strength was cabxliléaking in consideration the
highest value obtained immediately after excitabbthe samples. Since batch mode
experiments were carried out just as preliminaststeand were not foreseen in
further experiments, only a single point calibratiwas performed at this stage.

The thermal lens signal obtained in a flow inject&ystem is represented by peaks.

In this work the height of the peaks was used tantjty the signal. In the case of
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cyanopigments detection, the average heights op#aks from three consecutive
injections of the same sample solution were used.ntost samples the differences
between signals from consecutive injections werthinil0% or less. In the rare
cases where large diiferences were observed betvegiicates the, outliers were
retained or rejected based on the Q'téstin the case of MC-LR detection, only
two peaks were measured. Indeed, in two parallgy luns, the difference in the
height of the peaks were not larger than 10%. Heimcerder to avoid wasting of
expensive reagents, all the experiments were peéorin duplicates (in all the
replicas the difference in the heigh of the peaksewnever larger than 10%). The
baseline, given by the noise of the system andsiy@al of the carrier buffer, was
subtracted to obtain the final value of each pddle points of a calibration curves
were obtained by taking the average of three rigliaieasurements The LODs were

measured according to the formula:

LOD= (3@¥%nW)/s

Whereopankis the standard deviation of the blank and s isstbpe of the calibration
curve'®,
The raw data were elaborated using OriginPro8 amctdgoft Office Excel 2003

softwares.

4.4 Absorbance measurements

Absorbance measurements were recorded with a LAMBB30 UV/VIS
spectrophotometer (Perkin-Helmer, Waltham, MA, USAgrating with a deuterium
lamp. Data were acquired by the UV WinLab softwdRerkin-Helmer). The
samples were detected in a 3.5 mL spectrophotarrti (100-OS, Hellma).
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4.5 Fluorescence measurements

Fluorescence measurements were performed withadystgate fluorimeter (FS920,
Edimburgh Instruments Ltd, Livingston, UK) with &G W Xenon lamp as the
source of excitation. Emission spectra were obthus@ng an excitation wavelength
of 540 nm for Cr-PE. The fluorimeter FS920 was oafed by an Edinburgh

Instruments workstation on which the F900 specttemsoftware was running. A
daily stock solution 1 mg/mL of Cr-PE was preparéiduting the FEBICO

commercial stock solution in KPi 0.1 M pH 7. Samgbdutions were prepared in a 5
mL volumetric flask by pouring the ethanol or paiasn iodide first, then the

pigment and finally bringing to the final volumettviphosphate buffer. A volume of
2.4 mL was used for each measurement; every soluti@s prepared just before
recording the spectrum and always kept in the Bgrkovering the volumetric flask

and the fluorescence cell (Hellma, 101-0OS, 3.5 mith an aluminum foil.

4.6 Protein phosphatase inhibition assay

The PPIA was developed in two steps. Firstly, thetkexperimental conditions in
order to obtain detectable amounts of para-nitroplate from the reaction of PP2A
with pNPP were investigated. Then the assay wam@gtd for the use with protein
phosphates 2A. Hereafter the reaction of PP2A pMRP in the absence of MC-LR
will be referred to asolorimetric reaction.

4.6.1 Colorimetric reaction in a 96-multiwell plate

Solutions of DTT 10 mM, pNPP 0.1 M and PP2A dilutedris-HCI buffer 40 mM
pH 8.4 were prepared daily. Multiwell plates witlat bottom (Costar 3696,
Corning, NY, USA) were used. The wells were filth 150 and 100 pL of Tris
buffer in the case of the blank and the samplepeassely, 50 pL of enzyme
solution (sample), 50 pL of DTT 10 mM (2 mM finabrecentration) and 50 pL of
pNPP 0.1 M (20 mM final concentration). The sulisti@as added after 5 minutes of
incubation at 36 °C under gentle shaking in an ating waving shaker (Talboys,
Sigma-Aldrich, Saint Louis, MO, USA) . The first amirement was recorded
immediately after adding the p-NPP and further mesments were taken every 10
minutes. The 96-microwell plate was kept at 36°@arrgentle shaking between the

measurements. Kinetic measurements were performeddording the absorbances
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at 405 nm by a TECAN multiwell plate reader (Spa@trphotometer, TECAN,
Milan, Italy) with a 492 nm filter as reference. Nample absorption is expected at
the reference wavelength. The instrument measunes absorptions at both
wavelengths and subtracts the values obtained2ahdB(background) from the one
obtained at 405 nm. This subtraction it is notcifinecessary but allows to obtained

more accurate data when comparing different runs.

4.6.2 Protein phosphatase inhibition assay in a 96ultiwell plate
Solutions of p-NPP, PP2A and DTT were preparedydasl previously described.
Microcystin solutions were prepared diluting a 1008ethanol stock solution in
Tris-HCI buffer. The wells were filled with 150, @@nd 50 pL of TRIS buffer in the
case of the blank, the control and the sampleeasely, 50 pL of enzyme solution
(control and samples), 50 uL of DTT 10 mM (2 mMafirtoncentration), 50 pL of
pNPP 0.1M (20 mM final concentration) and 50 pL rmafcrocystin solution.

Measurements were performed as described previously

4.6.3 Colorimetric reaction in a spectrophotometriccell

Solutions of p-NPP, and DTT were prepared as pusWo described for the

experiments in the 96-multiwell plate. The enzyrqu( i.e. final concentration of

PP2A in the cell equal to 0.96 pU/ pL) was addedatly in the cell containing 497

puL of Tris buffer and 167 pL of DTT 10 mM and inaied at 36 °C for 5 min in a
thermostatic bath composed by a bath vessel amireiision thermostat (EH 4 and
EH 4.2, IKA, Staufen, Germany). The substrate (1&7p-NPP 10 mM) was added
just prior the first measurement. Between the messents (taken every 5 min) the

cell was kept at 36 °C.

4.6.4 Colorimetric reaction in a FIA-TLS system

Since finding the optimal experimental conditionsperform the colorimetric and
the protein phosphatase inhibition assays was érkeogoals of this work, more
details are given in the next chapter.
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4.6.4.1 System set up

The detector consisted of a dual beam laser sySthenpump beam was represented
by an Argon-ion laser operating at 457.9 nm (P=a068 10 mW) while the probe
beam was a Helium-neon laser operating at 632.8(Pm2 mW). The reaction
occurred in a reaction coil connected by PDVF tghimthe injector and to the flow
through cell. In order to keep the experimentaldiions at 36°C, the coil was
submerged in the bath vessel where the deionisest was heated by the immersion

thermostat.

injection to waste

Figure 4.5 System set up for the detection of MC-LR
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4.6.4.2 Colorimetric reaction

Depending on the different experiments the carbpieffer contained p-NPP in a
concentration equal to 1, 3 or 20 mM. In the fegperiment two different enzyme
solutions were used. The first one was preparedadging PP2A (0.2 mU/uL,
glycerol 25%) to a Tris-HCI buffer solution conteng 2 mM DTT (final
concentration). The second enzyme solution wasapeepby adding PP2A (0.2
mU/uL, glycerol 25%) to the carrier buffer solutigll the further experiments were
carried out diluting the enzyme in the carrier buBolution. Solutions were prepared

fresh and filtered daily.

4.6.4.3 Protein phosphatase inhibition assay

Microcystin solutions were prepared as for the bitlon assay in a 96-multiwell
plate but without the presence of DTT. Sample smhst were prepared by first
diluting the enzyme in a Tris buffer without pNPRdasubsequently adding the
microcystin solution and the p-NPP solution. Thdesk of the inhibition was
measured as the difference between the heightegbelks in the absence and in the

presence of microcystin.

4.7 Adsorption of MC-LR on composite materials

4.7.1 Composite materials

Different composite materials (also referred to fis in this work) already
prepared in the laboratory of Dr. Tran at Marquéttéversity'’’ were tested (see
the table 4.2). The films were prepared dissolwiifferent materials at different
concentrations using the ionic liquid butyl methyiidazolium chloride
([BMIm*CI) as solvent.

38



Table 4.3 List of the tested composite materialComposition and relative percentage of the tested

material are shown

Composite material Abbreviation used in the text
50% chitosan 50% triciclodextrins [50% CS-50% TCD]
50% chitosan 50% dibenzo-18-crown-6 [50% CS-50% DB18C6]
50% cellulose 50% dibenzo-18-crown-6 [50% CEL-50% DB18C6]
50% cellulose 50% triciclodextrins [50% CEL-50% TCD]
60% cellulose 40% triciclodextrins [50% CEL-40% TCD]
75% cellulose 25% triciclodextrins [75% CEL-25% TCD]
100% cellulose [100% CEL]
100% chitosan [100% CS]
67% chitosan 33% cellulose [67% CS-33% CEL]
50% chitosan 50% cellulose [50% CS-50% CEL]
40% chitosan 60% cellulose [40% CS-60% CEL]
29% chitosan 71% cellulose [29% CS-71% CEL]
20% chitosan 80% cellulose [20% CS-80% CEL]

4.7.2 Experimental set up

A daily stock solution of 3.7 mg/L of MC-LR dilutad deionised water was used for
all the experiments. Dried materials (i.e. left 38 days at room temperature in a
60% humidity controlled chamber after removal af th) were used to perform the
kinetic experiments. Twenty mg of material (Figé)4were cut and washed before
use in order to remove any preparation contamieasntually present. The materials
were stirred in de-ionized water for 24 hours abmotemperature. Water was
changed every 4 hours and each washing was done ih of water.
Spectrophotometric measurements at 214 and 293 hdam35 UV/VIS
spectrometer, Perkin Elmer, Waltham, MA, USA) wperformed on the washing
water in order to monitor the possible presenceostaminants and in particular of
the ionic liquid [BMIm" CI7.

39



Figure 4.6 Composite materials. Two 20 mg pieces of composite materials are
shown: [100% CS] (left) and [50% CS-50%CEL] (right). The difference in the
dimensions (approximately 1.5 x 1.5 cm for [100% CS] and 1.0 x 1.3 cm for [50%
CS-50%CEL])) are due to the different composition of the films.

In order to avoid the damage of the material dutimg washing a support was
designed. The support was composed of a thin pédeTFE rectangular shaped
with 4 windows and two PTFE meshes. The samples wserted in the windows,
covered by the meshes and the three parts were together by using plastic clips
(Fig. 4.7). The support enabled to avoid the damaigéhe samples due to the
turbulence of water under stirring while the mesakswed the free circulation of
water through the materials. The washed materialsrewplaced in a
spectrophotometric cell (lcmxlcm square spectraphetric cell) that was then
filled with 2.7 mL of a 3.7 mg/L MC-LR solution (dndeionised water for the
blank). Absorbance measurements (Perkin Elmer Lan®dUV/VIS spectrometer)
were taken at 238 nm every 10 min in the first &recand then every 20 min. In
order to ensure a good circulation of the solutfiorthe spectrophotometric cell a
small magnetic spin bar was used and the solutias taken under stirring for the

whole measurement.
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Figure 4.7 Support developed for washing the films

To avoid damaging from the magnetic bar the samas inserted between two
PTFE meshes and the spin bar positioned on theftape mesh-composite-mesh
sandwich (Fig. 4.8). If the sample was too bigap down flat it was cut in small

pieces in order to prevent an interference with thght beam of the

spectrophotometer. Moreover cutting the bigger demprevented a possible
displacing of the spin bar resulting in the damggph the sample or in an adequate
mixing of the solution. The use of the meshes addwhe material to be protected
from the stirrer but at the same time to have ehaugface area in contact with the

solution.
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Film
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. , Cell bottom

Figure 4.8 Scheme of the mesh-film-mesh
sandwich.

4.7.3 Kinetics of adsorption

Adsorption of MC-LR on the films was observed dsree dependent decrease in the
absorbance of microcystin solution at 238 nm. Téegntage of adsorption of MC-
LR on the films was calculated as the differencéwben the initial and the
equilibrium concentration of the cyanotoxin solatid’he concentration of MC-LR
at t=0 and t=equilibrium was extrapolated from lwation curves prepared by
laboratory technicians on monthly basis from abance readings performed on the
Perkin ElImer Lambda 35 UV/VIS spectrometer.
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The mechanism of adsorption of MC-LR on the contgosnaterials was
investigated by fitting the kinetic data to the ypde-first order and pseudo-second
order models (described in the chapter 5). The fittisy model was chosen on the

basis of the calculated coefficient of determimati®® and the model selection
criteria MSC:

-

-H__ "IJI }nh- ?II'H :_ n
MSC — In{ &L =

— ¥ ¥ N2 i

> Wil }.._qh.: }-._':II. |

=1

Where Yops and Yca are observed and calculated valuestbf point respectively, w
is the weight that is applied to th¢h point and that was considered 1 by defaulg, n i
the number of the points and p is the number cdipaters.

R* and MSC were calculated from raw data elaboraye3i-Plot software.
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5-RESULTS AND DISCUSSION
5.1 DETECTION OF CYANOBACTERIAL PIGMENTS

In the first part of this work preliminary experints were performed in order to
investigate the possibility of using thermal lengedrometry and thermal lens

microscopy to detect cyanobacterial pigments.

5.1.1 Preliminary experiments in a TLS-batch modeystem
5.1.1.1 Batch mode experiments on CL-APC in a convgonal TL system

Preliminary experiments on CL-APC in batch modeenearried out in a dual beam
thermal lens system where the pump beam was gedetat a krypton laser
(wavelength 647.1 nm, P=100 mW). A solution of BRC 10ug/mL in KPi pH 7

was measured. As it can be seen in figure 5.1Tthsignal showed a significant
decrease with time meaning that under the givenemxental conditions the
pigment undergoes photodegradation processes.riicypar the TL signal of CL-

APC showed a decrease of 0.38 mV over a perioB0fsli.e. a drop of 30%. The
high noise of the signal observed was due to acpéatly high random fluctuation

of the electricity in the system in the day of neftng.
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Figure 5.1 Photodegradation of CL-APC in a conventional TLS

44



5.1.1.2 Batch mode experiments on Cr-PE in a conviéonal TL system

Batch mode measurements of a solution of Cr-PEudnL in KPi pH 7 were
performed in a thermal lens system where the puegmmbwas generated by an
argon-ion laser (wavelength 514.5 nm, P=100 m\W30A this case a considerable
degree of photodegradation was observed (Fig.V@itB)a decrease in the signal of
0.25mV over a period of 180 s i.e. a drop of 68%, smgathat Cr-PE TL signal is
more affected by photodegradation than CL-APC. iitise observed in the case of
CL-APC was not observed in the case of Cr-PE.
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Figure 5.2 TL signal of Cr-PE in a conventional TL system

5.1.1.3 Batch mode experiments on Cr-PE by TLM

Preliminary experiments on Cr-PE were performedgisi commercial thermal lens
microscope (excitation wavelength 532 nm, lasergga@® mW). Solution of Cr-PE
1 mg/mL in KPi pH 7 was used. Higher concentratioih cyanopigment, in
comparison to the one used in the conventional ydtesn was chosen in order to
demonstrate in the best possible way the expediedogegradation. Effectively,
also in the case of TLM photodegradation of them@gt was observed (Fig. 5.3).
The signal of Cr-PE decreased of 65%, i.e.|8/8 in 3 minutes. The degradation
rate was comparable to the one obtained in theasdional TL system even though

the 5 times lower average power. This can be at&thto the much higher power

45



intensity due to tight focusing of excitation begnmicroscopic objective lens and

to the smaller irradiated volume of the sample.

TL signal
V)
~y

JudL
1

time (min)

Figure 5.3 Photodegradation of Cr-PE in a TLM system

Figure 5.3 shows three measurements of the Cr-Phtiso performed
consecutively. Due to photodegradation, in orderefzeat the measurements on the
same sample the capillary cell was displaced atieh recording. Both the height of
the peaks and the degradation rate were the samt@efthree measurements proving
that the signal was reproducible.

These preliminary results showed that both CL-ARG @r-PE could be detected at
a concentration of 1@ig/mL by TLS. Moreover Cr-PE was successfully detdct
also by TLM at a concentration of 1 mg/mL. Howetre TL signal in both systems
was highly affected by photodegradation processeésfarther improvements were

needed in order to improve its stability.

46



5.1.2 Improvement of the TL detection by quenching

Another process that affects the efficiency of arittal lens detection system is
fluorescence which the absorbed energy is disslpated is not available for
generation of heat and temperature changes inatl@le through non radiative de-
excitation. Therefore the TL signal is decreasedthBcyanopigments are highly
fluorescent (the quantum yield of CL-APC equal®188 and it can be assumed that
the quantum vyield of Cr-PE is similar) therefore fpossibility of further improving
the detection sensitivity by fluorescence quenchwas investigated. Preliminary
experiments were performed in the presence of é¢kd), a well known quencher
which reduces the fluorescence quantum yield aodlditherefore increase the TL
signal. Emission spectra of CL-APC and Cr-PE inahsence and in the presence of
KI were recorded in order to evaluate if and howcmthe fluorescence of the two
pigments was affected by the quencher.

5.1.2.1 Quenching effect of KI on CL-APC

Emission spectra (excitation wavelength = 600 ninl®ug/mL solutions of CL-
APC in 0, 1 and 25 M KI were recorded by an Edngbu Instruments
Spectrophotometer F900. As expected, at increasingentrations of KI decreasing
fluorescence signals were recorded. In particularthe presence of 1 M KI the
decrease in intensity of emitted light at the fesmence maximum of 650 nm was
37.7% while in the presence of 2.5 M KI the dropthe fluorescence signal was
60.7% (Fig. 5.4).
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Figure 5.4 Fluorescence spectra of CL-APC in KPi (black line) and
CL-APC inthe presence of 1 M Kl (red line) and 2.5 M KI (blue line).

5.1.2.2 Quenching effect of KI on Cr-PE

Emission spectra (e
in0,1and 2.5 M KI

xcitation wavelength = 540 nh®0oug/mL solutions of Cr-PE

were recorded (Fig. 5.5). Alsdhe case of Cr-PE at increasing

concentrations of Kl decreasing fluorescence sggnedre observed. In the presence

of 1 M KI a fluorescence decrease at the fluoresgeemaximum of 43.5% was

observed while in th
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igure 5.5 Fluorescence spectra of Cr-PE in KPI (black line) and

Cr-PE in the presence of 1M Kl (red line) and 2.5 M KI (blue line)
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Results showed that potassium iodide is able toncjuehe fluorescence of both
pigments but that Cr-PE fluorescence is more atetty this quencher. Under the
given experimental conditions in fact the ratictloé fluorescence between CL-APC
in KPi and CL-APC in Kl was 1.6 and 2.5 for 1 M a&& M KI, respectively. In the
case of Cr-PE the ratio of the fluorescence inalbgence and in the presence of 1 M
and 2.5 M Kl was 1.8 and 3.2 respectively.

Based on this further experiments were focused onlZr-PE. Indeed this pigment
looked more promising for the improvement of the §ystems, being Cr-PE more
affected by quenching than CL-APC.

5.1.2.3 Quenching effect of Kl on the TL signal

Once established that KI quenches the Cr-PE flgerese, the effect of the presence
of 1 M KI on the TL signal was tested on a solut@mnCr-PE 10ug/mL. In the
presence of 1 M KI the observed TL signal of Crak&s 1.5 times higher then the
one in KPi i.e. 0.69 mV and 0.46 mV respectivelgeBignals of Cr-PE solutions (5,
10, 15, and 2@g/mL) in the presence and in the absence of 1 M/&le measured.
The slopes of the calibration curves in the absemtkin the presence of Kl were
4.89x10° mV ugt mL (R*=0.98384, RSS=2.35369x10 p=6.29713x18) and
8.91x10°mV pg' mL (R?=0.9895, RSS=5.05316xTPp=2.65504x10) respectively
(Fig. 5.6).
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Figure 5.6 Calibration curves of Cr-PE in 0.1 M KPi and Cr-PE in 1 M Kl
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Assuming that the fluorescence quantum yield oPEris the same as the one of
CL-APC (i.e. 0.68) it was calculated that in theegence of Kl the decrease in
fluorescence should have been around 40% and hleusbisorbed energy that would
have been converted to heat (that in the absengeericher is the 32%) should have
increased up to 59%. This value corresponds toenease in sensitivity of 1.9 times
in the presence of 1 M Kl and it is consistent wviltke obtained slopes ratio that is
equal to 1.82. Despite the increased sensitivitthefsystem in the presence of Ki,
the calculated LODs were almost the same i.eudmL for Cr-PE in KPi and 56

pg/mL for Cr-PE in 1 M KI. Due to this high noisegem, in this work no further

experiments were carried out in the presence oHéwever it is expected that the

noise could be reduced by purifying the quenchdayacthanging the quencher.

5.1.3 Improvement of the TL detection by the use adthanol
Another possible way to improve the sensitivityaothermal lens system is to use
solvents that, due to their thermooptical propsrtenhance the thermal lens effect.

Among these solvents, ethatfof*°

is one of the less expensive and less toxic. & wa
also demonstrated that it does not interfere withstability of phycoerythrifi* and
this represents an additional advantage in termssavhple preservation when
working in a thermal lens system. Furthermore stklveas ethanol enhance the
thermal stability of proteirt&%. For the aforementioned reasons, part of this visrk
focused on the study of the efficacy of using etthan order to improve the
sensitivity of the TL system for the detection afRE. In the first step the effect of
the presence of ethanol in Cr-PE solutions was siyated by recording the
fluorescence and absorbance spectra of the pigmetite presence of different
concentrations of the solvent. Once established lest range of solvent
concentration to work with, the improvement in gansitivity by the use of ethanol

was investigated in TL and TLM systems.

5.1.3.1 Fluorescence spectra of Cr-PE in the presemof ethanol

Fluorescence spectra of solutions of Cr-PEug0OML in the presence of different
concentrations of EtOH (0, 0.5, 2.5, 5, 10 and 5@86vol) were recorded. A
decrease of Cr-PE fluorescence signal (Fig. 5.8} thas dependent from the
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increase of EtOH was observed for solvent conckotsin the range of 0-10%. In
particular the losses were equal to 1.0, 11.8,,18hd 50.7% in the presence of 0.5,
2.5, 5 and 10% EtOH respectively. At the higherosartration of 50% the loss was

equal to 81.3% moreover a shift in the emissionimar was observed.
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Figure 5.7 Fluorescence spectra of Cr-PE in KPi (black line) and of Cr-
PE in KPl, 0.3% (red line), 2.5% (blue line), 3% (pink line), 10% (green
line) and 50% (violet line) ethanol.

5.1.3.2 Absorbance spectra of Cr-PE in the presencé ethanol

Absorption spectra of Cr-PE 3@y/mL in EtOH 0, 0.5, 2.5,5 and 10% vol/vol were
recorded. As it can be seen in figure 5.8, for thisge of EtOH concentrations the
losses in absorbance are really modest being emud.5, 3, 3.5 and 4.6%

respectively.
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Figure 5.8 Absorbance spectra of Cr-PE in KPi (black line), and in
0.5% (red line), 2.5% (blue line), 5% (green line) and 10% (pink)
ethanol.

5.1.3.3 Comparison between fluorescence and absorz@ spectra of Cr-PE in

the presence of ethanol

In order to understand if the drop of Cr-PE flueemxe in the presence of ethanol
was due only to a loss in absorbance, the ratiwd®t the maximum of fluorescence
and the maximum of absorbance was calculated. éanitbe seen from the table 5.1
the ratios between the fluorescence and the abswebsignals at different ethanol

concentrations were not constant as it would beebea if the drop in fluorescence

would be due only to a drop in absorbance. Theegibmwas reasonable to speculate
that some solvent effect related to ethanol waslued in the loss of pigments

fluorescence. This could represent an additionalamaihge, besides the already

mentioned, in using ethanol for Cr-PE detectioa thermal lens system.
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Table 5.1 Fluorescence —absorbance ratios of Cr-F& the presence of different concentrations
of ethanol

Ethanol %

0% 0.5% 2.5% 5% 10%
(vollvel)
Fluoresce
intensity 3.323x10° 3.290x10° 2 928x10° 2 746x10° 1.640x10°
(counts)
‘B‘bs[‘:m"“ 0.18307 0.18224 0.17785 0.17663 0.17474
I/ABS 1.81x10° 1.80x10° 1.65x10° 1.55x10"% 9.38x10°

5.1.3.4 Ethanol effect on the sensitivity of a TL-dtch mode detection of Cr-PE
Once established the effects of ethanol on therbhroe and fluorescence spectra of
Cr-PE, the effect of this solvent on the sensiiat a TLS system was investigated.
A dual beam thermal lens system where the pump easngenerated by an argon-
ion laser (wavelength 514.5 nm, P=100 mW) was ugedalibration curve was
obtained from solutions at different concentrati¢?s4, 6, 8 and 1fag/mL) of Cr-
PE in KPi, EtOH 10% (Fig. 5.9). Ethanol additiorsulted in higher background
noise therefore the improvement in sensitivity veedy slightly reflected in the
improvement of Cr-PE detection. Indeed, the seritsitiof the system in 10%
ethanol was 8 times higher than the one obtainediqusly in KPi (slope=4.13x1D
mV upgt, Re=0.99563, RSS=1.3754x10 p=2.72298x10), while the calculated
LOD in 10% ethanol was only 1.3 times lower thaae tine obtained in KPi, i.e. 43

uo/L.
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Figure 5.9 calibration curve of Cr-PE in EtOH 10% in a conventional TL
system

5.1.4 Improvement of the TLS system by coupling wit FIA

In order to reduce the exposure of the pigmentth&intensive laser light, the

thermal lens technique was coupled with the flojgation analysis.

5.1.4.1 Detection of Cr-PE in a FIA-TLS system

Experiments were performed in a system where theppbeam was given by an
argon-ion laserN=514.5 nm, P=100 mW). Solutions of Cr-PE (5, 10ugBnL, 200
pL injection volume) in KPi pH 7 were injected intbe carrier buffer (KPi pH 7)
that was running in the system at a flow rate ohll/min. The resident time of the
sample in the flow through cell was 480 ms. Undee given experimental

conditions reproducible peaks were obtained (Fi0)pb
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Figure 5.10 Signals of Cr-PE in a FIA-TLS system

Further measurements were carried out reducingnieetion volume to 10QuL.
Solutions of Cr-PE (0.05, 0.5, 2, 6, 10, | 29/mL) were injected in the carrier buffer
(KPi pH 7) that was running at a flow rate of 1 mi. In the given experimental
conditions the sensitivity of the system was edoal.5 mVpug* mL (R?=0.9999)
(Fig. 5.11) i.e. 31 times higher than the one oladipreviously in batch mode.
Despite this increase in sensitivity, the extrapald OD in the FIA-TLS system was
only 4.35 times lower then the one obtained inlbabode i.e. 11g/L. This can be
explained by a higher noise due to fluctuationa flowing system where the carrier
buffer is driven by a peristaltic pump. However #gignals obtained in such a system
are reproducible and calibration curves with regjes coefficients higher than 0.99
can be obtained demonstrating that coupling the 3ys$em with FIA is a successful

way to overcome the photodegradation of Cr-PE.
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Figure 5,11 Calibration curve of Cr-PE in KPi in a FIA-TLS system.
Slope=1.5 mV ug' mL, R?=0.99999, RSS=77 67797, p=0.00001. For
concentrations of 0.5 pyg/mL and higher the SD errors of 3 replicas
where always between 0.02% and 5% while for the concentration of
0.05 pg/mL the SD error was 10%.

5.1.4.2 Effect of ethanol on the sensitivity of al&-TLS detection of Cr-PE

The further step was to investigate the effecttbfeol on the sensitivity of a FIA-

TLS system. Based on the preliminary test in batobhde and on additional

recordings of the absorbance (Fig. 5.12) and femeece spectra (Fig. 5.13) of Cr-
PE in the presence of 30% and 40% EtOH, a 40% obraten of the solvent was

chosen to perform the experiment. Indeed, in tleegerimental conditions, there is

a little loss of absorbance (7%) while the losBunrescence is around the 69%.

56



024
022 4
020
018
016
014 +

012 4

ABS (au.)

010 o
0038
0.06 4
004

002

000 ————— 1 ———y
400 450 500 550 600 650 700 750 300

wavelenght {nm}

Figure 5.12 Absorbance spectra of Cr-PE in KPi (black line) and Cr-
PE in 30% (red line) and 40% (blue line) ethanol.
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Figure 5.13 Fluorescence spectra of Cr-PE in KPi (black line) and
Cr-PE in 30% (red line) and 40% ethanol (blue line)

A dual beam thermal lens system where the pump easngenerated by an argon-
ion laser (wavelength 514.5 nm, P=100 mW) was u$kd. samples were injected
with a 100uL loop in the carrier buffer (KPi, EtOH 40% pH Hat was running at a

flow rate of 1 mL/min. A calibration curve (Fig.13l) was obtained from solutions of
Cr-PE in EtOH 40% (0.05, 0.5, 2, 6, §/mL). The sensitivity of the system for Cr-
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PE in the presence of EtOH 40% was 3.9 times hititser the one for Cr-PE in KPi,
indeed the calculated slope was equal to 4.53ugi¥/mL (R*=0.99856).
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Figure 5.14 Calibration curve of Cr-PE in 40% EtOH in a FIA-TLS system.
Slope=4.53 mV pg-1 mL, R=0.89856, RSS=3.4662x10°, p=1.71x10C. For
concentrations of 0.5 pg/mL and higher the SD errors of 3 replicas where always
between 0.1% and 3% while for the concentration of 0.05 pg/mL the SD error was
8%.

The extrapolated LODs were 40 andi#gmL. The former was obtained measuring
the standard deviation of the heights of the peditained after the blank injection
(KPi, 40% EtOH) while the latter was obtained b¥ing in consideration the
standard deviation of the baseline. The same adlons were performed in the
previous experiment but the LODs in that case ¢dett Probably the difference in
the carrier buffer composition causes an incre&sleeonoise. A possible solution for
this problem could be achieved by reducing thequmesin the system by decreasing

the flow rate.

Taking into account that on average one cyanohattsil (60pm®) produces about
0.2 pg of microcysting®, than 5000 cells/mL are needed to reach the bfnitpg/L
for microcystin in water. Considering that the agg amount of PE in dry mass
cyanobacterial cells is approximately around 4%thwithe range between 1 and

8% and by accepting that on average cyanobacteritaico264 fg dry massm®
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195 than a comparable concentration of RgL PE corresponding to maximum
contaminant level (MCL) for microcystin can be edted. From the results that
were obtained such low concentrations of PE arlimviteach of FIA-TLS. Indeed
the lowest LOD that was obtained in this work ispdiL in KPi i.e. only 4 times
higher than the one calculated as the one corréapgpmno the MCL of microcystin.
Further improvements in sensitivity of phycoerythrletection by TLS can be
achieved by reduction of the noise in the systenprovements in the thermooptical
properties of analyzed samples and by the use pfoppate quenchers. These
further improvements are expected to make the HLS-Tompares favorably to
recently reported techniques which could be usedad warning systems for
microcystins and are based on detection of cyamogigs®. The achieved LODs
already indicate that TLS could represent a poweidol for the detection of
cyanobacteria in water which can therefore detadyensets of massive HABs in
natural waters, where concentrations of cyanobactan peak up to 1000 times

higher levels as needed to reach the MCL for migstc.

5.1.5 Detection of Cr-PE in a microfluidic chip bya thermal lens

microscope

In this work a further step in the exploitation thiermal lens techniques for the
detection of Cr-PE was the downscaling of conwerati FIA to a microfluidic
system where the detection was performed by a thelens microscope built in

house with an argon-ion laség{=514.5 nm, P=85 mW) as excitation source.

5.1.5.1 Set up of the microfluidic chip-TLM system

A first set of experiments was performed in stdtawv in order to investigate

weather the system was sensitive enough to detedeECDifferent volumes (2 and 4
uL) of solutions of PE 15 and 4gg/mL in KPi were injected manually into the
system. As it can be seen in figure 4.15 it hashmessible to obtain repeatable

signals that were proportional with the injectiamiumes used.
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Figure 5.15 TL signals of Cr-PE in KPi in a TLM system

To further improve the system, different injectieolumes were tested in order to
gain a higher sensitivity. In addition a fastemfloate was tested in order to avoid the
presence of the peak tails that have been obsgmadously. Experiments were
performed at two different flow rates i.e. 0.62%d&n91uL/s and injecting volumes
of 4,6, 8, 10 and 1@L of 15 and 45ug/mL Cr-PE in KPi. Results showed that the
optimal injection volume was 1L in both of the given experimental conditions.
Indeed, when injection volumes larger thanulOwere used, no significant increase
of the TL signal was observed. Figure 5.16 showssignals obtained after the
injection of 4, 6, 8, 10 and 38 of a 45ug/mL Cr-PE solution at a flow rate of 0.91
uL/s. The observed TL signals were equal to 0.223,00.39, 0.44 and 0.45 mV
respectively, showing that the increase in the ifba reaches a plateau at injection
volumes equal to 1RL. As expected, at a higher flow rate the tailifgle peaks

was reduced (Fig. 5.17).
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Figure 5.16 TL signals of different
injection volumes of Cr-PE in a
TLM-gravity driven flow system.
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Figure 5.17 TL signals of Cr-PE in a TLNV-gravity driven flow system
at different flow rates. Peaks corresponding to 4 L injections of Cr-PE

45 pg/ul are shown. A peak tail {red arrow) is observed at the flow rate
of 0.625 pLfsec but not at the higher flow rate of 0.91 pLfsec.
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5.1.5.2 Improvement of the TLM-microfluidic systemby addition of ethanol

The improvement in the sensitivity by the use dfaebl was tested also in the
microfluidic system. Experiments were performedimgcting volumes of 4, 6, 8,
10, and 12uL of 15 and 45ug/mL Cr-PE in KPi containing 30% and 40% EtOH.
Working with the same experimental set up as iniptes experiments (performed in
the absence of EtOH) the resulting flow rates waogver (i.e. 0.33 and 0.4%L/s)
due to the different densities of the solutionsniirly to the experiment performed
in the absence of ethanol the injection volume @l was proven to be the best
option. A better repeatability of the peaks wasieadd working at a flow rate of
0.45 uL/s. Anyhow, under these experimental conditioeproducible peaks were
obtained but only the signals of the solutions dddéh 30% EtOH resulted to be
proportional with the injection volumes. Therefaadibration curves (0.5, 1, 2, 5 and
10 pg/mL) in the presence and in absence of EtOH 30%h 8-18) were recorded
injecting 10uL of the solutions in a flow rate of 0.48./s. Figure 5.19 shows the
reproducibility and coherence of the Cr-PE signesled to plot the calibration curve
in EtOH.
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Figure 5.18 Calibration curves of Cr-PE in KPi and Cr-PE in 30% EtOH in a TLM-
gravity driven flow system. Cr-PE in KPi: slope=1.01x10-2 mV pg-1 mL, R?=0.99674,
RSS=1.33512x10%, p=2.55x10% For concentrations of 1 pg/mL and higher the SD
errors of 3 replicas where always between 0.6% and 4% while for the concentration of
0.5 pg/mL the SD error was 14%. Cr-PE in 30% EtOH: slope=3.04x102mV pg-1 mL,
R?=0.99937, RSS=1.20647x107, p=9.60x10%. For concentrations of 1 pg/mL and higher
the SD errors of 3 replicas where always between 1% and 5% while for the
concentration of 0.5 pg/mL the SD error was 18%.
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Figure 5.19 TL signals of Cr-PE in KPi 30% EtOH in a TLM-gravity driven flow
system

The increase in the sensitivity of the system wasa lbactor of 3 in the case of 30%
EtOH, since the slopes for Cr-PE in KPi and in 38%H equal to 1.01xIdmV

ngt mL (RP=0.99674) and 3.04xTomV pg™* mL (R*= 0.99937), respectively. The
LODs extrapolated from the calibration curves wEI8 ug/L in the case of KPi and
51ug/L in the case of 30% EtOH. The LOD in the pregeofcethanol was 2.3 times
lower than the one in KPi, showing that under tiverg experimental conditions, the

noise had a minor effect in comparison to the dreeoved in the FIA-TLS system.

Results showed that Cr-PE was successfully detent@dmicrochip-TLM system.
Furthermore the LOD was reduced to gg/L by addition of EtOH 30%. The
sensitivity gained in the TLM system is comparalalehe one obtained by classic
TLS however further improvements can be achievedih®y optimization of the
experimental conditions and the automation of ty&tesn. Different solvents and
guenchers can be exploited; moreover micropumpsnaincbinjectors can be used
for a better control of the flow rates and the aacwy of the injections.

The Table 5.2 resumes the analytical performandethe® TL systems for the
detection of Cr-PE together with the one of théitranal spectrometry found in the
literature. Accuracy and precision, in terms ofe&jability and reproducibility of the
data, are shown. The accuracy was measured asitenpage mean recovery (mean
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R%) of 3 replicates. The repeatability was deteediras the percentage of the

relative standard deviation (RSD) of 3 replicatekilev the reproducibility was

determined as the percentage of the RSD of 2 de® replicates measured in

different days. All the parameters were testedvatfortification levels i.e. 2 and 20

pMg/mL. As it can be seen, the performances of Tltesysare comparable to the one

of the traditional spectrometry.

Table 5.2 Analytical performances of TL systems andonventional spectrometry

Detection
technigue
(this work)

FIA-TLS

FIA-TLM

Detection
technique
(other works§*

Absorbance

Fluorescence

Analyte

Analyte concentration

(ng/mL)

2

Cr-PE in KPi
10
2
Cr-PE in 40% EtOH
10
2
Cr-PE in KPi
10
2
Cr-PE in 30% EtOH

10

Analyte
Analyte concentration
(Hg/mL)
R-Phycoerythin
. 1-10
in aqueous buffer

R-Phycoerythin 0.001-1

in aqueous buffer

64

Accuracy
mean R (%)

95.1

98.1

93

106.4

86.7

93.7

112.7

102

Accuracy
mean R (%)

93.7

98.9

Repeatability
(n=3) RSD (%)

2.92

1.46

1.28

0.13

1.63

1.55

1.01

1.83

Repeatabilityn=3)
RSD (%)

0.5-34.7

0.15-4

Reproducibility
(n=2x3) RSD (%)

3.12

4.17

3.16

1.77

2.57

231

5.31

21

Reproducibility
(n=5x3) RSD (%)

4.9

4.9



5.2 DETECTION OF MC-LR

The protein phosphatase inhibition assay is a kvalivn method for the detection of
cyanotoxins. In literature many applications of RRd detect microcystins can be
found but to our knowledge thermal lens techniqou@ge never been used for this
purpose. Moreover even if PPIA is based on a gsiitgple colorimetric reaction
there are many different protocols that can be dounliterature. Therefore the first
step in the developing of a PPIA-TL detection siysteas to optimize a colorimetric
assay of our own. For the preliminary experimeh&sRPIA assay was performed in

a 96 multiwell plate, a well known method for thetettion of microcystins.

5.2.1 Set up of the PPIA in a 96 multiwell plate

The enzymatic assay was performed following theqma proposed for okadaic
acid"° and lately applied for the detection of microaysti®*"

5.2.1.1 Protein phosphatase 2A activity

A first set of experiments were carried out in orte find the optimal range of
enzymatic units to work with i.e. the range at whibe absorbance of the product
pNP was high enough in order to be detected in asyitem. The activity of
solutions containing 0.06, 0.12, 0.24 and 0.48 ndll/vof PP2A (i.e. final
concentrations of 0.24, 0.48, 0.96 and 1u@ZuL) were tested. As it can be seen in
figure 5.20 at the given experimental conditiores ¢blorimetric reaction occurred at
a fast rate in the first 30 minutes and then mvbjaeached a plateau. In the presence
of 0.48 mU after 10 min the observed absorbandbeoproduct was already around
0.75. The same value was obtained with 0.24 mUWim& while after 15 min the
absorbance was almost 0.25. At lower enzymatiwisctie. 0.12 and 0.06 mU the
times required to reach an absorbance value eg@e2b were around 30 and 70 min
respectively. Given the fact that in a TL systerar¢his linearity between the TL
signal and the concentration of the sample for ddaswes up to 0.1 a.u, further
experiments were carried out at an enzymatic agtagual to 0.24 mU. Indeed this
enzymatic activity was a good compromise betweentithe to reach absorbances
around 0.1 a.u. (10 min) and the amount of enzyagaired (Fig. 5.20).
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Figure 5.20 PP2A activity in a 96 multiwell plate. The activity

of 0.06 (green triangles), 0.12 (blue triangles), 0.24 (red dots)
and 0.48 mUfwell of PP2A (black squares) are shown.

5.2.1.2 PP2A inhibition by MC-LR

The following step was to investigate the effecM&-LR on the activity of PP2A.

The enzyme (0.24 mU/well, final concentration 0j98/uL) was incubated with
different concentrations (0.2, 1, /L) of MC-LR and absorbance measurements
were taken every 5 minutes in order to determiedrthibition effect of the toxin on

the enzyme (Fig. 5.21).
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Figure 5.21 Inhibition of PP2A by MC-LR in a 96 multiwell
plate. The activity of PP2A (pink line) and of PP2A in the

presence of 0.2 (blue line), 1 (red line) and 5 ug/L of MC-LR
(black line) are shown.
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At the given experimental conditions no inhibitieffect was observed after the
incubation of PP2A with the lowest concentrationnaitrocystin and as it can be
seen in figure 5.24 the curves of the control (piakd the one of 0.219/L
microcystin (blue) are essentially indistinguistgablhe incubation of PP2A with 1
pg/L (the limit fixed by WHO for MC-LR in drinking ater) caused a 25% loss of
the enzymatic activity visible already after 10 otes. The incubation with the
highest concentration of the toxin caused an alncostplete inactivation of the
enzyme that showed a loss in activity equal to 9IP& absorbances recorded at 10
minutes were 0.35 a.u. for the control solution &r®b, 0.26 and 0.07 a.u. for the
0.2, 1 and Jug/L microcystin solutions.

Results showed that, under the given experimerdatitons, a quite fast PPIA
assay in a 96-multiwell plate is possible, with tbal 15 min time required for the
assay (5 for the incubation of the enzyme with thein plus 10 min for the
measurement). Moreover the measured absorbancesigérenough to perform the
assay in a TL system where linearity between the signal and the sample
concentration is expected for absorbances up ta.0.1

5.2.2 Set up of the PPIA in a FIA-TL system

5.2.2.1 Preliminary tests on the absorbance spectraf the reagents and the
product

The thermal lens systems are highly sensitive &eg allow to detect an analyte
even by using excitation wavelengths different froime one of the absorbance
maximum, where the extinction is the highest. Tdiaracteristic allows performing
experiments even in cases where there is no laseralvailable at an optimal
excitation wavelength or when there is an overlagmf the absorbance spectra of
the analyte and reagents which requires excitatotihe wavelength of the lowest
absorbance of the reagent. Hence, in order to ehttesappropriate laser line to be
used in the TL-PPIA system, absorbance spectraP@&AP pNPP and pNP were
recorded. Measurements were performed in a 1 métigghotometric cell under the
same conditions of the colorimetric assay perforimethe 96 multiwell plate (final
concentration of PP2A in the cell 0.p&)/uL, Tris buffer 40 mM, pNPP 20 mM,
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DTT 20 mM). Absorbance spectra of pNP were recoitedifferent times from the
start of the reaction (0, 5, 10, 15, 20 min). Thieeximum of absorbance of pNP is at
405 nm hence a krypton laser line operating at4@6 would have seemed the best
option as a pump beam. However, while the absoghahd®P2A was found to be
negligible, the absorbance spectrum of 20 mM pNRB in part overlapping with
the spectrum of pNP (Fig. 5.22) contributing toatielely high background

absorbance at 407 nm.

45 -
4.0
3.5
3.0
25

2.0+

ABS (a.u.)

15 4

1.0

0.5+

00-——F7 71— 717 T ~ T ~ T T -~ T ~ T 1
390 400 410 420 430 440 450 460 470 480 490 500
wavelength (nm)

Figure 5.22 Absorbance spectra of pNPP and pNP. The spectrum of
pNPP 20 mM (bright green line), of pNP produced at the start ofthe reaction
(black line) and of pNP produced after 5 (red line), 10 (blue line), 15 (orange
line) and 20 min (pink line) are shown.

In order to solve this problem, the possibilityusing lower concentrations of pNPP
was investigated. The substrate is in fact presemxcess (in order to make the
reaction independent from its concentration) andemeer, any eventual loss in
sensitivity due to the lower concentration of thestrate would be compensated by
the high sensitivity of TLS. Therefore absorbangeectra of pNPP at lower
concentrations (0.625, 1.25, 2.5, 5, 10 mM in Tngfer 40 mM) were recorded
(Fig. 5.23) in order to find the optimal substratacentration to be used.
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Figure 5.23 Absorbance spectra of different concentrations

of pNPP. Spectra of pNPP 0.625 (black line), 1.25 (red line),
2.5 (blue line), 5 (green line) and 10 mM (pink line) are shown.

As it can be seen in figure 5.23, in the case oMM pNPP the absorbance of the
substrate around 407 nm was still high (0.17 awhjle between 1.25 and 5 mM the
absorbances were ranging from 0.05 and 0.08 aduataiie lowest concentration i.e.
0.625 mM the measured absorbance dropped to 001 @iven the recorded

absorbance spectra of pPNPP and pNP, a substraterdoation equal to 1 mM was
used to perform the enzymatic assay in a TL sysfgsuming that the reaction rate
is not affected by the decrease of substrate coratem, the relative contribution of

pPNPP to overall absorbance in detection of pNPr dffeminutes of reaction is not
large (6.6% for 0.625 mM pNPP and 13.3% for 1.25 piNPP). Furthermore the

enzymatic assay was developed in a TL system wherpump beam was provided
by an Argon-ion laser operating at an excitatiovelangth of 457.9 nm. As it can

be seen from figure 5.22, at this wavelength pNBtils absorbing with a 0.1 a.u.

recorded after 10 min. This absorbance allows obitgia strong signal in a TL

system. Moreover at this wavelength the contributd pNPP to detected signal of
pNP after 10 minutes is 2 and 5% for 0.625 and lmRSpNPP, respectively.
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5.2.2.2 Set up of the colorimetric reaction

The colorimetric reaction was performed first iRIA-TLS system operating with an
Argon-ion laser Xex=457.9 nm, P=124 mW). Two different enzyme solwi¢a00
pL of PP2A 1pU/uL i.e. 0.2 mU per injection) were injected into tystem where
the carrier buffer 1 was running at a flow ratedd& mL/min. The first solution was
prepared by diluting the enzyme in enzyme buffed amjected immediately, i.e. 1
minute after preparation (the time required fdmfg the syringe with the sample and
injecting it into the system). In this case thectem time was 9 minutes. Under the
given experimental conditions no peak was obserbet ,the baseline signal was
highly noisy. Since in a FIA-TLS system the diffieces in the composition of the
carrier and the sample buffer can affect the Thaigdue to perturbations caused by
mixing of the different buffers), a second solutiwas prepared diluting the enzyme
in the carrier buffer 1.

The solution was injected 1 minute after preparatiod with 9 minutes retention in
the system, the total reaction time was 10 minuitedeed, the reaction started
immediately after the preparation of the solutibeifg the enzyme diluted in the
carrier buffer 1, containing pNPP). After injectitfte second solution a small peak
was observed (0.59 mV) but the noise was still ligg. 5.24) with a signal to noise
ratio equal to 12.7. In order to obtain a higher Jignal the reaction time was
increased by injecting the second solution aftemiutes from preparation (with a
resulting reaction time of 30 minutes). In this eas higher (1.68 mV) and better
shaped peak was observed but the baseline wasasil (Fig. 5.24) with a signal to
noise ratio equal to 35.7. In order to obtain anaigvhich, at a given background
noise, enables observations of 10% inhibition af énzyme, for the given case the
minimum detectable difference in peaks heights 8%aswhile for the signal to noise
ratio of 12.7, as obtained with 9 minutes reactione, the minimum detectable
difference in peak height and corresponding intdhitof the enzyme, because of
background noise, was 23%.

Results showed that the detection of the reagiimauct in the FIA-TLS system
was possible even at a concentration of pNPP 28stilower then the one used for
the colorimetric reaction in the 96 multiwell platdoreover, despite the absence of

the antioxidant DTT in the carrier buffer 1, theyme showed to be active.
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Figure 524 TL signal of pNP after the injection of the second solution. Reaction time of 10 min
(left) and 30 min (right)

5.2.2.3 Effects of increased concentrations of reagts and decreased flow rate
on the colorimetric reaction in the FIA-TLS system

In order to improve the performance of the FIA-Tls§stem a second set of
experiments was carried out at a lower flow rat8 (@L/min) and at a slightly
higher concentration of enzyme (1.88/uL i.e. final 0.27 mU in the solution) and
pNPP (3 mM) in order to promote the formation daeger amount of product and
hence to obtain a stronger TL signal. The enzyme dilated in the carrier buffer 2
and the enzyme solution (2QQ.) was injected 21 min after preparation (32 min of
reaction time). A second experiment was perfornfeet aducing the reaction time
by injecting the enzyme solution 6 min after pregpan (17 min of reaction time).
Figure 5.25 shows that, under the given experinhe@ataditions, reproducible peaks
were obtained in both cases. The TLS signal obtiaafeer 17 min was 17% lower
than the one obtained after 32 min but it was 8@$ higher than the signal obtained
in the previous 30 min experiment i.e. 59.2 mV wuersl.68 mV, with a
corresponding signal to noise ratio in the orderl6fi.e. 3 orders of magnitude
higher. With the achieved increase in the strergjtithe signal, the 17% lower

sensitivity was considered a reasonable comproforstae shorter reaction time and
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all further experiments were carried out by injegtthe enzyme solutions 6 min after

preparatlon.
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Figure 5.25 TL signal of pNP, Left: 32 minutes reaction time. Right: 17 minutes reaction time.

5.2.2.4 Effect of sample volumes and flow rates dhe colorimetric reaction in
the FIA-TLS system

Further adjustments of the colorimetric reactiomenearried out by the reduction of
the amount of reagents, injection volumes and tiinanalysis. The measurements
were repeated by injecting 100 and @D of two different solutions of PP2A
(containing a total amount of 0.27 and 0.1 mU)he system. As in the previous
experiment the enzyme was diluted in the carriéfeb2. Furthermore the flow rate
was increased back to 0.5 mL/min in order to gersr peaks. Figure 5.26 shows
that under the given experimental conditions peaiese observed even when
injecting the smallest volume of the PP2A with tbeest concentration. Moreover
at this flow rate the time required for the meamerts was reduced to 15 min (6
min before injection plus 9 min in the system). Bignal was 4.5 times weaker than
the one obtained in the previous 17 min experimert3 mV versus 59.2 mV with a
corresponding signal to noise ratio in the ordet@f.e. 1 order of magnitude lower,

but still strong enough for the foreseen developgméthe assay.
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Figure 5.26 TL signal of pNP after the injection of 0.1 mU PP2A.

5.2.2.5 Development of the PPIA in a FIA-TLS system

Once demonstrated that pNP could be successfutlyctdel in a TL system the
possibility to perform the PPIA in the same expemtal conditions was
investigated. The inhibiting effect of two diffetenoncentrations of microcystin
solutions (1 and 0.j{dg/L) on a 0.1 mU PP2A solution (0.2 mul, 50 pL injection)
was tested. The enzyme solutions were prepared dkei previous experiment
adding MC-LR just prior the injection (that is taysthat the toxin was added 5 min
after the start of the colorimetric reaction). Ascan be seen in figure 5.27
reproducible peaks were obtained but only a smalbiting effect was observed i.e.
a decrease of the signal equal to 19%. Moreovelifference in the inhibition extent
was observed between the two solutions of MC-LRcWlsignal was equal to 11.7

mV in both cases.
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Figure 5.27 Inhibition of PP2A by MC-LR

5.2.2.6 Calibration curve and estimation of LOD forMC-LR

Further experiments were performed in order to inbaacalibration curve for MC-
LR. The number of enzymatic units was decrease@d.Q@85 muU/injection (i.e. 0.5
pnU/UL) in order to obtain a relatively larger inhibitidor the same amount of toxin.
The baseline noise was reduced by decreasing ske fpower down to 10 mW but
under these experimental conditions, in order ttaiabreproducible signals, the
pPNPP concentration had to be increased back to M0 The observed decrease Iin
height TL signal was equal to 54.6%. Indeed, in phevious experiment the TL
signal of para-nitrophenolate was equal to 14.55wihife, in the given experimental
conditions of this experiment, the signal was eqod&.61 mV. The curve (Fig. 5.28)
was obtained by incubating solutions of 0.025 m2AHiluted in the carrier buffer

3 with MC-LR solutions 1 and fg/L (final concentration). Solutions were prepared
as follows: PP2A was first diluted in the carrierffier 3 while MC-LR was added
after 5 min. The solution was then injected afteniGutes from MC-LR addition for

a total reaction time of 20 min. The time requifed the observation of the first
signal is 20 min while the measurement of the digsalf requires 65 seconds. This
means that, carrying out consecutive injections niimber of measurements that can
be performed in 30 minutes is equal to 28. Underdiven experimental conditions
the extrapolated LOD for MC-LR was 0.p4/L, almost 2 times below the limit set

by WHO for drinking water. These results are prongsindeed, in literature it can
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be found that the time required to perform the P&s8ay in a microtiter plate varies
between 1 hodf® and 30 minutés’. The protocol by Ikheara, in principle, allows to
analyze a number of samples 3 times higher tharotieeof the TL system in the
same time but the sample volumes required for tiayais are 2 times larger than
the one required by the TL system. Moreover itxpeeted that the high sensitivity
of the TL technique will allow using smaller injemt volumes and lower
concentrations of enzyme. Although the LOD reackath the FIA-PPIA-TLS
system is higher in comparison to other techniq(iEsble 3.4), it has some
advantages. Chromatographic techniques such as MRL@nd HPCE/UV have
very low sample throughput with a required time tloe chromatogram acquisition
of around 15 minuté® for each sample. The FIA-PPIA-TLS procedure resgiir
smaller amount of reagents and it is simple whilsyally, chromatographic and
other biological techniques are more complex andire larger volumes of samples
and pre concentration st@p§’ that are not required in a TL system. Regardireg th
commercial ELISA kits available for the detectioh raicrocystins, the kit from
Envirologix (QuantiPlate™Kit for Microcystins, EP 022) has a LOD of 0.14ig/L
and the samples can be processed in 90 minutes. Kithe from Abraxis
(Microcystins-DM ELISA kit, 522015) and Enzo Life Scienceédi¢rocystins (Adda
Soecific) ELISA kit, ALX-850-319) can detect 0.Jug/L of microcystins in
approximately 120 and 90 minutes, respectively. T obtained with TLS is
already comparable to the LODs achieved by theetbmmmercial ELISA kits and
to the AbraxidMlycrocysting/Nodularins PP2A, Microtiter Plate kit (520032) that can
detect 0.25ug/L in approximately 30 minutes.

Additional experiments such as tests for the opaton of the reagents
concentrations and for a better temperature coofrtie FIA-PPIA-TLS system are
still to be carried out; enzymes from different gamies should be tested as well.
Furthermore the FIA-PPIA-TLS assay can be downdc&dea TLM-microfluidic
system where the inhibition of PP2A by MC-LR is egfed to occur at a faster rate

and where the volumes required for the assay aaflesn
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Figure 5.28 Calibration curve of MC-LR in a FIA-PPIA-TLS system

Table 5.3 summarizes the analytical performanceaimdd in this work with TL
techniques together with the best analytical peréorces found in literature for the
same analytes. As previously discussed, the LODaira with the TL techniques
are higher than the one obtained with other techesgbut the TL systems can still
be improved.

76



Table 5.3 Comparison of analytical performances olained in this work and in literature

Detection

el Method

FIA-TLS

Cr-PE

FIA-TLM

Fluorescence
spectroscopy

PPIA-FIA-TLS

ELISA

MC-LR

PP2A multiwell

Immunoelectrode

LOD

13 pg/L
(in0.1 M
KPi)

22 pg/L
(in 40%
ethanol)

119 pg/L
(in0.1M
KPi)
51 pg/L

(in 30%
ethanol)

1 pg/L

0.64 pg/L
(in KPi 0.1
M)

0.1 pg/L

0.25 pg/L

0.005 pg/L

0. 01 ng/L

Linearity range

0.05-20 pg/mL

0.05-10 pg/mL

0.5-10 pg/mL

0.5-10 pg/mL

0.001-0.5 pg/mL

0-5 pg/mL

0.15-5 pg/L

0.25-2.5 pg/L

0.005-5 pg/L

0.0001-1 pg/L
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Time of
analysis

30 sec
(1 sample)

30 sec
(1 sample)

30 sec
(1 sample)

30 sec
(1 sample)

not stated

30 min
(28 samples)

90 min
(90 samples)

30 min
(90 samples)

30 min
(90 samples)

37 min
(1 sample)

Reference

This work § 5.1.4.1

This work § 5.1.4.2

This work § 5.1.5.2

This work § 5.1.5.2

Sobiechowska et al.**

This work § 5.2.2.6

Enzo Microcystins
(Adda Specific) ELISA
kit

Abraxis
Mycrocystins/Nodularis
PP2A, Microtiter Plate
kit

Ikehara et al.*’

Lebogang et al.”



5.3 REMOVAL OF MC-LR BY ADSORPTION ON
COMPOSITE MATERIALS

5.3.1 Preliminary experiments
Preliminary experiments were performed in ordeadsess if the MC-LR was
adsorbed on the available composite materials@fidd the optimal experimental

conditions.

5.3.1.1 Screening of the adsorption of MC-LR on thehitosan-tricyclodextrins
composite materials

A first set of experiments was carried out on matercomposed by tricyclodextrins
and chitosan. In particular [L100% CS] and [50% 6&% TCD] films were tested.
Absorbance measurements were performed on 3 miuaoblutions of microcystin
(0.37 mg/L) in deionised water at pH 7. Absorbaneese recorded every 5 minutes
for the first 95 minutes and every 10 minutesthi# absorbance reached a plateau. In
both cases a decrease in the absorbance was ab#eugeandicating that the MC-LR

was adsorbed on both materials (Fig. 5.29).
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Figure 5.29 Absorbance measurements of solutions of MC-LR in

the presence of a 100% CS (black squares) and a 50% CS-50%TCD
composite material (red dots)
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5.3.1.2 Screening of the adsorption of MC-LR on theellulose-tricyclodextrins

composite materials

A second set of experiments was performed on nadgezomposed of cellulose and
tricyclodextrins. The films were put in 2.7 mL 00a37 mg/L MC-LR solution that
was stirred for the entire measurement span. Fi§u8@ shows that no adsorption
was observed in both cases [50% CEL-50% TCD] (det) mnd [75% CEL-25%
TCD] (green plot) of composite materials. Also metcase of the [100% CEL]
material no adsorption was observed as it can ée sefigure 5.31. The [50% CS-
50% CEL] material instead shows to adsorb the t@&xig. 5.32).

ow+—F—+—1—7—1—"—7—"—7—7—7
0 60 120 180 240 300 360 420

time (min})
Figure 5.30 Absorbance measurements of MC-LR solutions in the
absence (black squares) and in the presence of 50%CEL-50% TCD

(red dots) and 75%-CEL-25% TCD composite materials (blue
triangles)
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Figure 5.31 Absorbance measurements of a solution of
MC-LR in the presence of a 100% CEL composite material
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Figure 5.32 Absorbance measurements of a MC-LR solution in the
presence of a 50%CS-50%CEL composite material

5.3.1.3 Adsorption of MC-LR on the chitosan-cellulse composite materials

From the results of MC-LR removal obtained with tokan-tricyclodextrins and
cellulose-tricyclodextrins composite films it coldd stated that the material that was
involved in the adsorption of MC-LR was chitosan. flact all the composite
materials that were made in part or completely byosan namely [50% CS-50%
TCD], [50% CS-50% CEL] and [100% CS] showed to aldgbe toxin. None of the
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composite materials made in part or completely ljlulbse i.e. [50% CEL-
50%TCD], [50% CEL- 50% DB18C6], [75% CEL- 25% TCRhd [100% CEL]
showed to adsorb MC-LR.

5.3.1.4 Influence of the pH on the adsorption of MELR on composite materials

In literature it is reported that the adsorptioficedncy of MC-LR is higher working

in acidic condition® 2°2 For this reason, experiments at pH 5 were cawigdn
order to investigate if under such experimentald@ions it was possible to improve
the efficiency of toxin adsorption on the compositaterials.

The experiments on the [100% CS] and [50% CS -502®]Tmaterials were
repeated diluting the MC-LR in double deionised evabrought to pH 5. All the
other experimental conditions were the same dsarexperiment at pH 7. Under the
given experimental conditions no increase in theogation efficiency was observed.
Moreover in the case of the [100% CS] film, thetgdau was reached in 6 hours and
an half i.e. twice as long as in the solution atpthat reached the plateau in 3 hours
(Fig. 5.33). Experiments performed at pH 5 did sbbw increased adsorption
efficiency of the materials hence all the furtheperiments were performed at pH 7.

0.16
0.15 4
0.14 4
0.13 A
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0.01

ow+———Frr——7——+—7T—"—7—" 7"
0 60 120 180 240 300 360 420 480

time (min)

Figure 5.33 Absorbance measurements of a 100% CS material at
pH 5 (red dots) and pH 7 (black squares)
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5.3.2 Mechanism of adsorption

In order to understand the mechanism of adsorpifolMC-LR, experiments were
carried out on composite materials with differeatias of [CS-CEL]. In particular
kinetic measurements were performed on compositerras made by 67,50,40,29
and 20% chitosan. Experiments were carried out mtitee same conditions as the
previous one and for each material the measuremerd taken in triplicates. The
kinetic data were then fitted to the pseudo-firstlen and pseudo-second order
models in order to determine which was the mostapiaté®.

The pseudo-first and pseudo-second order modelsbased on the following

equations respectively:
ln(qe - qt) = lnqe - klt (1)

t 1

= > -+ L
qr (kzqe ) qe

where k and k are pseudo-first order (mfhand pseudo-second order rate constant
of sorption [g/(mg min)], gis the amount of analyte adsorbed at equilibriomg/§),
g is the amount of analyte or the sorbent at ang tifmg/qg).

If the initial adsorption rate is
2
h=k,q, (3)

then the equation 2 can be rearranged:

If 1/q; is plotted against t a linear plot can be obtaimed gcan be then extrapolated
from the slope while h can be extrapolated fromititercept. Once obtained gnd
h, k> can be calculated from the equation 2.
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In figure 5.34 the plots of;@s a function of time for the five materials corsgad by
the different concentrations of chitosan are showom the plots it is evident that
for increasing concentrations of chitosan thera isorresponding increase in the
adsorption of MC-LR. The adsorption of MC-LR on th@0% chitosan film was
found to be similar to the one containing 67% afadan showing that an adsorption
plateau was reached. This can be explained byaittetiat cellulose confers tensile
strength to the composite material and preventsviallowing and the consequent
loss of adsorbed MC-LF'.

== 67% chitosan
== 50% chitosan
40% chitosan

=== 2 9% chitosan

'S

qt (mg/g)

s 2 0% chitosan

0 100 200 300 400

Time, min

Figure 5.34 g, as a function of time for different concentrations of chitosan in the
composite material chitosan-cellulose.

Table 5.2 shows the results of the data fittingpath pseudo-first an pseudo-second

order models for the five different [CS-CEL] comfesnaterials.
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Table 5.2 Fitting of the data to a pseudo first and to a pseudo second order models

Composite Matenal Pseudo-First Order Pseudo-Second Order

% % Q. ky R Q. ky 107 5

Chitosan Cellulose (mg/g) (mm") R" MSC (meg/'g) (g/mg. nun) R* MSC
67 33 94=8 0.020=0.001 09714 2.84 96+3 1.6=0.1 09894 | 418
50 30 72+1 0.02=0.01 0.9794 3.86 792 5=3 0.9953 5.46
40 60 52+1 0.010=0.007 | 0.9370 272 739 =1 0.9965 5.66
29 71 44=] 0.01=0.02 0.9419 273 712 32 0.9987 6.52
20 80 31=5 0.007=0.001 0.7254 1.98 424 1.9=0.3 0.9932 5.00

The MSC represents the information content of aehtiterefore a better model will
be the one giving higher MSG&rom the relatively higher values of bofi and

MSC, in the case of a pseudo second order compartte pseudo first order it is
clear that the adsorption of MC-LR by the chitosafiulose composite material
follows a pseudo second order model. The adsorptionicrocystin is dependent on
the concentration of chitosan in the composite raltee. at higher concentrations
of chitosan an increased adsorption efficiencyclgeved. This is in accordance with
the previous experiments that showed that celluti@es not adsorb microcystin.
These results showed that [CS-CEL] composite naserhave much higher
adsorption efficiency than other common adsorbested for the removal of MC-

LR. In table 5.3 some of the adsorbents alreadeldeed for the removal of this

toxin are listed.
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Table 5.3 Adsorbent materials already developed fathe removal of MC-LR

Adsorber

Iron Oxide Nanopatrticles

Fesz0s@copper silicate nanotube
microspheres

Powdered activated carbon (PAC)

Bamboo/Chitosan

Natural clay particles

Carbon nanotubes

Suspended Particulate Matter
(SPM)

PAC/UF (membrane ultrafiltration)

Activated carbon fibers (ACF)

Fe;0,@Si0O; magnetic
microspheres

[CS-CEL] composites

mg of adsorbed MC-LR /g
adsorber

0.15

0.5

0.75

4.6

5.9

6,5

17

20

96

Reference

Gao et al.
20122

Chen et al.
2009%%

Newcombe et al. 20042%

Zhang et al.
2011%"

Morris et al.
2000%°®

Yan et al.
20062

Liu et al.
20082%

Lee et al.
2006%*°

Pyo et al.
20052

Deng et al.
2008°"

Tran et al.
2013<sup>177</sup>

As it can be seen from the table the best adsortepurted are RO,@SIO

magnetic microspheres that can adsorb up to 20 fmgicrocystin per gram of
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adsorbent. This value is 4.8 times lower than tie @btained with a [67% CS- 33%
CEL] composite material i.e. 96 mg of microcystiR-per g of material.

The adsorption of MC-LR on [CS-CEL] composite masris highly efficient and
reaches 96 mg of MC-LR per g of film, which is thighest in comparison to the
other data found in literature. These data are peoynising, indeed the adsorption
efficiency, which is already higher than other atiecs, could be further improved
by varying the experimental conditions for examydeng microparticles instead of a
film in order to increase the surface area. Funtoee the method of preparation of
the [CS-CEL] composite materials is completely gre€hitosan and cellulose are
biodegradable and the ionic liquid used as a solf@nthe preparation of the film

can be washed away with water and recovered bylatisin.
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6-Conclusions

Cyanobacteria harmful algal blooms represent aathi@ environment and human
health due to their release of toxic compounds that contaminate even drinking
water. In this work novel methods for a) the detectof cyanopigments as early
warning systems b) for the detection of MC-LR andar the removal of MC-LR
from fresh water are presented.

In the first part of this thesis it was demonsitateat TLS and TLM techniques can
be successfully employed for the detection of opégments. Moreover it was
demonstrated that the sensitivity of these systants the achieved LODs can be
improved by the use of quenchers, by changing lieentooptical properties of the
samples and by coupling TL detection technique# WitA. CL-APC and Cr-PE
were detected in a conventional TLS system that fuaber optimized for the
detection of Cr-PE. A 1.8 times improvement in Hamsitivity of the system was
obtained by quenching Cr-PE fluorescence with Kiwdver the calculated LODs in
the absence and in the presence of Kl were alrhestadme i.e. 57 pg/L and 56 pg/L.
Based on these results, it can be concluded thatsémsitivity of the system is
enhanced by fluorescence quenching of Cr-PE, hawsyaignificant improvement
in LOD was achieved by the use of Kl which, undke tgiven experimental
conditions, was shown to contribute to the increafs¢éhe background signal and
related signal noise. Nevertheless it is expeched modifications in the system,
such as pressure decrease, purification of theatpeenor the use of other quenchers,
will improve the performance of the described TL®tlnod. The modification of
thermooptical properties of the sample by additadn10% ethanol allowed to
decrease the Cr-PE LOD to 43 ug/L while couplingsTwith FIA lead to an even
lower LOD, i.e. 13 pg/L. However, when 40% etham@s used in a FIA-TLS
system, despite a 3 times relative increase initsatys the extrapolated LOD was
22 pg/L showing that also in this case the charigaeobuffer caused an important
increase of the noise. The expected improvementsseinsitivity due to the
introduction of organic solvents into the samplesravconfirmed. Moreover, a
further improvement of the LOD, attributed to reddcphotodegradation, was
achieved in FIA mode. As for the case of Kl, ieigpected that the background noise
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in the FIA-TLS system observed in the presencetlwdrel could be decreased by
modifying experimental conditions, for example ap#iing flow rates and the
internal pressure or by using different organicvents. The achieved LOD of 13
Hg/L is not far from the value of 3.16 pg/L thatsaestimated to correspond to the
presence of 1 pug/L of MC-LR, as calculated for ba#f of the maximum possible
content of phycoerythrin in cyanobacteria. Theseilte indicate that TLS represents
a powerful tool for the detection of cyanobactgrigments which can be used as
indicators of early onsets of massive HABs in raturaters.

Cr-PE was successfully detected also in a TLM-gyadtiven flow system. In this
case, in the presence of 30% ethanol a 3 timegaserin sensitivity was achieved
compared to the one in KPi while the LODs in theaaize and in the presence of the
solvent were 119 pg/L and 51 pg/L respectively,wshg that the change in the
buffer was affecting this system less then the ©h&. Also for TLM systems further
improvements can be achieved by noise reductioe, aisdifferent solvents and
appropriate quenchers. It is therefore expectetittiege ameliorations will make the
developed systems favorably comparable to othehodstreported as early warning
systems for MC-LR, based on cyanopigments detecttamthermore, it can be
expected that the constant developments of lasemaaorofluidic technologies will
allow in the future to develop a portable systeat ttould be use on field.

It is worth to mention that the TLS and TLM metBdiave been developed using
standard aqueous solutions, therefore interfeeentease of real samples, due to
the presence of other absorbing compounds, shaukkpected. Different matrixes
can affect the system as well but in the case ofim@asamples a positive
contribution is expected, indeed, the presence odiusn chloride enhances the

sensitivity of the TL techniqdé’

In the second part of this thesis a FIA-PPIA-TLSteyn for the detection of MC-LR
was developed. The LOD of MC-LR obtained is equali64 pg/L and therefore
below the limit of 1 pg/L defined by WHO for drimg water and already
competitive with the MC-LR detection kits commeligiaavailable. Although this
LOD is higher than the one obtained with other téghes, it has the advantage of
being simple, to require low amounts of reagentstarhave a higher throughoutput.
Moreover, improvements are expected to be achibyaptimizing the experimental

conditions and by downscaling the FIA-PPIA-TLS tm&rofluidic system.
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In the third part of this thesis a novel methodtfe removal of MC-LR based on the
adsorption on chitosan-cellulose composite materigl presented. After the
screening of different composite materials, it wsmonstrated that MC-LR is
efficiently adsorbed on chitosan-cellulose filmshitGsan was found to be the
adsorbent component while cellulose plays a roléhénstrengthening of the film.
Indeed, in the case of [CS-CEL] materials, incnregstoncentrations of chitosan
correspond to higher efficiencies of adsorptionlil@se, alone or in combination
with materials other than chitosan, does not stoadsorb the toxin. Furthermore,
it was demonstrated that MC-LR adsorption followgsaudo-second order kinetics
and that the [CS-CEL] films, under the given expemtal conditions, can adsorb up
to 96 mg of MC-LR per g of film. This value, as fas found in literature, is 4.8
times higher than the highest achieved adsorptitim ether adsorbers. These results
are really promising, in fact the already highlysauption efficiency of these
composite materials could be further improved byifying their geometry in order
to increase the surface area for example prepamicgoparticles instead of films.
Moreover, the [CS-CEL] composite materials have gineat advantage of being
completely biocompatible and biodegradable. Funtivee, their preparation method
is completely green indeed, the ionic liquid usegrepare the flms can be washed
away and recovered by distillation. In additionwés demonstrated by additional
experiments performed after this work was concluithed the adsorbed toxin can be
removed from the composite material that can ba tieeycled without loosing its

adsorbing property®.
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