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ABSTRACT

Food safety is a global health goal afodd quality control isessential for authorities and
professional players in the food supply chéalime pesence of unsafe levels of foodborne
contaminants such as allergens and toxins in food repsesagrbwing public health problem
that necessitates the development of efficient tools for their deteDigspite the relatively high
sensitivity of some ofthe currently used detection methods, they are highly laborious, time
consuming, require highly trained personaetl areexpensiveThese limitations encouga the
research for alternativéools to be applied in a regulatory monitoring regime in order to
guarantee a high level of consumer protectibimerefore biosensors have appeared recently as
interesting alternatives that exhibited potential applications for food quality analysis.
Particularly,electrochemical biosensors have become an attractiveecdoe to their very low
cost, high sensitivity, ease of use aodpability of miniaturization However, two main
challenges are facing the wide applicability of the available electrochemical biosensors for the
detection of food contaminants today. Fitee sophisticated detection strategies which are used
to obtain the required sensitivitysuallyincludea time consuming, costly labelling process and
multiple reagents and washing steff®cond, the poapecificity of the available recognition
receptos, their high cost as well as their limited stabibiye major disadvantage$o address
these challengeshis work desribes the development of novel, simple, sensitive, specific and
low cost biosensing platform®r the detection of some foodborne aminants particularly
allergens and toxins

Advances in nanobiotechnology and itstegration in biosensors resulh the
development of novel sensing platforms with highly improved performance. New biorecognition
elements and nanomaterlzdsed transdtion systems are among those nanobiotechnological
concepts that areevolutionising the development of electrochemical biosenddese, we
explore the use oDNA aptamers as recognition recept@s well asgraphene platforms as
transducerf electrochental biosensors for food analysis.

First, a functionalization method of graphene electrodes was demonstrated by
electrochemical reduction of in situ generated aryl diazonium salts in aqueous acidic solution.
Two diazonium salts were utilised in orderstow the versatility of this approachitrophenyl

and carboxyphenyl diazonium salts. The electrochemical modification protocol was optimized in



order to generate monolayer of aryl groups on the graphene surface without complete passivation
of the electrodeUnlike the reported methods for graphene functionalization, we demonstrated
here the ability of the electrografting of aryl diazonium salt to attach an organic film to the
graphene surface in a controlled manner by choosing the suitable grafting prblexplthe
functionalized graphene electrodes were then used to developfriadetlectrochemical
immunosensors for the milk allergemlactoglobulin (b-LG) as well as the egg allergen
ovalbumin (OVA) showing high sensitivity. Moreover, the electrogragtiapproach was then
applied onchemical vapour depositiorC¥D) grown monolayer graphene in order to enable
detailed investigation and characterization of the modified electrodes and subsequently applied
for impedimetric biosensing of ovalbumin. This firattempt to use functionalized CVD
graphene in biosensingpresents a proof of concept that can be extended to other biosensing
applications.The carboxyphenyl modified graphene electrof&s-GSPE were also exploited

to develop a direct competitive k@mmetric immunosensor for the detection of the shellfish
toxin okadaic acidOA). A competitive assay between OA and fixed concentration of okadaic
acidovalbumin conjugate (OM®VA) for immobilized antibodies on the GBPSPE was
employed for the detectianf OA. The developed immunosensalowed the sensitive detection

of OA in PBS buffer. The matrix effect studied with spiked shellfish tissue extracts showed a
good percentage of recovery and the method was also validdtedertified reference mussel
samples.

Second, | successfullgelected, identified and characterized DNA aptamers that bind
with high affinity and specificity to OA andbrevetoxin2 (BTX-2), marine biotoxins that
accumulate in shellfish. The aptamers were selected using systematitoevof ligands by
exponential enrichment (SELEX) and exhibited dissociation constants in the nanomolar range.
The bindingof target toxins to aptamer pools/sequences was monitored using fluorescence and
electrochemical impedance spectroscopy (BEhngues The aptamers with the highest
affinities were then used for the fabrication of lafvek electrochemical biosensors for the
detection ofOA and BTX2. The selected aptamers offer promising alternatives to the currently
employed antibodies and che exploited in different detection assays for such small molecule
toxins.

Third, by integrating the high affinity and specificity of DNA aptametith the carbon

nanomaterial graphene, highly sensitive and selective aptasens®fidarcystin Leucine,



Arginine (MC-LR) was successfully developed. A specific DNA aptamer againsi_RGhat
did not show cross reactivity withlicrocystin Leucine, Alanine (MC-LA) and Microcystin
Tyrosine, Arginine YR) has been utilized as model. A facile strategy was usédr the
aptasensor fabrication based on the noncovalent assembly of DNA aptamer onTGISPEW
approach has led to a rapid, lkmest, sensitive and specific detection method for-MRCin
buffer and spiked fish extract samples, offering several advesitager previously reported
methods. First, the aptasensor was fabricated without labelling, minimizing cost and complexity,
as well as preserving the affinity of the aptamer to-MT Second, the use of graphene
electrodes has achieved good sensitivigytipularly when compared with other MAR sensors
with sophisticated fabrication protocols and detection schemes. Lastly, this gréplsede
aptasensor is highly specific to MR, with selectivity against other microcystin congeners
hardly achievable byprevious attempts. Moreover, we demonstrated in this work that the
mechanism of the detection was based on the conformation change in part of the aptamer
sequencevithout complete release from the graphene surface. We believe that this finding is
importart for exploiting aptamers in the detection of other small molecules using graphene
platforms in the future.

Finally, for a better understanding of the behaviour of different graphene samples that can
be used for biosensing, a systematic study have betarmed in order tonvestigate to which
extent the size ajraphene oxideGO) sheets influence their structural properties as well as their
biosensing performance. Graphene oxide sheets with different size ranges were separated. The
sheets were then claaterized via atomic force microscopfAFM), scanning electron
microscopy (SEM), Raman spectroscopy andrXy photoelectron spectrosco}PS) The
biosensing performance of these samples was compared usingaptder againdiC-LR
toxin as well as an aibbdy againsb-LG in labelfree detection format. We observed different
trends between the size of GO sheets and the sensitivity eLR1@ptasensors an-LG
immunosensors fabricated either using covalent attachment or physical adsorption. Our results
demonstrate that controlling the size of GO sheets may have profound impact on their use in
specific biosensing applications.

Thus, my work lays solid foundations for the development of new electrochemical
biosensors for foodborne contaminants based orhgregpmaterials as transducers and aptamers

as recognition receptors.
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CHAPTER 1. INTRODUCTION

1.1 Foodborne contaminants

The contamination of food is a serioissue due to itharmful impact on the public health.
Foodborne illness has very negative effect on the world's economy in terneslichhtosts, lost
productivity, and product recallft. costs the European economy hundreds of millions of Euros
each year? The US Centers for Disease Control and Prevention (CDC) estimates that more
than 36 million cases of illness occur annuallyuSA because of foodborne contaminahts
Similar trend is also recorded in Canada, wherePtliglic Health Agency of Canada estimates
that each year roughly one in eight Canadians (or four million people) get sick due to foodborne
diseased. Therefore, fod quality and safety is a priority area of research worldwided
contaminatiorcan be due to the presence of either biological (pathogenic bacteria, parasites,
viruses), chemical contaminants (natural toxins, pesticides) or allergens which results in
consumer illnessin the following two subsections, we will provide a brief introduction about
allergens and marine toxins withspecial focus orthe analytes under study-+actoglobulin,

ovalbumin, okadaic acid, brevetoxins and microcystins)

1.1.1 Allergens

Food allergy has become one of thajor health concerns nowada¥%s Eating certain
types of food can trigger an immune reaction in allergic individealding to erious health
problems.So far, there is no effective treatment for food allergens suffers and the only way to
manage the health hazards resulting from allergens is to avoid the specific allergen containing
food. Food allergy affects millions of people idwide. Global estimatesuggest that up toi 6
8% of infants” and 4% of the adult population are affecte&xtrapolating these figures to the
current population of Canada suggests a total of about a million food allergy sufferers. Recent
studiesin USA indicate approximately 125,000 emergency department viSiend 53,700
episodes of anaphylaxi§ from foods each year. Foadduced anaphylaxis has resulted in a

350% increase in hospitalizations during the last decadéar@DCreportin 2008indicatedan



18% increase in childhood food allergy from 1997 to 280Data for Canada is expected to be
proportionally similar.

Egg is one of the most common causes of food allergies in children, particularly infants
under 3 years olé#*°. It is consideredne first cause of allergens in some countries exceeding
even the cows' millallergy. Themost common allergens in egg are the four chicken egg white
proteins; ovalbumin ovomucoid ovotransferrin and lysozyme'®’. Ovalbumin is the most
abundant protein in egg white comprising 58% of the whgtevehite proteinstherefore it can
be used as a marker for the presence of egg contamination in food products.

Milk is anothercommon cause of food allerg®®, affecting between 2% and 3% of
infants 2°. -laltoglobulin which represents 10 % of thewds mi | k pr ot ei ns i
most important milk allergen especially for children. Althoegly andmilk are amonghe food
components which should be listed on the label of the food products, most of the allergenic
reactions in sensitive consumeiscur due to unexpected exposurehafseproteins in a product
whereegg ormilk arenot included in the ingredient listhis can be due to inadequate cleaning
of the food processing equipment or during transfer or storage pracdsssshidden or
accicently introduced allergens may cawssious allergic reactiorfer the sensitive individuals
and leads taurticaria, angioedema, or anaphylaXisTherefore, reliable detection methods for
traces of food allergens on food production equipment and in fooducts are needed for
regulatory agencies, food processors and manufacturers to ensure that the risks to allergic

individuals are minimized.

1.1.2 Marine toxins

Marine toxins are naturallgccurring chemicalsvhich usually are produced by several
species ofdinoflagellates and diatomand accumulate ircertain seafood. The seafood
contaminatedvith these chemicals usually looks, smells, and tastes normal. Eating such seafood
can lead tantoxicationin human Different types of poisoninfrom marine toxinshave been
identified witheach onéeingresponsible for different symptoms such as 1) diarrheic shellfish
poisoning (DSP); 2) paralytic shellfish poisoning (PSP); 3) amnesic shellfish poisoning (ASP);
4) neurologic shellfish poisoning (NSP); 5) azaspiratidllfish poisoning (AZP); 6) ciguatera
fish poisoning (CFP); 7) puffer fish poisoning.


http://en.wikipedia.org/wiki/Ovalbumin
http://en.wikipedia.org/wiki/Ovomucoid
http://en.wikipedia.org/wiki/Ovotransferrin

Okadaic acid is a lipophilic marine biotoxin produced by Dinophysis and Prorocentrum
dinoflagellatesand accumulates in various species of shellfish, mainlypnussés, scallops,
oysters and clam&. OA has several analogues such as the dinophysis toxins (DTX1, DTX2)

(Figurel.1) which have very similar structures but not all of them have the same toxicity levels.

Substance |R1 R2
OA H H
DTX-1 Me Me
DTX-2 Me H

Figure 1.1 Chemical structures of okadaic acid, dinophysis tdx{DTX-1) and dinophysis
toxin-2 (DTX-2).

Okadaic acid is tasteless, odourless and has no harmful effect simettiesh. However,
the consumption ofDA contaminated shellfish by human results in severe toxic effect knewn a
diarrheic shellfish poisoning® It leads togastroabdominal disturbancéscluding nausea,
vomiting, and diarrhea. Studies have shown thatQWetoxicity is due o the inhibition of
protein phosphatas¢BP) PP1 and PP2A*?* and some studies have also proven @Athas
carcinogenic and immunotoxic effectd Okadaic acid contaminated shellfish has become a
serious food safety problem affecting the shellfistiustry worldwide. The maximurallowed
level of OA is 160 pg k§* of musselsg®.

Brevetoxins are potent cyclic polyether neurotoxins naturally produced by the marine
fired tide dinoflagellatesKarenia brevisand accumulatalsoin shellfish They exhibit toxicity
towardsmarine mammals, bird$ish and human€. Brevetoxinshaveincreased in geographical
distribution in the past decade causing the illness clinically described as neurological shellfish
poisoning BTXs are tasteless, odourless, heat and si@tle. The exposure of human to BTXs
can occur through consumption of contaminated shellfish as well as aerosol exposure in coastal

areas.BTX-2 and-3 (Figure 1.2)are themostpredominant forms amonign BTXs that have



been isolated and characterizedm aerosolsfield blooms andKarenia breviscultures?”22,
BTXs bind to the voltaggated sodium channels in nerve cells leading to neurologic poisoning

and even mortality?.

Brevetoxin2 (PbTx2) R :-CHZC(:CHZ)CHO
Brevetoxin3 (PbTx3) R :-CHZC(:CHZ)CHon

Figure 1.2 Chemicalstructures of brevetoxid and brevetoxi3.

Microcystins arevell known group of toxins produced from cyanobacteridbluegreen
algaewhich have harmful effect on animals and human health. Microcystins (MCs) are cyclic
polypeptides consistg of five constant amino acids and two varyingaimino acids, forming a
family of congeners which have differaokicities2® (Figure 1.3).

(6) (7)
D-Glu Mdha

Substance X Y
MC-LR Leucine | Arginine
MC-YR Tyrosine | Arginine
MC-LA Leucine | Alanine

Figure 1.3 MicrocystinLR and some congeners (YR, LA) chemical structures.



Acute or chronic exposure to microcystins via skin contact, consumption of poisoned
drinking wateror agriculture products irrigated by contamtied water can cause liver damage
and may even lead to death It was also established recently that fish consumption might be
dominant source of microcystin exposure fmmans®!. Microcystins havealso shown tumor
promotion effect??3 as well as pa@nt inhibition of protein phosphatases 1A (PP1A) and 2A
(PP2A)34%° two key enzymes in cellular processes. MicrocysBn(MC-LR), which contains
leucine and arginine at the two variaplesitions,is the first chemically identified and widely
studied nicrocystin among more than 80 microcystin congeners isolated s8. fisforeover,
MC-LR is considered the most hepatotoxic congener among all microcystins with a LD50 of 43
e g / 3k km 1998, the World Health Organization (WHO) has set a maximum perrtteldof
1 eg/ L-LfRori nMQ@rinking water and dai FR/bodynt ak e
weight3®,

1.2 Various methods forthe detection offood allergens and toxins

Several analytical methods have bemvelopedfor the detection ofllergenssuchas
enzymelinked immunosorbent assays (ELISAY®, HPLC (High-performance liquid
chromatography}° and capillary electrophoresig**? methods with laseinduced fluorescence
detection %3, enzyme linked immunoaffinity chromatograph§/, and sizeexclusion
chromatography**. Proteinbased methods such agestern blot*® and immunoperoxidase
staining*! were also usedA rolling circle amplificationprocedure has been also developed to
enhance signals of ovalbumin immunoassay combined with fluorescentdiygecacular DNA
probe allowing the sensitive and rdiahe detection of OVA®.

For small moleculetoxins cuch asokadaic acid, brevetoxinsand microcysting) the
current detection methods are mainly based on animal assays, chromatographic techniques,
enzymatic assays and immunological methdglsch ofthese techniquesas different strengths
and weaknessed4: Chromatography. The most commonly used chromatography technique is
HPLC thatis usually equipped with different detection methods such as alb®ebdlV and
diode array detector. However, separation of different toxins variants is difficult because they are
structurally very similar2. Chromatography coupled with mass spectrometry (HPLEMS):
Coupling of HPLC to mass spectrometry resulted in arrongment in the detection limit and



specificity. However, these machines are very expensive ($1M each) and are unsuitable for field
application. They also cannot be used for routine screenings and require highly skilled personnel
to operate3. Animal assgs. Mouse bioassay detects sample toxicity by injection into male
swiss Albino mice followed by observation that lasts several days. During the observation period
clinical symptoms and mortality are recorded. The mouse bioassay is a measure of total toxici
but it is neither specific nor sensitive enough. Furthermore, a license is required to perform this
assay and in some countries the use of this test is not pernMibede bioassays have been
widely considered as a reference method for the detectiorostf of marine biotoxins including

MCs, OA andBTXs based on the European regulati6ff until it was prohibited in January

2011 due to ethical concertné. Protein phosphatase inhibition assaysPhosphatase assay
initially involves the release ofP-phosphate from raditabelled substrate by the phosphatase
activity of PP1 and PP2A. This assay is sensitive to nanogram level and is relatively quick. The
major disadvantage is the use of radioactivity. A colorimetric phosphatase inhibition assay has
thus been developed. The level of MCs or OA is determined from the reduced phosphatase
activity in these assayslowever,these enzymatic assagsffer from the low stability of the
enzyme, its sensitivity to the food matiaxd are not specifidecause othe inhibition of the

PP2A enzyme by different groups of toxifts Immunological methodsCommercial ELISA

kits are available in single test or microtitre assay formats for EXXs and MCs. However,

they suffer from crosgeactivity to the toxin variants. F@xample,otherMCs congeners cross

react withMC-LR, against which antibodies have beaised.In summary, ELISA is the simpler

, commercially available and relatively sensitive method which can be routinely used for the
detection of allergenic proteinsn c | udi ng o Vaetdglobhwlmi®has well ds nfost of
toxins °>°, However, it is still timeconsuming and costly, particularly when multiple targets
need to be screened and sometimes suffers from-irasBvity between the different varianf

the toxins which makes it difficult to be used for field applications.

1.3 Biosensors in foodborne contaminantgletection

In order to enhance the food safety, the end product testing is not sufficient. However, the
analysis of contaminants has to be perfed throughout the food chain from primary production
to final consumption. Fahis, the detection techniques must be able to be done rapidiyecat



extreme sensitivity and specificity, without the needs for laboratory equipments for samples
processig. They must also operate with u$eendly, low-cost, robust, reliable and rapid
detection devices that are suitable for field applications. After giving an overview on the
currently usedconventionalmethods for allergens and toxins detection, itlearcthat these
methods are slowcostly and laborious and sometime=guires sophisticated instruments
operating in centralized laboratoriddence, the developmemif simple, rapid and sensitive
biosensor technology that overcome these limitations isiatruBiosensors represent an
attractive alternative to the conventional detection methods and provide one of the most
promising ways for simple, fast, reproducible, and cheap +anéiyte detection. The following
subsections will provide an overview ovle recent advances of the biosensors application in
food analysis. Particular emphassgiven to the application of electrochemical biosensors in
food allergers and toxins.

1.3.1 Definition of biosensors

A biosensor is an integrated devioensists ofa biological recognition element (biorecognition
receptor) in direct spatial contact with transduction element, which converts the bielogical
recognition event into a measurable chemipalysical signal, that is proportional to the target
concentration. The brecognition receptor can be a protein such as enzyme or antibody raised
againstcertainfood analyte, a singistranded DNA molecule capable of hybridizing with an
allergenspecific DNA fragment, or aynthetic SBNA or RNA aptamer selected to bind the
food target analyteThe transduction systems can be classified into four types: electrochemical
(voltammetric, potentiometric, impedimetric), optical (luminescent, fluorescent, reflective,
ellipsometric, surface plasmon resonance (SPR), and waveguide), graicnoetric
(piezoelectric or acoustic wave) and thermometric (calorimetric). The biosensor's performance is
evaluated according to its sensitivity, limit of detection, dynamic ranges, reproducibility,

selectivity and stability.

1.3.2 Biosensors for food allergas and toxins using different transducers

Several optical biosensors have been reported for the detectimh@®fbased on the
optical neaffield phenomenon calledesonance enhanced absorptirand surface plasmon

resonancé®. For the egg white allen ovalbumin Anraku et al. *° have reported a polymer



brush modified caghaped goldnangarticles as a sensing element for ovalbumin using
localizedsurface plasmon resonance. Recendy, optical immunochip biosensor has been
reportedfor OVA utilizing resonancenhanced absorptidnin this approaghgold nanoparticles
(AuNPs) have been used as signal transducers in interferometric setup yielding colorimetric
responseAn optical planar waveguidarray sensing platformhas been also developed for the
detection of multiple analytes including ovalbunising fluorescege sandwichimmunoassays
0 The samplesvere runoverthe sensosurfacefunctionalizedwith capture antibodiesnd then
secondary labeleituorescent antibodiesere introducd.

Various immunosensors have been reported for the detectiddAofising different
transducers such as chemilumines&nsurface plasma resonarféepiezoelectric detectiof?
and quartz crystal microbalanéé A quartz crystal microbalance immunosensor based
displacement assay using graphene functionalized sensing interface has been also reported for
brevetoxin detectioi®. Attempts have been made to develop immunosensors for microcystins
based on fluorescefi®, chemiluminescent”®8, colorimetric®, surface plasmon resonané®
piezoelectric cantilevef! or electrochemical?’# detection.Immunodetection rmalso been
integrated with nanomaterials such as sivgidled carbon nanotubé&, gold nanoparticles®,
silver nanoparticled’, and quantumats’®, in order to improve the sensitivity. These
biosensing platforms amelatively sensitive however they are not suitable for routine analysis
due to the bulky and costly instrumentation. Furthermore, most of the assays required secondary
recognition receptors and labeling with fluorescent tags which is laborious as well as costly.

1.3.3 Electrochemical biosensor

Electrochemical Biosensors are subclass of biosensors in which the selective binding of
the biorecognition elementith the target analyte prades a change in an electrical signal that
can be potential, current, conductance, or impedance. This change is proportional to the
concentration of the analyte. This type of biosensors exhibit great advantages as itctirabine
high selectivity of the borecognition processes with the high sensitivity, possibility of
multiplexing, capability of miniaturization and low cost of electrochemical transducers.
Moreover, unlike optical biosensors, electrochemical biosensors are not affected by sample
turbidity, or interference from fluorescing compounds commonly found in biological samples.

To the best of our knowledgeo electrochemical biosensors has been reported before this study



for the detection ob-lactoglobulin and ovalbumin allergerfsor the toxinsunder study, various
electrochemical biosensors have been previously reported that can be divided into two main
classes according to the nature of the biorecognition proeesgme inhibition based sensors

and affinity sensorslhese two classes will hwiefly discussed in the next two subsections

1.3.3.1Enzyme inhibition-based electrochemical sensors

Enzymes are globular proteins that catalyze biochemical reaction. It is the oldest and
most common biorecognition elements used in biosensors so far. Thgeamsmn of amino
acids at the active site of the enzyme bind to specific substrate that gives each enzyme its
selectivity to certain type of substrate molecules. Direct endyased biosensors are usually
fabricated by immobilization of an enzyme on eledes surface by different immobilization
techniques. This immobilized enzyme recognises substrate or analyte and yields electroactive
species or other detectable prodédternatively, enzyme inhibitiotbased biosensors indirectly
monitors inhibitors suchs toxins thaspecifically interact with immobilized enzyme and inhibits

its biocatalytic reactioas shown in the schematic diagram (Figure.1.4)

After toxin
exposure

Beforetoxin
exposure

Product Substrate , Substrate Product
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Figure 1.4 Schematic diagram of the enzymailition-based electrochemical sensors



The enzymes are usually very sensitive to a very low concentration of inhibitors, thus increase
the sensitivity of biosensor.Campas et al.”® have reported an enzyme sensor for the
electrochemical detection of OAThe detection strategy was based on the inhibition of
immobilised PP2A enzymeby OA. The enzyme activity was monitored by measuring the
electrochemical signal of the enzyme gsudies (catechyl monophosphate andnminophenyl
phosphategpfter dephosphoryteon by the enzyme. A bienzyme electrochemical biosensor have
been also developed for the detection of 8JATwo enzymes were coimmobilized and the
detection of the toxin was achieviy electrochemically measuritige HO. produced as a final
product oftwo sequential enzymatic reactions. The enzyme PP2A has significant activity toward
glycogen phosphorylase which catalyzes the conversion of glycogen to glipbssphate.
Glucosel-phosphate reacts with alkaline phosphatase to produce glucose, thesegleacts

with glucose oxidase to producing hydrogen peroxide. The inhibition of PP2A enzyme by OA
leads to alteration of the detected-Qd A protein phosphatase 2#ased inhibition
electrochemical biosensor for the detection of microcystin has beereptsted! in which the
enzyme has been immobilised by entrapment using a poly(vinyl alcohol}waatdpendant
watersoluble photopolymer. Three substrates were compasachyl monophosphate,
naphthyl phosphate andmethylumbelliferyl phosphatend amperometric detection was used

to monitor the enzyme activitidlowever, tesemethod suffer from major limitations/hich are

the low stability of the enzyme, its sensitivity to the food matrix and also the poor selectivity due
to the possible inhibitin of the enzyme by different groups of toxins as well as other inhibitors
that may lead to unexpected results. Moreover, these types of biosensors requires substrate and

other reagents which complicate the overall design of biosensor.

1.3.3.2Affinity sensors

Affinity sensors are sensors in which selective and high affinity biomolecules such as
antibodies, membrane receptors, or oligonucleotides bind with a target analyte to produce a
measurable electrochemical signal. The molecular recognition in affinitgrisioss is mainly
based on the complementary size and shape of the binding site of the receptor to the analyte.

Because of their high affinity and selectivity, antibodies have been considered the " gold
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standard " in molecular recognition for several desadnd have been widely exploited into
immunosensors (Abased affinity bioansors) for f@d analysi$?.

An Ab is a large Yshape glycoprotein of MW 150KDa that can be raised against a
particular analyte by the immune system of a host animal. Antibadie be easily produced
against large antigens (high molecular weight analytes). However, the production of antibody
against small molecules such as toxins (MW < 1000 gYrislmore challenging as it usually
requires the use of carrier proteinfhe deelopment of large number of antibodies against
various targets including food analytes allowed the development of immunosensors that offered
several advantages over other methods in terms of sensitivity and selectivity. The successful
production of antiboes against OA, M&R and BTX has lead to the development of several
electrochemical immunosensors for these toxins. For examples, indirect competitive
immunosensors have been reported for OA. In these met@@dsyas immobilized on the
electrode surfaceising carriers suctas ovalbumin®®, magnetic bead$* or directly using
diazonium coupling reactiof. This is usually followed by indirect competitive assay using
fixed concentration of OA antibody in the solution, followed by enzjabelled secondary
antibody and substrate for signal generatkigyre 1.5.

Substrate

7~
|

Electroactive
Product

A

Ab A Labelled r

ToxinW secondary Ab

Figure 1.5 General scheme for indirect competitive electrochemical immunosensor
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Direct competitive immunosensors for MR have beeralso developedFigure 1.6.
These sensors are usually fabricated by immobilization of MC antibody on the electrode surface
and then the competition is established between a fixed concentration of an enzyme labelled MC
LR with the free MC in the sample fdhe immobilized antibody. A glucose oxidase labelled
MC-LR have been used and an angpeetric signal is measured for the gnmtically generated
H.O; after incubation withglucose solution as substrdfe Based on similar detection strategy,
horseradish peroxidase (HRP) labeled MR has been also used and electrochemical
measurements were performéal the hydrogen peroxide catalysis using eitheméthyt

phenazinium methyl sulfaté or hydroquinoné? as mediators.

w
ﬁ:‘ w
Substrate

yi' Electroactlve
'\ substance
Washlng

A Ab w Toxin Labelled toxin

Figure 1.6 General scheme for direct competitive electrochemical immunosensor.

Competitive type electrochemical immunosensors for BTXs using gold nanopadtciesated
dendrimer®® and guanindunctionalized graphene nanoribbd¥siave been also developed.

Despite that the introduction of immunosensors represents a significant advancement in
detection methods, the high cost of these test, along with the fragility, sophisticate production
and crosseactivity of antibodies still dmot completely satisfy current needs. Moreoveese
approaches need a number of incubations and washing steps and are limited by the instability of
the enzymes and reporter reagents. Therefore, simpler, more stable and sensitive electrochemical

biosenses are still in high demand.
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1.3.4 Label-free electrochemical detection strategy

The electrochemical detection strategies in affinity biosensors can be classified into two major
categories: labelled and lakfete detection systems. In the labeled detection,stgeal is
generated from redox label or reporter reagent that changes upon r¢argebbinding such as

the detection schemes described in secti@B.2 Despite the sensitivity of these methods, they
require extra time, expense, and the labeling algy the receptor affinity to the target. On the
other hand, labdfree detection methods monitor the changes in electrical properties of the
surface when a target bioanalyte interacts with a pfobetionalized surface without any
labelling. Therefore,labelfree biosensors are simpler, easier, lower cost and can enable

detection of targeprobebinding in real timé®.

1.3.5 Electrochemical detection techniques

Electrochemical techniques can be generally classified based on the measured signal into three
cdegories: current, potential amthpedance. A brief definition of the techniques that measures
current and impedance will be given since they are the most relevant to this thesis.

1.3.5.1Voltammetry/amperometry

Voltammetric and amperometrimethodsare based orapplying a potential to a working
electrode and measuring the current that results from electrochemical reduction or oxidation at
the working electrode. While amperometric techniques measures the current at constant voltage,
voltammetric techniques meassr current over a set potential range yielding a peak.
Voltammetric techniques include cyclic voltammetry, linear sweep voltammetry, differential
pulse voltammetry, and squanave voltammetryln amperometric biosensors, the measured
current should be pportional to the concentration of the recegmget complex. Because most

of the biomolecules are not electroactive, it cannot be detected directly using these techniques.
Thus, the use of electroacive labels such as enzymes or electroactive molexigeseaally

used. Voltammetric labdtee biosensors can be also designed based on measuring the current

signal change of a redox probe sucliFefCN)]*’* upon receptotargetbinding.

1.3.5.2Electrochemical impedance spectroscopy
Electrochemical impedancepectroscopy is a powerful andon destructivetechnique that

measures the resistive and capacitive properties of an electrode upon perturbation of a system
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with a small amplitude sinusoidal ac excitation signal over a wide range of frequériuges.
small amplitude perturbation is safe to the biomoleculegpedance methods are capable of
sampling mass transport at low frequency and electron transfer at high frequepeginhetric
detection is widelysed for affinity biosensors to monitor the recejpéoget binding byaltering

the impedance features (capacitance and electron transfer resistance) of the iiieefacare
two type of impedance measurements: Faradaic impedérichis measured in the presence of
a redox probe and ndraradaic impedancehich is measured in the absence of redox probe.
Faradaic impedance spectroscopy is usuaBigd for biosensing application because of its
sensitivity to any modification of the electrodes surface offering a-lédeel mode of detection.

A redoxcouple 6ften [Fe(CN3]*™* ions) is added to the electrolyte solution which provides the
Faradaic currentipon applying the formal potential of this redox couplee €harge transfer
resistanceRcr) is usuallythe most sensitivelectrical elementhat can be el to characterize
the events occurring at theectrodeinterface®, therefore, it is usually used to monitor the

bioaffinity complex formation

1.4 Graphene in biosensors

Great interest has been devoted recently to the integration of nanomaterials and
biomolecules for the development of biosensor devices. Among these nanomaterials, graphene is
2 D carbon nanomaterial, comprises a single layer of-lsybridized carbon atoms joined by
covalent bonds to form a flat hexagonal latti@eaphene and related masts have drawn great
research interest because of their unique electronic, mechanical and thermal prperties
Graphene has shown variety of potential applicatiomairoelectronic®, protective coating®®,
polymer composite¥, catalysis’™, energy storage devicé$ drug delivery, optic§’ as well as
sensing and biosensing platform® Graphene has been explored in developing optical
biosensors using fluoresceng®!®!, surface plasmon resonant®'%® and colorimetrict9+19¢
methods.Several biosensors based oragene field effect transistof8”1% have been also
demonstratedThe superior advantages offered by electrochemical transducers for sensing, such
as their lower cost, easier operation, capability of automation and mingiton, have also led
to significant interest in developing graphdrased electrochemical biosensors [16]. Graphene

has been utilized previously in developing electrochemical biosensors using two main
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approaches: first, as an electrode matetal'!, second, as labddearing nanocarriet'?
Graphene has been employed as electrode material in various electrochemical biosensors using
enzymes, antibodies, sSDNA or aptamers as recognition recépt@sperior electrochemical
biosensing performance of gfeene to carbon nanotubes has been also reported in terms of
sensitivity, signato-noise ratio, electron transfer kinetics and stabili§*'% Graphene has
shown two major advantages over carbon nanotubes: lower production cost andobiily as

it does not contain the metallic impurities which could affect both the stability and the
reproducibility of the carbon nanotubased sensors®. The large surface area of graphene
offers higher extent of immobilization of biomolecules on the electrodeaind thus,a

higher number of binding sites. Moreover, the high conductivity and the fast electron transfer
rate of the electroactive species on the graphene electrodes play an important role in the
sensitivity of the graphereased electrochemical sens!?®.

1.4.1 Preparation methods of graphenamaterials and their application in electrochemical

biosensors

The preparation of graphene is an extremely active and rapidly moving research field,
and none of the reportgateparationrapproaches to date is sui@lbor all applicationsSeveral
methods have been used for preparation of grapherte asicchemical vapour deposition
technique ', epitaxial growth!® unzipping of carbon nanotubée$® and adhesive tape
exfoliation of graphit€®. However, most of gghene preparation methods are typically used to
produce small amounts of graphene. For applications where large quantities are required,
industrial scale production of graphene is commonly achieved using sdbatsel approaches
120 or CVD growth.CVD growth of graphene on metal substrates such as (rutheriuidi 122
123 ‘and Cu'?) as well as substrate free CV'EY have been reported. CVD graphene has offered
some interesting advantages such as low cost, ease of preparation, producing large areas of
graphene, its ability to be transferred to other desired substrates by dissolving the metallic
support. However, CVD grown graphene may also suffer from metallic impurities that has been
shown before in CNTs. Recently, the electrochemical behaviour of Cuiiblayer graphene
has been investigated in some reports. Li é€%have reported the electrochemical behaviour of
CVD-grown graphene towards the redox reaction of ferrocenemethanol showfiolg &ectron
transfer rate compared with the basal planbulik graphite. A superior electrocatalytic activity
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of nitrogen doped CVEyrown graphene towards the electrochemical reduction of oxygen has
been presented by Quet &’ However, the application of CVD graphene in electrochemical
biosensors has not beeeported intensively. On the other hand, the majority of graphene based
materials used in the reported electrochemical biosensing platforms are produced by-solution
based approachesich as Hummers methothese approaches involve the chemical oxidatfon
graphite and consequent exfoliation to individual sheets of graphene oxide either via rapid
heating or ultrasonicatiott®*3C. These synthetic methods result in abundant structural defects
and polar oxygeifcontaining functional groups, such as carbpryoxide, and hydroxyl groups

on the graphene surface which significantly affects its electrochemistry and consequently its
sensimy behaviour3L. This process is considered the most economical way to produce graphene.
Although, the produced reduced grapk oxide using this method is not the same as graphene in
conductivity and flatness and contains a significant amount of cdaskpgen bond$3234 it has

been widely exploited in electrochemical applicatibiis®

1.4.2 Functionalization of graphene

An important factor in the application of a material as electrode in electrochemical
biosensors is the functionalization method and the subsequent immobilization of biomolecules.
Various strategies fahe @valentmodificationof solid electrodesvhich enabldhe subsequent
attachment of biomoleculege knownsuch as selissembly of thiols on goltF*%° silane on
glass or indium tin oxidé&**%2 as well as electrografting of organic layer on various conducting
substrates using different reagents suchleshals amines, carboxylates, Grignard reagents,
diazoniums, other onium salts and halidéd Among these modification protocplshe
electrochemical reduction of aryl diazonium salt has appeared as a promising alternative to
conventional electrode mdatiation schemesnd used to modifgifferent electrode materials
such asarbon, metals, semiconductors, oxidad polymers*3

Pinson et al.}** have studiedthe mechanism of the diazoniunteetrografting, and
attributedthe covalent attachmetd the reduction of the diazonium cations via a single electron
transfer process. The diazonium salt reduction led to the elimination of a nitrogen molecule and
the formation of an aryl radical which forms a covalent bond with the carbon s(Figcee
1.7). It was also shown that the surface coverage can be controlled by changing the diazonium

salt concentration and electrolysis durattéh The versatility of this approach to modify the
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surface with avide range of function groupalong with thke ease of pparation and thetability
of the covalently attached organic layer on the surfaaeemadeit the method of choice for the

immobilization of biomolecules several reported biosensors.

Electrode

Figure 1.7 Mechanism of diazonium salt electrografting

Recently, significant effort has been devoted to graphene functionalization using various
covalent and noncovalent approaché® However, covalent functionalization schemes of
graphene appear to be more prangsdue to their more robust nature as well as their more
ability to significantly change the electronic properties of the graphene sheet. Among the
reported approaches for the covalent modification of graphene, the use of aryl diazonium salt has
been wellinvestigated“’. This functionalization method is easy to achieve and to control, and
enables a wide variety of grafting groups that can be used to carry out further chemistries. The
covalent functionalization of graphene using aryl diazonium salt lesreported with epitaxial
graphene!®® graphene nanoribbon¥® chemically converted graphen&®, mechanically
exfoliated graphené®! as well asCVD graphene The reactivity of CVDgrown graphene
towards the diazonium functionalization has been réceaported*®?. Jin et al.*>® have also
shown the successful functionalization of CVD graphene wiphofpargyloxybenzenediazonium
tetrafluoroborate and the subsequent attachment of a short chain polyethylene glycol with a
terminal carboxylic group. Irall these reports, the graphene diazonium functionalization
occurred via spontaneous electron transfer mechanism, typically requiring several hours for
completiont*®154and sometimes heat or surfactahits®* We have recently reported a robust,
fast, and controlled modification of graphene modified screen printed carbon electrodes by
electrochemical reduction of aryl diazonium s&ft'®’ that will be presented in this thesis.
Similarly, an electrografting method of nitrophenyl groups using diazomsainreduction on

CVD monolayer graphene transferred to silicon substrate was also rel3&rfgwe authors have
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shown the successful grafting of uniform thin films using electrochemistry and demonstrated the
modulation of the electronic properties of aghene by opening a band gap upon
functionalization®®, More recently, a mechanistic investigation of electrografted diazenium
based films on few layered graphene (vapdeposited) on nickel has been reportéd
However, diazonium functionalized mongéa CVD graphene sheets has yet to be applied to

biosensing.

1.4.3 Size of graph@e oxide sheet

Graphene prepared using different appreachs well as different experimental
conditiors often showdifferent properties in terms of oxygen functionalities an@atedensity.
These properties greatly influence the material performance in different applications. For
instance, Pumera et &f° has reported that thehemically reduced graphene materialish
different oxygen contentexhibited differentelectron transfer propertiesMoreover, it was
shown thatthe density of defects, conductivity and aggregation tendency of the masegals
important factors that can influence application of graphene in electrochemistry

It has been also reported that the solubhased approachder graphene preparation
does not usually allow precise control over sheet size and therefore, does not result in
monodisperse GO samplé&t'®. Previous studies have revealed several factors that can
influence the size of graphene oxigheet$®1%, McAllister et al.*®> have reportethat the size
of the GO sheets is not controlled by the size of parent graphite particles used for the synthesis.
However,it was shownby Zhang et all®® that the degree of oxidation is a crucialtéacthat
significantly influence the size of the resulting GO particles prepared using Hsmma#rod.
Zhao et al'®” have also reported a decrease in the GO sheets size with increasing their oxygen
content which was explained to be attributed to thedriglensity of carbooxygen bonds that
facilitates cracks formation during sonication. Other stugyshown that the larger crystal size
in the parent graphite yields larger GO sheets with shorter sonication times, regardless of the C/O
ratio of thegraphite oxide!®® Moreover, Su et at® have shown the decrease of graphene oxide
sheets sizavith increasing sonication time. Therefolcause of the numerous variables that
may affect the overall synthesis procehge size of GO sheets may vary frormthesis to
synthesis and the resultant material is usually polydisperse that contains sizes from few

nanometers to tens of micrometé?$ Since, thesizecontrolled synthesis of GO has not been
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extensively studied so faf?1% it was essential to undstand whether this material has size
dependent properties. Some work has been previously done to explore the size dependent
properties of GCflakes For instanceKim et al. 2’° have revealed that smaller GO sheets are
more hydrophilic due to presencerabre ionized-COOH groups on their edges, and thus the
colloidal stability of GO is also sizéependentlt has been alsweported that the size of
graphenesheets can have significant impact on the behaviour of graphene electrodes and
compositest’t Hicks et al.l”! have demonstratedhat larger graphene sheets have higher
conductivity due to the lower contribution of contact resistatiéewvhich resuls from the
reduced number of graphegeaphene contacts for a given number of conducting paths.
Furthernore, larger graphene sheetereshown to be more effective when graphene is used as
reinforcement or plate like fillers in composité$1’% Pumera et al'’® have also recently
studied the effect of parent graphite particle size on the electrochewifigtigrmally reduced
graphene oxide. It was demonstrated in this report that the size of parent graphite pasticles ha
no clear effect on the defect density, number of oxygen containing groups and rate of
heterogeneous electron transfer of Ferro/fern@@redox probe. Instead, it was shown that the
electrochemical behaviour depended on the structural properties of the produced graphene
materialsirrespectiveof their sheetsize 1’°>. However, despite the relatively large number of
graphenebased electchemical biosensors reported to date, no systematic study has yet

examined the extent to which varying graphene oxide sheet size impact biosensor performance.

1.5 Aptamers in biosensors

Aptamers are single stranded DNA or RNA molecules selected in vitro &mge libraries of
syntheticrandom sequences. The first aptamers have been reported in’t93and much

progress has been made to date. Many aptamers have been selected against wide range of targets,
including proteins, small moleculesyusesand céls 1’8 Aptamers as recognition receptors have
several advantages over antibodigésAptamers are prepared lay vitro selection procedure

without using experimental animal2- they can be developed even against toxins or low
molecular weight compoundghich is hardly achievable with antibodje3- they can be

selective to different parts of the target molecdl®ence the aptamer sequence is identified, it

can be synthesized with high purity, reproducibility and very low cost, in contrast to antibodies
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that needs experimental animals auodfers frombatch to batch reproducibility- aptamers can

be chemically modified easily by various chemical tags allowing the immobilization of aptamers
onto various solid supportéd6- they are also highly stabé different conditions. Due to these
advantages, aptamers as recognition recepteremerging as novel capturing agents to replace
antibodies in biosensor applications. Aptathased sensor@ptasensorshave been designed
using different strategies, gigularly the conformation change of the aptamer upon binding with
the target. Moreover, the binding of aptamers to tkemplementary nucleic acids can be
exploited in sensing schemes

1.5.1 Challenges for small molecule aptamers such as toxins

Over the pasyears, the majority of the aptamers has been selected against protein targets
and less than a quarter of existing aptamers have been generated for small molecufétargets
Larger targets that contaimore functional groups and structural motifs haighér probability
to select high affinity sequences that binds via hydrogen bonds, electrostatic and hydrophobic
interactions®®. However, some small molectbénding aptamers are among the most successful
aptamers reported to date such as ATP, cocaim®pliylline aptamers. ftamers has been
shown extremely high selectivity allowing over 10,60@ discrimination between-Land D
amino acid. A 10-fold improvement in selectivity of theophylline aptanagainstcaffeine ad
xanthine that differs by a sitgmethyl group over antibodies has been also repétid&lie to
the increasingawareness of theisk arises fromfood and water contamination with small
molecule toxins aptamers targeting toxins are being explot€d Until now, few aptamers
targetingtoxins such as ochratoxiA 8 fumonisin B1°%, saxitoxin 8!, anatoxinA 82 and
cylindrospermopsirt® have been selected. FOA, Campas et aP* have reported the selection
of an aptamer targeting OA and its use in the development of competitow@raitic assay.
However, the aptamer sequence and the detection results have not been published so far. An
ongoing work and submitted patent by another research group has been recently retétred to
However, naresults have been published .ylébr miciocystin detection, an aptamer reported in
20018 has been employed in a direct lafiele MGLR detection based on surfapgsmon
resonance. However, a detection range of 50 pg/ml to Img/ml was obtained, indicating a poor
detection limit due to the lowffinity of the selected aptamer. Recentlyg have reported the

selection and characterization of high affinifNA aptamer against the three MC congeners,
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LR, YR, LA. Moreover, on the selected sequences shoveey high degree of selectivityp
MC-LR agpinst MGLA and MGYR . The summary of the binding affinity and cross

reactivity of the MC aptamers is shown in Figure 1.8.

#2,LorY

Aptamer Kd MC-LR Kd MC-LA Kd MC-YR Selectivity | Selectivity
(nM) (nM) (nM) Position #2 | Position #4

HcC1 705+248 808+123 193+28 Y
ANG6 50+12 158+39 No binding L R
RC4 76+13 106+£17 222487 L RorA
RC6 6144 4345 2848 Y
RC22 84420 75+10 15577 L RorA
AN1 No binding No binding No binding
RCI12 No binding No binding No binding
RC25 No binding No binding No binding

Figure 1.8 Affinity and cross reactivity of the microcystiargeting aptamers.

1.6 Integration of graphene and ssDNA including aptamers in biosensors

The integration of graphene and biomolecules has recently been exploited in the
dewelopment of various biosensing platforfig>3! There are reports on the combination of
graphene and singlranded DNA (ssDNA) for the detection &flvl °° thrombin 1%
ochratoxin A8’ multiple DNA targets'® and helicaseinduced diplexDNA unwinding 8.
Graphenébased DNA assays usually rely on the quenching of the fluorophore of a labelled
ssDNA which, in its targefree form, is in close proximity to the graphene surface. Interaction
with the target causes its release from the graphenebahdhament of fluorescence quenching,
resulting in an increase in fluorescentethis regard, labeiree electrochemical biosensing is
more favourable as it combines the decreased cost of unlabeled DNA, along with the sensitivity
of electrochemical teclques and miniaturization potential. An aptargesphene assembly for

the detection of thrombin has been reported using electrochemical impedance spectf8scopy
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The detection mechanism was explained to be due to the release of the aptamer from graphene
surface upon protein aptamer binding. However, to our knowledge, no work has yet been
reported on the detection of small molecules using grapbased electrochemical aptasensor. It

is worth noting that, the release of the aptamer from graphene sugaoneprotein aptamer

binding cannot lead to universal detection schemes to be applied for small molecules which are,

in general, lesbkely to cause a change of the conformation in the entire aptamer sequence.

1.7 Objectives,motivation and originality of the thesis

The overall objective of this thesis to explorethe use of new aptamers and graphene platforms in
biosensing applications of some foodborne contaminants, particularly allergens and toxins, using

electrochemical biosensors. A visual guide raathe chapters of the thesis is shown in Figude 1.
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Figure 1.9 Schematic representation summarizes the objectives of the study and relating the

chapters of the thesis.

By surveying the literature wieighlightedsome challenges and questions #tdt have
to be addressed in theelil of electrochemical biosensors for foodborne contaminants using
graphene and aptamefrst,the majority of the developed biosensors of food allergens such as

milk and egg are based on optical immunosensors that needs expensive machines and not
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suitabde for field applications.To the best of our knowledge no electrochemical biosensors has
been reported bef olaceglobulinrandtohatbumiheTherefote] developmg b
labelfree electrochemical immunosensor for such proteins is expected to have potential role in
food safety and consumer protection. We aim to investigate the use of graphene as electrode
material for developing these immunosess@ommercial graphenmodified screen printed
carbon electrodeas well as CVD grown graphene preparetaitversité du Quiéec a Montréal
wereutilized. For this, graphene has been functionalized using electrografting of aryl diazonium
sals unlike the reported approagswhich are usually done using spontaneous electron transfer.
we also report the first application of CVD nmayer graphene as a laifide electrochemical
biosensing platform for the detection of protein. This will be shown in Chapter 3.

Secondpy using the carboxyphenyl functionalized graphdemonstrateih Chapter 3
a novel sensitive, fat and single sp electrochemical immunosensor@A based on indirect
competitive assay was developed without the need of enzyme labelling reducing both the time
and cost of the detection assakis will be demonstrated in Chapter 4.

Third, despite thathe presencef several immunosensoigr marine toxins represesi
significant advancement in detection methods, the high cost of these sémseophisticatd
production and crosseactivity of antibodies still do not satisfy current needs. Success in
biosensor dsign largely depends on the development of novel, low cost, stable, and high affinity
recogntion receptors. Aptamers is appearing as promising alternative that fulfill these
characteristicsPrior to my study, no available aptamer targeting marine tolass been
reportedin the literature, thus, motivates us to target such group of toxins. Therefore, the
selection, identification, characterization, and biosensing application of high affinity aptamers
againstokadaic acid and brevetoxin will be shown inapter 5.

Next, significant effort hasbeen focused on the integration of graphene and
biomolecules in biosensing applications. However, no work have been previously investigated
the detection of small molecule using graphbased aptasensor preparethgsnon covalent
assembly of aptamer on graphene. the reportedgraphenebased protein aptasensors, the
detection mechanism is usuabhpown to bedue to the release of the aptamer from graphene
surface upon proteimaptamer binding. This raises a furamental question if small molecule

toxins which arein general, lesBkely to cause a change of the conformation in the entire
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aptamer sequence upon bindimgll be able to caussuch release from the graphene surface?
The answer of this question will lagldressed in Chapter 6 usidig-LR aptamer as a model.

Finally, most of the graphene materials which are used in the electrochemical biosensors
in literature are prepared usisglutionbased approaches such as Hummers method which
usually leads to polydpersedGO sample. Howeverlespite the relatively large number of
graphenebased electrochemical biosensors reported to date, no systematyc hstuget
examined the extent to which varying graphene oxide sheet size impsensor performance.
Significant graphenbased labefree biosensors are being developgkich motivates us to
focus on such systen$&!°>1%! Therefore in Chapter 7, Investigate the effect of varying the
lateral size of graphene oxide sheet produced from graphite on theperformanceof two
representative labdiee electrochemicahptasensing and immunosensing systemploying
either physicabr covalent immobilizatiorof bioreceptors
By pointing out these challenges, th®ain objectives of this thesisan besummarizedas
follows:

1- Developing simple labdtee electrochemical biosensors for OMALG and OAas

important model allergens and toxins basedaon diazonium functionalized graphene

electrodes.

2- Selection of DNA aptamers for the shellfish toxinkadaicacid and brevetoxin and

their incorporation in electrochemical biosensors.

3- Studying the integration odMC-LR aptamer as model with graphene electrodes to

fabricate arelectrochemical aptasensor for MC and to develop a detection scheme that

can be geneliaed for other small molecule toxins.

4- Studying the effect of varying the lateral size of graphene oxide sheethe

performance of two representative lab#dlee electrochemical aptasensors and

immunosensors for MC R a-h@l regpectively.
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1.8 Thesisorganisationand contribution of authors

This thesis is organised as follows:

Chapter 1 givesa general introduction including the objectives and motivation of the thesis

Chapter 2 descrbes the experimental details including the materials and reagents,

instrumentations, anghethodsemployed in thavork.

Chapter 3 demonstrates the developmentiabel free electrochemical immunosendorsmilk
and egg allergens based on elagtafting of aryl diazonium salt on graphene modified screen
printed electroded he publications related to this chapter:

1- Shimaa EissaChaker TPl i, Lami a L6HocCci ne, Mo h a |
immunosensor f or tldcteglobulinlb&sedah dleetrogradting oborganic
film on graphene modified scregminted carbon electrodeBjosens. Bioelectron2012,

38, 308 313.

1 All work described in this paper in terms of the experimental study, d&a
analysis, explanatiors and writing of the manuscript were carried out by me.
The XPS measurements were done by Christophéadier at INRSEMT. | thank
Dr. Chaker Tlili for the useful discussiombout thedetection experiments and Dr.

LamiaL 6 H o éor proposng theb-lactoglobulinanalyte.

2- Shimaa EissaLami a LO6Hoci ne, Mohamed Si alpased Moham
labelfree voltammetric immunosensor for sensitive detection of the egg allergen
ovalbumin,Analyst,2 013, 138, 437814384.

71 All work described in this paper in terms of the experimental study, data
analysis, explanations and writing of the manuscript were carried out by md.
thankDr. LamiaL 6 H o ¢or proposng the Ovalbuminanalyte.

3- Shimaa Eissa, Gaston Contreras Jimenez, Farzaneh Mahvash, Abdeladmou@es
Chaker Tlili, Thomas Szkopek, Mohammed Zourob, and Mohamed Siaj, Functionalized
CVD monolayer graphene for labeee impedimetric biosensindyano research 8,

16981709.
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1 All work described in this paper in terms of the experimental study, data aalysis,
explanations and writing of the manuscript were carried out by meThe CVD
graphene samples were grown by Abdeladim Guermoune and Farzaneh Mahvash at
UQAM, therefore the CVD growth was not described in the th&aston Contrerasas
helped mdo estimae the size of carboxyphehgroup by Chemdraw software.

Chapter 4 presents the development afraphenebased electrochemical competitive
immunosensor for the sensitive detection of okadaic acid in shellfish. This chapter has been
published in thdollowing article:
4- Shimaa Eissa, Mohammed Zourob, A graphleased electrochemical competitive
immunosensor for the sensitive detection of okadaic acid in shelfishpscale2012, 4,
7593 7599.
TAll work described in this paper in terms of the experimenal study, data analysis,

explanations and writing of the manuscript were carried out by me.

Chapter 5 discuss theSelection, identification characterization of aptamers targeting okadaic
acid and brevetoxin and their application in lalbeé electrochemal aptasensors for these
marine toxins. The publications related to this chapter:

5- Shimaa Eissa, Andy Ng, Mohamed Siaj, Ana C. Tavares, Mohammed Zoelettjd
and identification of DNA aptamers against okadaic acid for biosensing applidsatiain,
Chem, 2013, 85, 11794111801.

7 All work described in this paper in terms of the experimental study, data analysis,
explanations and writing of the manuscript were carried out by mel thank Dr.
Andy Ngfor useful discussioaboutsomeproblems in SELEX experinmgs.

6- Shimaa Eissa, Mohamed Siaj, Mohammed Zourob, Aptd&dased Competitive
Electrochemical Biosensor for Brevetoxi) Biosens. Bioelectron2015,69, 148 154.

1 All work described in this paper in terms of the experimental study, data analysis,

explanations and writing of the manuscript were carried out by me.
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Chapter 6 shows the development afabelFree Voltammetric Aptasensor for the Sensitive
Detection of MicrocystiLR Using Graphendlodified Electrodes. The publications related to
this chapter:

7- Shimaa Eissa, Andy Ng, Mohamed Siaj, Mohammed Zourob, Labelvoltammetric
apisensor for the sensitive detection of microcysfith using graphenenodified
electrodesAnal. Chem , 2014, 86, 75511 7557.

1 All work described in this paper in terms of the expemmental study, data analysis,
explanations and writing of the manuscript were carried out by meDr. Andy Nghad
selected the MR aptamer sequence that was published in our previous aricty (
Ng, Raja Chinnappan, Shimaa Eissa, Hechun Liu, Chaker Midhammed Zourob,
Selection, Characteddon and Biosensing Application of High Affinity Congerner
Specific MicrocystinTargeting Aptamers,J.  Environ. Sci. Technol. 2012, 46
106971)10703

Chapter 7 shows theinfluence of graphene oxide sheet size on the performance of label
electrochemical biosensorbhe article related to this chapter:

8- Shimaa Eissa, Jeanne N'diaiatrick Briseboisb, Ricardo Izquierddna C. Tavares ah
Mohamed SiajProbing the Influence of Graphene Oxide Sheets Size on the Performance
of LabelFree Electrochemical Biosensgirs preparation

91 All work described in this manuscript in terms of experiments, data analysis,

explanations and writing of the manuscript were carried out by meexcept the GO
preparation which was done IRBatrick Brisebois, therefore it was not described in the
thesis.The separation of the GO sheets was done by namd Patrick.The material
characterization was a collaborative workbetween me Jeanne and Patrickhe AFM

and Raman spectra measurements were done by Jeanne N'diaye and anel the NMR
measurement was done by Patrickjhe XPS measurements were done the

characterization servicg Laval University and thEPS peak fitting was done by me.

Chapter 8 briefly summarizes important contributions of this work and highlights future

perspectives
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CHAPTER 2. EXPERIMENTAL

In this chapter, the materials, reageamd instrumentations which were used throughout this thesis
will be presented Then, the detailed methods will be described including electrodes functionalization
protocols and bioreceptors immobilizatsrbiosensors fabrications, aptamers selection protocols,
binding affinity experiments, parameters for the electrochemical mexasuts as well as the

applications of the developed immunosenors and aptasensors in real samples.

2.1 Materials and reagents

2.1.1 Chemical reagents

Graphite powder (500 mesh), sulfuric acid (99.99%), phosphoric acit(8b in HO), potassium
permanganate, hydgen peroxide solution 3% (w/w) in HO, hydrochloric acid (37%), ethanol
(>99.8 %), 4nitroaniline, 4aminobenzoic acid, potassium ferrocyanideH&CN)) (98.5102.0%)
potassium ferricyanide @e(CN}) (O 9 9 ., Aipotassium hydrogen orthophosphg®9 9 .,0 %)
potassium dihydrogen orthophosph&® 9 9 ., Gddium chloridg( O 9 9 ., Bn&ghesium chloride,
sodium nitrite, glutaraldehyd®0%), ammonium persulfate, sodium dodecyl sulfate (SOSP 9 .,0 %)
3-aminopropyltriethoxysilanehydroxylamine hydrocloride, 2(N-morpholino) ethanesulfonic acid
(MES), cysteamine hydrochloriddl,,4-phenylene diisocyanat@®DIC) andtoluenewere purchased
from Sigma (Ontario, Canada).l-ethy}t3-(3-dimethylaminopropyl) carbodiimide hydrochide
(EDC) and Nhydroxysuccinimide (NHS) and diaminodipropylamine agarose (DADPA) beads were
obtained from Fisher Scientific (Ontario, Canadaiyinyl sulfone (DVS) activated sepharose beads
were obtained from Syd Labs, Inc (Malden, US8)dium carbortea anhydrous, sodium bicarbonate,
sodium azide, Taqg plus DNA polymerase, acrylamidedbiylamide (40% solution), urea, Thsse,
boric acid, methanoland EDTA disodium dehydrate were purchased from Bioshop Inc. (Ontario,

Canada).


https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CCoQFjAA&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Faldrich%2F262242&ei=R_JTU5HoM8W62gWZmYHACA&usg=AFQjCNHd3UP3jqS6vx2mTeJwmlyK_IkIXg&bvm=bv.65058239,d.b2I
https://www.google.ca/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&sqi=2&ved=0CCgQFjAA&url=http%3A%2F%2Fwww.sigmaaldrich.com%2Fcatalog%2Fproduct%2Fsial%2F244511&ei=rvJTU6fMD4qdyATD6IKwAg&usg=AFQjCNF2PosnPCnnTbkSfcPyb6SHADsnzQ&bvm=bv.65058239,d.b2I

2.1.2 Analytes (Proteins andtoxins)

bovine serum alactoglomilim ovdlbBrSiA from cHicken egg white, chicken egg
lysozyme and casein were purchased from Sigma (Ontario, Canada). MicragystiR, YR and
okadaic acid sodium saklere purchased from Enzo Life Sciences (Onja@ianada). Brevetoxin2

and Brevetoxir8 were purchased from Marbionc development group, LLC (North Carolina, USA).
Certified reference mussel sample (CRMP-Mus-b) containing 10.1pg/g okadaic acid and
dinophysistoxin 1,2 (DTXL,2) were obtained from ¢hinstitute for Marine Bioscience of the National

Research Council Canada (Halifax, Canada).

2.1.3 Buffer solutions

A phosphate buffered saline PBS solution (10 mM, pH 7.4) was used for the poepafaall
antibodies f§-L G, OVA and OA)-LGaOwvA) stamdard stockrsalutiohshand dilutions

and in the ELISA experiments. PB buffer, (200 mM, pH 7.0 R&+K>HPQy) was used to dilute

the gluteraldehyde solution for the activation of the amine groups(MyrBorpholno)ethanesulfonic

acid buffer solution (100 mM, pH 5.0) was used in the activation of the carboxylic groups. Binding
buffer was used during the SELEX and aptasensors experiments which consists of 50 mM Tris, pH
7.5, 150 mM NaCl, 2 mM MgGlexcept for theBTX aptasensor experiments which the MgCi
solution was optimised to be 10 mMIES buffer, 0.9% NaCl, pH 4.Was used for coupling of
okadaic acid with the DADPA beadslution buffer is 7 M urea in binding buffer. THEDTA buffer

(TE buffer) is 10 mMTris, pH 7.4, 1 mM EDTA. 0.1 M carbonate buffer, pH 8.5 was used for the

coupling of brevetoxif? to the DVS bead#ll solutions were prepared using Mil) grade water.

2.1.4 Toxin solutions

Standard MELR solutions were prepared by dissolving the toxin irdisig buffer. Okadaic acid was
firstly dissolved in methanol (0.1 g'1) and subsequently diluted in the binding buffer for the
aptasensors fabrication or diluted in PB&fer for the immunosensor fabrication. Stock solution of

BTX-2 was prepared in DMSO and then diluted with binding buffer for the aptasensor experiments.
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2.1.5 DNA aptamer sequences

The DNA |-ATACCGAGYTTAT BCAATT-Neoc-AGATAGTAAGTGCAATCT-3 0 ) , pri me
for polymerase chain reaction (PCR), and the unmodified and modified aptamer sequences (NH
modified MC aptamerNH2-MCAP )): 5- NHz (CHz)s / GGC GCC AAA CAGGAC CAC CAT

GAC AAT TAC CCA TAC CAC CTC ATT ATG CCC CAT CTC CGGRB', the complementary
sequence of MC aptamer (cDNA)-6CG GAG ATG GGG CAT AAT GAG GTG GTA TGG GTA

ATT GTC ATG GTG GTC CTG TTT GGC GCQ") were custonsynthesized by Integrated DNA
Technobgies Inc. (Coralville, USA). The 86 disulfide terminated OA aptam@'HO-(CH2)e-S-S-
(CH2)sf GGTCACCAAC AACAGGGAGC GCTACGCGAA GGGTCAATGT GACGTCATGC
GGATGTGTGG/3), Ferrocene | a b eltekminaosg of dhte M@.R eaptarBed
(Fc/Ap=FerroceneC(=O)}NH-CH>-CH(OH)-CH>-O-0ligo5") and disulfide labelling of the 5°
terminusweresynthesized by GenScript (NJ, USA).

2.1.6 Antibodies, ELISA and cloning kits

Anti- b-lactoglobulin antibody, antbvalbumin monoclonal antibody (arf@VA-MAb) and anti

okadaic acidnonoclonal antibody (artbA-MADb, developed in mouseyere obtained from Abcam
(Cambridge, USA)Brevetoxin ELISA kit was purchased from Abraxis Bioscie (Mississauga, ON,
Canada) b-lactoglobulin ELISA Kit was purchased from ELISA Systems (Queensland, Australia).
TOPO TA Cloning Kit with O4é&, SB ctddramptByléendtlind | c i €
(TMB) stabilized chromagen and HR&belled goat ammouse 1gG antibodies were purchased from

Invitrogen (NY, USA).

2.1.7 Materials for CVD graphene growth and connection

Twentyfive micrometer thick, Cu foils (Alfa Aesar, 25 um thick, N# 13382) were used as the
substrate for CVD graphene growth, {99.9 %) ad CHs: (99.9 %) used in graphene growth were
directly connected to the CVD system. Poly (methyl methacrylate) (PMMA, 950 kDa, 4% solution in
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anisole) was obtained from MicroChem (Newton, USA). Kapton® Tape, (6.4mm), Copper

Conductive Tape (6.3 mm) and Siieaint were obtained from Ted Pella, Inc (CA, USA).

2.1.8 Filters for graphene oxide sheets separation

Polycarbonate membrafigers with pore size of 5, 10 pnmwhich used for the graphene oxide
separation were obtained from Sterlitech Corporation (WA, USAluldse acetatg0.22, 0. 45 um
pore size)and Nylon filters (30, 60, 100 um pore siz&yere obtained from Mipore Corporation
(MA, USA).

2.1.9 Filters for the SELEX experiments

Amicon Ultra0.5 mL Centrifugal desalting Filters with a 3kDa molecularaffitvere obtained from
EMD Millipore (Alberta, Canada). Centrifuge tube filters with a cellulose acetate memebrane with

pore size of 0.45 um were purchased from Corning life sciences (Tewksbury MA, USA).

2.1.10 Electrochemical cells

Disposable graphermodified sceen printed carbon electrodes (GSPE) were obtained from
Dropsens, Inc. (Spain, ref. 110GPH). The electrodes comprises a carbon working electrode modified
with graphene, carbon counter and silver reference electrode. Disposable electrical printed (DEP)
eledrodes were obtained from BioDevice Technology (Nomi, Japan), using-dleeeode
configuration which comprises a carbon working electrode, carbon counter and silver/silver chloride
reference electrodeA threeelectrode system was used for the okadaid aand brevetoxin

aptasensors electrochemical measurements, consisting of a gold working electrode, an Ag/AgCl

electrode as the reference and a Pt wire as the auxiliary electrode. For the CVD graphene experiments,

three electrode system was also utilinsthg Ag/AgCI electrode as the reference and a Pt wire as the
auxiliary electrode and a homemade CVD graphene (as wileberibed in sections 2.3.4 and 2.3.5)
as working electrode. Figure shows the four different electrochemical cells used throughout th

thesis.
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Figure 2.1 Electrochemical cells used throughout the work. (A) conventional electrochemical cell
using gold as working electrodehich wasused for the OA and BTX aptasensors testing, (B) GSPEs

t hat wer eLG,0¥A& OA immunosemsors and MCR aptasensor, (C) DEP electrodes that
was modified with GO by drop casting for the testing of the sheet size effect and (D) CVD monolayer
graphene conneatl as a working electrode that was used in a conventional three electrode cell with

Ag/AgCl and Pt electrodes.

2.2 Instruments

The electrochemical experiments were carried out using Autolab PGSTAT302N (Eco Chemie, The
Netherlands) potentiostat/galvanostat that is controlled by NOVA software version 1.9. However, the
okadaic acid aptasensorpeximents were performegsing a model 660D potentiostat/galvonastat
(CH Instrument Inc. USA), controlled by a personal computer via a CH Instruments sofSeasers
connectors used to connect the GSPE and the DEP electrodes to the Autolab poterdrestat w
obtained from (Dropsens, Inc., spain) and (BioDevice Technology , Nomi, Japan), respethigely.

UV and fluorescence measurements were performed using NanoDrop 2000C Spectrophotometer and
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NanoDrop 3300 Fluorospectrometer, respectively (Fisher Seen@anada). Circular dichroism

(CD) measurements were done using JadddspectropolarimeteA centrifuge (Beckman AvantiJ

25, Canada) was used for GO sheets preparation/separation protocols. Ultrasonication of GO
dispersions was performed in a 50Wagonicator (Shenzhen Co., China), at a frequency of 42 kHz.
Ultrasonication temperature was controlled and always maintained &€.5%-ray photoelectron
spectroscopy (XPS) measurements for the GSPE and CVD graphene were performed with VG
Escalab220iXLi nst r ument using a Mg polychromatic sou
between 5x18° and 1x1@ mbar The survey spectra were recorded using 300 wattsrafy)power,

100 eV pass energy and1.0 eV step size. Thefagbhlution scans were run ugipower of 300 watts,

20eV pass energy and step size of 0.1 RS measurements for the GO electrodes were performed
with XPS PHI 560€ci instrument (Physical Electronic, Inc., USA) using a Mg polychromatic source
(MgKU=1253.6 eV) at cdppmeasWwemerRsawara perfanped astng @ micro
Raman spectrometer (RenishawInVia Reflex, Model: RM3000) with excitation from an argon ion
laser beam (514 nm) in a backscattering geometry. Atomic force microscopy images were obtained
using Veeco/Bruker AFNhstrument in ScanAsyst mode. Scanning electron microscopy (SEM)

images were acquired on a JEOL JSM7600F system operating at an accelerating voltage of 5 kV.

2.3 Methods

2.3.1 Graphene oxide andCVD monolayer graphene preparation

Graphene oxide was prepared usimgrovedHummers method®2. Monolayer graphene sheets were
prepared by a CVD process using Cu foil as catalytic substrate as reported in detail in our published

work 1°1,

2.3.2 Separaton of graphene oxide flakegChapter 7)

Separatiorof GO sheets according their lateral size was realised by a size fractionation process

involving a repeated ultracentrifugation step for 10 min at 4000 rpm followed by separation of
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fractions and successive filtration using membranes with different pore sizes to obtain thedrequir
size range. Different centrifugation speeds and times were used to optimize the separation. The
separated fractions were then dried and 1 mg/ml GO of each size was redispersed in water by shaking

for 24 h to achieve maximum dispersion of material.

2.3.3 Preparation of graphene oxide modified electrode¢Chapter 7)

The GO modified DEP electrodes were prepared by drop casting. 5 pL of GO solution (1 mg/ml in
Milli -Q water) was deposited onto the electrode surface and allowed to dry at room temperature.
Excess mierial that had not been absorbed was then removed from the electrode surface by gentle

rinsing with milli-Q water.

2.3.4 CVD graphene transfer onto glass substratéChapter 3)

After growth, polymethyl methacrylate was spin coated onto the surface of the grajgsad Cu

and baked at 126C for 1 min. The sample was then immersed in ammonium persulfate (0.1 M)
solution to etch the Cu foil at room temperature. The floating PMddpported graphene film was

then carefully transferred to a-ttized water bath toeemove the residual etchant. The transfer of the
PMMA-graphene film to a clean DI water solution is repeated at least three times to ensure thorough
washing. A glass sheet is then used to extract the PMipported graphene from the water bath.

The graphea sample was then dried at ambient temperature for 48 h in a clean environment to ensure
complete adhesion to the glass. The PMMA was then dissolved in a warm acetone bath to produce a

pristine graphene layer on glass sheet.

2.3.5 Connection of CVD graphene shet as working electrode(Chapter 3)

The graphene sheet was connected using conductive tape and silver paste is used to improve the
connection between the copper and the graphene sheet. A nonconductive adhesive polyimide tape was
then used to insulate theetal contacts and to expose a well defined area of the graphene surface (3
x5 mm) to the solution during the electrochemical measuren(Eigisre 2.1 D) The electrode was

then connected to the potentiostat through the copper contact.
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2.3.6 Graphene functionalization by electrografting of aryl diazonium salts and

immunosensors preparation(Chapter 3)

2.3.6.1b-Lactoglobulin immunosensor

The diazonium cations were synthesized in situ by mixing 1.0 mM sodium nitrite and 1.0 mM
4-niroaniline in 0.5 M HCI solution. The mixture was stirred and left to react for about 5 min at room
temperature. The electrochemicabdification was immediately performed in the in situ generated 4
nitrophenyl diazonium salt (P D S)) by chronoamperometric (CA)
electrode was then thoroughly washed with water, transferred to 0.1 M KCI solution and subjected t
five cyclic voltammetry (CV) s'tfarmeductioreof theengrm 0. 4
groups on the surface to amine groups. Then, thmihophenyl (AP) film on the electrode surface
was activated by incubation with 2.5% glutaraldehyde (Géution in phosphate buffer PB (200
mM, pH 7.0) for 60 min. After activation the electrodes were washed with PBS buffer pH 7.4 to
remove the exces slac@glabulimamtbody s®lotiond10 pgrhin 16 mM PBS
buffer, pH 7.4) was used tower the working area of the electrode and incubated for 60 min at room
temperature in watesaturated atmosphere. After washing with PBS buffer (10 mM, pH 7.4) the
electrode surface was then blocked by the addition of 50 pL blocking buffer (0.25 % ohB*BSi
buffer, pH 7.4) and incubated for 45 min to deactivate the remaining aldehyde groups and to block
unreacted active sites. The modified electrode was then rinsed with PBS and used in thekaggay

at 4 UC in PBS buffer pH 7.4 wuntil further use

For 4{abttaglobblin detectionmeasurements, 50 L oldctogiobulin of the required
concentration in PBS buffer pH 7.4 was pipetted onto the modified electrode and incubateahifor 45
in watersaturated atmosphere. Then, the immunosensor was rinsed thoroughly with PBS buffer pH
7.4 prior to electrochemical measurements. All the electrochemical measurements were performed in
10 mM PBS (pH 7.0) containing 5.0 mM [Fe(GNY*® redox pair usingcydic voltammetry,and
differential pulse voltammetry (DPV) at room temperature. The decrease of the differential pulse

vol tammetric current whi ¢ h wlacglobuénl hast beenaised to t h
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construct the calibration curve. The paedersused for theDPV measuremenismodulation

amplitude25 nmV; modulation time 0.05 s; interval time 0.5 s, and step potebtial.

2.3.6.20valbumin immunosensors

The 4 carboxyphenyl diazonium salt was prepaneditu by mixing 2 mM sodium nitrite solution

with 2 mM 4aminobenzoic acid in 0.5 M HCIl. The mixture was stirred for 5 min at room
temperature. The functionalization of GSPE and CVD graphene electrodes were then performed by
the electrochemical reduction of thie-situ generated diazonium cations ing three cyclic
voltammetry scan from +0. 4 t FhekElectodes weve thert gerdly s c a
rinsed with Milli-Q water. The 4arboxyphenyl (CP) film on the graphene surface was activated by
incubating the electrodes in MES buff@H(5.0) containing; 100 mM EDC and 20 mM NHS for 60

min. After washing with MES buffer, the modified electrode surface was covered with a 50 pL
droplet of antiOVA-MADb solution (10 pg mt in 10 mM PBS buffer, pH 7.4) and incubated 1@0

min at room temerature in watesaturated atmosphere. The removal of the unreacted antibodies was
performed by gently washing the electrodes with PBS buffer (10 mM, pH 7.4). Then, the electrodes
were blocked by the addition of 50 uL blocking buffer (0.1 % of BSA in PBffeh pH 7.4) and
incubated for 30 min to deactivate the remaining active groups and to block free surface. The prepared
immunsensor was then rinsed with PBS and used in the assay or Ié@bimPBS buffer pH 7.4 until

further use.

For the ovalbumin mesurements and the negative control experiments, 50 pL of either ovalbumin
or the control pr ot eiL@®)sfthe teqused ezogcengrgtion indPBSEbuffer,pH B S A
7.4 were added onto the modified electrode surface and incubated for 45 mateksaturated
atmosphere. The immunosensors were then washed with PBS buffer and subjected to electrochemical
measurements. For the immunosensor prepared using GSPE, DPV was performed in 5.0 mM
[Fe(CN)]®" / $blution as previously described in the presicsection 2.3.6.1. However, for the
immunosensor prepared using CVD graphemgedance measurements were recorded in a 0.1 M

PBS buffer solution containing 10 mM [Fe(GN)' / fddox pair (1:1 molar ratio) over a frequency
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range from 10 kHz to 0.1 Hz. sing a DC potential of 0.2 V (vs a Ag/AgCI reference electrode). A

sinusoidal voltage perturbation of 10 mV amplitude was superimposed on the applied DC potential.

2.3.7 Competitive immunosensor for okadaic acidChapter 4)

2.3.7.1Synthesis of OAOVA conjugates

Okadhic acid was conjugated to ovalbumin using carbodiimide chemistry as described preNiously
Briefly, 1.6 pg ofOA (in 10 pl methanol) was added to 1 ml of ovalbumin solution (45 pg/ml in MES
buffer pH 5.0). 1 mg of EDC was then added and the reactixiumiwas stirred for 3 hours at room
temperature. After the reaction, the G2VA conjugate was purified extensively using Amicon Ultra

0.5 mL Centrifugal desalting Filters with a 3kDa molecularafittEMD Millipore, Canada) with

PBS buffer solution pH.#2 to remove the unreacted OFae final product (OAOVA) was stored at 4

°C until use. In order to confirm the conjugation of OA to OVA, we performed ELISA using the
synthesized OAOVA conjugate coated ELISA wells and free OVA coated well as a contrtdr Af
incubation of the free and the conjugated proteins overnight on the ELISA wells, the wells were
washed with PBS buffer, pH 7.4, abtbcked with 2% BSA anthen incubated with ar®@A-MAb
(diluted 1:1000 in PBS buffer pH 7.4) for 1 hour. The wells weasished again and incubated with the
secondarnantibodyHRP conjugatefor 1 hour. Finally, excess antibodies were washed out with PBS
buffer and the stabilized chromogen (TMB) solution was added and left for 15 minutes. The color
produced in the wells coad with the conjugate compared with the colorless well coated with the free

protein was taken as a confirmation of the success of the conjugation reaction.

2.3.7.2Functionalization of graphene electrodes and immunosensor fabrication

The GSPE were functionalizeging in situ generated@arboxyphenyl diazonium salt-@PDS) and

then the carboxylic groups were activated using EDC/NHS chemistry as previously described in
section 3.6.2 After rinsing with MES buffer, followed by PBS buffer, the modified electrodes
surfaces were covered with 50 uL droplets of -@&W-MADb at dilution of 1/2000 in 10 mM PBS

buffer, pH 7.4 and incubated fa20 min at room temperature in wateaturated atmosphere. After
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washing with PBS buffer (10 mM, pH 7.4) the electrode surfacetheasblocked by the addition of
50 pL blocking buffer (0.1 % of BSA in PBS buffer, pH 7.4) and incubated for 30 min.

2.3.8 In Vitro Selection of the DNA Aptamer against marine toxins(Chapter 5)

2.3.8.1Coupling of okadaic acid to diaminodipropylamine beads

100 pg of OA was firstly dissolved in 100 pl of methanol and then diluted to 1 ml with coupling
buffer. Two millilitres of DADPA beads were washed several times with coupling buffer. 30 mg of
(EDC) was dissolved in 0.5 ml coupling buffer and mixed with@#esolution. Then, the mixture

was immediately added to washed agarose beads and the final volume was made up to 4 ml with
coupling buffer. The mixture was rotated for 3 hours at room temperature. After the reaction, the
beads were washed with 1 M NaCl solution rdey to remove the excess unreacted toxin. Then, the
beads were equilibrated with 0.2 M carbonate buffer, pH 8.5, and 20 mg of\#dBoacetate was

added in order to quench the unreacted amine groups on the beads. The mixture was rotated for
another hourafter which the beads were washed extensively with binding buffer. The success of the
immobilization of OA on the beads was confirmed by direct ELISA using@#econjugated beads

and free beads as a control. ELISA was performed by incubating the baadam¥OA-MAb

(diluted 1:1000 in PBS buffer pH 7.4) for 1 hour after washing with PBS buffer and blocking with 1%
BSA solution. Then the beads were washed again and a secondary ahtiti®dyonjugatenvas

added and incubated for another 1 hour. The blier ppoduced in the OA beads after washing and
incubating the beads for 15 minutes with stabilized chromogen (TMB) solution confirms the success
of the coupling reaction. Simultaneously, negative beads were prepared for the counter selection
round by addig 40 mg of sulfeNHS acetate to 500 pL of DADPA beads equilibrated in carbonate
buffer, pH 8.5. Finally, the positive OA beads and the negative beads were stored in binding buffer

containing 0.02 % sodium azide &C4until use.

2.3.8.2Coupling of brevetoxin-2 to divinyl sulphone beads
A stock solution of Img/ml BTX in DMSO was prepared. 200 ul of the BPXstock solution was

diluted to 2 ml with coupling buffer (carbonate buffer, pH 8.5). Two millilitres of DVS beads were
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washed three times with ultrapure watéhe washed beads were then added to the dilutedBTX
solution in a polypropylene tube and gently mixed-emdrend overnight at room temperatursiter

the reaction, the beads were washed three times, two minutes each time with coupling buffar solutio
to remove the excess unreacted toxin. Then, 4 ml of 0.1 M ethanolamine, pH 9.0 was added to the
washed beads and stirred for 2 hours in order to block the unreacted divinyl sulfone groups on the
beads. After that the beads were washed extensively withl NaCl containing 0.05 % sodium azide

to remove the unbound ethanolamine followed by washing with binding buffer. Simultaneously,
negative DVS beads were also blocked using ethanolamine in order to use it for the counter selection
rounds. Finally, the gsitive BTX-2 beads and the negative beads were stored in binding buffer
containing 0.02 % sodium azide &C4until further use. The success of the immobilization of BTX

on the beads was confirmed by performing direct competitive ELISA for the Bdd{pled beads

and the negative beads as contreihg commerciaELISA kit. ELISA was performed by incubating

10 ¢l of the washed beads, di | ut e @ntirBTX arfilibdy e | Wi
that is immobilized on the wells of the microtif@ate. Then, 50 plof BTX-HRP conjugate solution

was added to each well and incubated for 60 minutes. The wells were then washed with the washing
buffer provided with the ELISA kit and incubat
(TMB) solution. The detection was based on the competition between thebBads and BTXHRP
conjugate for the binding sites of the antibodies immobilised on the microtiter plate. A blue color was
produced in the wells which were incubated with the negative lveael®as, no colour was observed

in the wells incubated with the BFXbeads, thereby confirming the success of the coupling reaction.
The stability of the BTXbeads were monitored during the SELEX rounds by repeating ELISA
experiment several times and &letexperiments confirmed the presence of ETand the stability of

the beads over the whole SELEX process.

2.3.8.3SELEX protocol
The library and the primer sets were designed according to the protocol reported préffolsly
random ssDNA library (3 nmol or8x10" sequences) was used which consisted of a central random

region of 60 nucleotides flanked by two fixed regions of 18 nucleeidesuences at t he
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ends. These regions represent t he pri-mer
ATACCAGCTTATTCAATT - NeccAGATAGTAAGTGCAATCT-3 6 ) . 1 0 Cor BDX-2 beads O A
were washed several times with binding buffer. (3 nmol at the first selection round, and 150 pmol in
the subsequent rounds) of sSsSDNA pool were heated 16 @ 5 minutes, cooled at°’@ for 10
minutes, kept at 2& for 5 minutes and then added to the washed OA beads in 300 uL binding buffer
in acentrifuge filter tubeThe mixture was incubated at room temperature withomedend rotation

for 2 hours. The beads were then waste¢keral timesvith binding buffer The DNA bound tdoxin

beads was eluted with 4Q€. aliquots of elution buffer for 6 times with heating at°@0for 10
minutes until no DNA is detectdaly fluorescence measurement$ie eluted DNA was desalted and
concentrated by ulifiltration device. In a counter selection round, the DNA pool was first incubated
with the negative beads, washed DNA were collected, subjected to the same heating and cooling
treatment and subsequently incubated watkin beads. The selected DNA poolens amplified by

PCR in 15 parallel 75uL reactions each containing 2 units of Tag Plus and polymerase buffer, 2mM
MgClz, 200puM dNTP, 0.2uM of forward and reverse primers. The primers were designed and
modified with fluorescein and a PEG linker followed d\oly-A tail as reported previoush#®1%4
Forward plluoresceirATACCAGCTTATTCAATT-3 6 ; rever s eoly-gAxt mer :
PEG-AGATTGCACTTACTATCT-3 6 . PCR ¢ dQifdril@ minutess followgdiby 25 cycles

of 94°C for 1 minute, 47C for 1 minute 72°C for 1 minute, and a final extension step of 10 minutes

at 72C. PCR products were dried by SpeedVac and resuspended in 50:50 water and formamide and
heated to 58C for 5 minutes. The relevant DNA strand (labelled with fluorescein) was separated from
the double stranded PCR product in 12% denaturing PAGE and eluted from the gel band by freeze
thaw cycle. Eluted ssDNA in TE buffer was concentrated, desalted by ultra filtration, quantified by
UV and used for the next selection rouAdschematic diagrarmof the SELEX process is shown in

Figure 2.2.
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Figure 2.2 Schematic diagram of the SELEX protocol.

2.3.8.4Cloning and sequencing othe selected DNA
After a number ofselection roundsvhen DNA recoveres began to platea(round 18 for OA
aptamer and round 10 for BTX aptamer) the selected ssDNAool were amplified with the nen
modified primer set and cloned into pCRZ.OPO vector using the TOPO TA Cloning Kitolonies
were grown on LBagar mediumpplemented with ampicilin and-%al and IPTGPositive colonies
were picked and grown in liquid media. sSSDNA inserts were PCR amplified using the M13 forward
and reverse primer sites within the vector and sequenced. Sequences of the selected ssDNAs were

analyzed and aligned usif®RALINE 1°°,
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2.3.8.5Binding analysis of the DNA pools and aptamer sequences to target toxins

2.3.8.5.1 Fluorescence method

In order to monitor the enrichment of the library for target lnigdithe fluorescence of the eluted

ssDNA from thetoxin-beads after each round was measured. For the binding analysis of the aptamer
sequencesthe selected aptamers sequences were amplified by PCR with tHedgéners used

during the SELEX, and thdubresceidlabeled sequences were separated by gel electrophoresis. A
solution of 75 nM from each PCR amplified apt
beads in binding buffer after subjected to the heating and cooling treatment as described in t

selection stegsection 2.3.8.3)

2.3.8.5.2 Electrochemical methods

To monitor the enrichment: After PCR amplification and purification of the corresponding ssDNA
aptamers, aliquots of 500 nM ssDNA from each pools were incubated with themBdiXied
electrodesfor 30 mins. The electrodes were then washed with binding buffer and the impedance
measurements were recorded. Similarly, the binding opi@mer sequencés BTX-2 was assessed

by incubating 500 nM of each amplified clone with the Bix¥dified electrde for 30 min and EIS

was recorded. The binding was then evaluated by measuringahge transfer resistandecf). The

EIS were recorded over a frequency range from 10 kHz to 1.0 Hz using an alternative voltage with
amplitude of 10 mV, superimposed o& potential of 0.20 Vs a Ag/AgCl reference electrode).

The impedance data were plotted in the form of complex plane diagram (NyquisTh®#tIS and
measurements were recorded in a 0.1 M PBS buffer solution containing 5 mM [Fé(CN¥dox

pair (1:1 molar ratio).

2.3.8.6Dissociation constants determination by fluorescence Assay

The affinity of the selected aptamers for OA and B Xvas investigated by performing binding
assays as describadbove in section 2.3.8.5.1 busing a consta amount of BTXbeads (10 pl) or
OA-beads (20 ul ) and various concentrations of the aptaf@ecs300 nM). The fluorescence of the

eluted DNA from each sample was measured and saturation curve was obtained for each aptamer. The
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dissociation constant (X for each sequence with the corresponding target toxin was calculated by

nortlinear regression analysis.

2.3.8.7Analysis of the conformation change of the aptametusing circular dichroism

Circular dichroism (CD) is a spectroscopic method that is originating frgeractions of chiral
molecules with circularly polarized lighCircularly polarized light is chiral, that is, occurs in two
nonsuperimposable forms. The absorption ofrtgbt- and lefthanded circularly polarized light by
chiral molecules differs ahthe difference is called Cihat can be expressed as degreellgdticity.
Nucleic acids contain chiral atontisat can absorb light in the UV range from 1800 nm. Because
the CD can sense the difference betweeantiomers, it is sensitive to any cbanin the DNA
conformation (i.e. different conformatiomd the same DNA molecule shows different CD spectra).
Therefore,CD can provide information about treecondary structure of aptamers and about the

conformation change upon aptamer/analyte binding.

2.3.8.7.1 Okadaic acid aptamer

Circular dichroism spectroscopy was used to examine the conformational change in the aptamer
(OA32) after binding with OA. The assay was performed using solutions of DNA aptamer; 0.67 uM
with 0.67 M OA in a 1 cm path length, quartz @&iie in an optical chamber. The chamber was
deoxygenated with dry purified nitrogen (99.99%) before use and kept in the nitrogen atmosphere
during experiments. Each CD spectrum was collected from 230 nm to 340 nm at 0.1 nm intervals,

accumulation of threscans at 20 nm/min with a 1 nm bandltkiand a time constant of 1 s.

2.3.8.7.2 Brevetoxin aptamer

Circular dichroism spectroscopy was used to examine the change in the aptari€r BT
conformational at different pH values. The assay was performed using solutiorts |d¥11BT-10
aptamerin binding buffer with pHs; 2.5, 5.1, 7.5, 9.0 and 10.Be CD spectrum was collected at 50

nm/min scan rate.

2.3.8.7.3 Microcystin aptamer (Chapter 6)
Circular dichroism spectroscopy wasoused to examine the conformational change oM:LR

aptamer(ANG6) in different pHs (7.5, 3.4, 8.8) and upon binding with MR. For studying the pH
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effect on the conformati on, leM aptamer concen
adjusted by addition of small amount of 0.1 M NaOH or 0.1 M HCI to theifgrbuffer. The binding

assays were performed using solutions -obRfor unmo ¢
ferrocend abel | ed aptamer ( Fc/ AR ipbindig. bdffercpM 7.9 iThelCD 0 . 4

measurements were acquired at scans raté nfrBmin.

2.3.9 Aptasensors for marine toxins(Chapter 5)

2.3.9.10kadaic acid aptasensor

2.3.9.1.1 Preparation of the okadaic acid aptamesmodified electrodes

Prior to modification, the gold electrodes (2 mm in diameter) were polished with alumina slurry
(Al203) of various part | e si zes (1.0, 0. 3, and 0. -@Q5ater,m) , f
ultrasonication for 2 min and drying in a nitrogen stream. The electrodes were then cleaned in piranha
solution (3:1 mixture of concentratecb$ and 30% HO. for 2 min) and washeavith Milli -Q

water. Next, the electrodes were electrochemically cleaned in 0.29@Hby cyclic voltammetry
scanning between 0.0 and 1.6 V for 5 min, followed by washing with ultrapure water and drying under
nitrogen. Then, the aptamer sequence withhilgbest affinity to OA was immobilized on the gold

el ectrodes by i mmer s i-disulfide termihated dptarseo ih hindingdufferdof t h
24 h. After modification, the electrodes were rinsed with binding buffer solution, followed by
incubaton in 1 mM 6mercaptel- hexanol (MCH) in 10 mM phosphate buffer, pH 7.0 for 30 min.

The modified electrodes were then washed thoroughly with binding buffer and immediately used in

the electrochemical experiments, or kept in binding buffer solution atutilGurther use.

2.3.9.1.2 Okadaic acid detection assay

For the OA detection, specificity and cross reactivity expene nt s , a 5 eL -LBropl e
DTX-1, DTX-2 or spiked shellfish extract (prepared as will described in sectio2.3.10.3)in

binding buffer was added onto the aptammardified gold electrodes surface and incubated for 30

min. The electrodes wereah washed with binding buffer to remove the nonspecifically bound toxins

and subjected to electrochemical measurements. The CV experiments were conducted at a scan rate of
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100 mV/s. ThelSwere recorded over a frequency range from 10 kHz to 0.1 Hz asiaffernative
voltage with amplitude of 10 mV, superimposed on a DC potential of 0.23 V (vs a Ag/AgClI reference
electrode). The impedance data were plotted in the form of complex plane diagram (Nyquist plot) with
a sampling rate of 25 points per decadee Dbtained spectra were fitted using the CH instrument
fitting program. All the EIS and CV measurements were recorded in a 0.1 M PBS buffer solution

containing 5 mM [Fe(CNJ® " / feldox pair (1:1 molar ratio).
2.3.9.2Brevetoxin aptasensor

2.3.9.2.1 Immobilization of brevetoxin-2 on the gold electrode

First, the electrodes were cleaned as previodsbcribed in sectio.3.9.1.1 Then, the pretreated

gold electrodes were immersed in 10 mM aqueous solution of cysteamine hydrochloride for 12 h at
room temperature. After thathe electrodes were washed with absolute ethanol to remove excess
cysteamine residues and dried. The terminal amine groups of the cyst@andiified gold electrodes
(Cys/Au) were then activated by immersing the electrodes in 6.5 mM solution -phédrgene
diisocyanate (PDIC) for 2 lat room temperatureThe 1,4-phenylene diisocyanate solution was
prepared by dissolution in toluene using ultrasonication bath for 30Then, the(Cys/ PDIC/Au)
electrodes were rinsed with toluene and dried. Five mmicdcoe r s dr op | et-2sofutiod 0 0 ¢
in DMSO was immediately added onto the (Cys/ PDIC/Au) electroddacsuand incubated for 2
hours.The electrodes were extensively washed with methanol to remove the unreactél B
remaining free isocyanatgoups were then blocked by immersing the electrodes into methanol for 5
hours. The BTXmodified electrodes (BTX electrodes) were washed with water and storéiCan4

binding buffer until further use.

2.3.9.2.2 Brevetoxin-2 detection assay

For the BTX2 electroclemical competitiveassay, specificity, cross reactivity and real sample
experimentsthe BTX electrodes were incubated for 30 min with 5 pL of 500 nM BT10 aptamer
mixed with specific concentrations of BTX BTX-3, OA, MGLR standard solutions or mussel
extracts (prepared as will be described in section 2.3.10.3 and spike@Witt2). The electrodes

were then washed with binding buffer and subjected to electrochemical measuremen®V The
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experiments were conducted at a scan rate of 100 mV/sEBhwere recorded over a frequency
range from 10 kHz to 1.0 Hz using an alternative voltage with amplitude of 10 mV, superimposed on
a DC potential of 0.20 Wg a Ag/AgCl reference electrode).The impedance data were plotted in the
form of complex plane diagram (Nyist plot). The obtained spectra were fitted using the Nova 1.9
software. All the EIS and CV measurements were recorded in a 0.1 M PBS buffer solution containing

5 mM [Fe(CN}]® " / feldox pair (1:1 molar ratio).
2.3.9.3Microcystin aptasensor(Chapter 6)

2.3.9.3.1 Microcystin aptamer immobilization on graphenemodified screen printedelectrodes

Aptamer immobilization on th&SPEsurface was performed by physical absorption. 50 pL of 10 uM
MC-LR aptamer in binding buffer was incubated on the graphene electrode surfade fs min at

room temperature in the incubation time optimization experiments. In concentration optimization
experiments, 0 to 20 uM MCR aptamer was incubated on the graphene electrodes for 10 min. For
detection experiments, 50 uL of 10 uM unmodifieptzane or ferrocendabelled aptamewere
incubated for 10 min on the GSPEs. At the end of the incubation, the electrodes were extensively

washed by binding buffer to remove excess-adsorbed aptamer.

2.3.9.3.2 Microcystin-LR detection assayand control experiments

50 pl of MC-LR of the desired concentration in binding buffer was incubated on the aptamer
modified graphene electrodes at room temperature for 45 min. The electrodes were subsequently
washed with binding buffer and subjected to electrochemical measuats. Negative control and

cross reactivity experiments were performed by incubating the aptaodified electrodes prepared

as mentioned above with 1nM of OA, MR, MC-LA or 10 &M cDNA in -bindi

Ap experiment.

2.3.10 Real food samples angkis

2.3.10.1 E x t r a c t-lactoglobuir frorh cake, snacks, and biscuit sampleg€hapter 3)
Three commercial food samples labeled as "contain milk" were screenddldctoglobulin (i)

Acakeodo (from | ocal store, Can ad dy, ;Cangda)iand (i) Do r i
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ADesireeo sweet biscuit (from Hans Freitag, Ge
homogeneous mixture. To 0.1 g of each food sample, 1 mL of preheated (®at@dglobulin

ELISA Systems extraction buffer was added #he mixtures were vortexed. The extraction was done

in a water bath at 60 °C with 15 min shaking. Then, the aqueous fractions were collected by
centrifugation at 20000g for 15 min. Finally, the supernatants were recovered and divided into small
aliquots (100 pL) and stored aR0 °C until used for analysis using ELISA and the developed
immunosensor. For the detection using ELISKAe extracts were diluted as follows: the cake and
biscuit samples were diluted 1: 10, and the snacks sample was dilL@8@a0 in 10 mM PBS buffer.
However, for the immunosensor detection, the extnaetg diluted as follows: 1:100 for the Biscuit,

1:150 for the Cake and 1:1000000 for the snacks in 10 mM PBS buffer.

2.3.10.2 Preparation of eggfree extract for OVA immunosensor(Chapter 3)

An eggfree cake sample (from Les Aliments ArGardien, Quebec, Canada) was blended to form a
homogeneous mixture. 0.1 g of the blended cake was mixed with 1 mL of PBS buffer and incubated at
60 °C for 1 hour with mixing. The clear supernatarasathen collectedfter centrifugation at 3500

rpm for 10 min. The supernatant was diluted 1 : 100 in 10 mM PBS buffer and spiked with different
concentrations of ovalbumin (0.01, 0.10, 10 ng'mLFinally, the spiked extracts were incubated for

45 min wth the immunosensor at room temperature and the DPV responses were recorded as

previously described in section 2.3.6.2.

2.3.10.3 Extraction of toxins from fish, shellfish tissue and certified referencenussel
samples(Chapters 4,5,6)

Toxin-free fish and mussel sges purchased from a local store (Quebec, Canada) were blended with
hand held homogenizer and extracted with methanol:water (80:20; 0.6 g/mL) for 5 min at 1800 rpm.
Crude extracts were centrifuged for 10 min at 4000 rpm. 1mL of extract was evaporatggerda

VAC concentrator and the residue was resuspended in 1mL of 10 mM PBS pH 7.4 for the OA
immunosensor experiments or in binding buffer for the aptasensor experiments. The reconstituted
solutions were passed through 0.45 pmaffitwhatman nylon membree filters.After filtration, the

samples were spiked with three different amounts of the stock solution of OA to make concentrations
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of 0.1, 1, 5 ug ! in order to study the matrix effect. The extraction of the certified reference mussel
samples (CRMDSP Mus-b) containing OA was performed using the same procedure described
above. After extraction, a dilution step was performed to obtain concentrations of 0.16, 1.66, 8.33
Hg/kg of OA.For BTX aptasensor experiments, the extract solution was diluted 1bifiding buffer

and then spiked with BT solution to prepare concentrations of 0.1, 10, 100 ng/ml.

2.3.10.4 Enzymel i nked i mmunosor bent aslLactoglobdliteL |l SA) ar
(Chapter 3)

For 1@ anmumosensor testinghe samplesvas analyzed firstly usi g  t-laceoglobulin

ELISA Systems kitBriefly, 100 pL of the diluted extracted samples and the five standard solutions
(negdive, 0.1, 0.25, 0.5, 1.00 ug/inprovided in the ELISA kit were incubated in the antibody coated

test wells for 15 min. Therthe wells were washed thoroughdyd incubated with the secondary
antibodyenzyme conjugate, then washed agpiith the washing buffer and a 100 pL of the substrate
solution were added to each well and incubated for 10 min. The reaction was finally stgpped
addition of 1 M HSQ4, and the absorbance was measured at 450 nm. The analysis of both standards

and samples was carried out in duplicates.

2.3.11 Methods for graphene oxidebased biosensors using different sheet sizes (Chapter 7)

2.3.11.1 Physical immobilization of MC-L R Apt a melLG andibodly b

5 pL of MC-LR aptamer in binding buffeand5 pL of b-LG antibodyin PBS buffer pH 7.4 at the
optimum concentrations of 10 uM and 10 pg/madspectively werencubated on the GO electrodes
surface for 1 hour until drying abom temperature. The electrodes were then waslitadbuffer to

remove excess neadsorbednolecules
2.3.11.2 Covalent Immobilization of NH2- modified MC-L R a pt a meG anabody b

5uL of 100 mM EDC and 20nM NHS in MES buffer solution pH 5.2 was depositedtioa GO-

modified electrode surfaces for 1 hour in order to activate the carboxylic acid groups. Then, the
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electrodes were rinsed with PBS buffer solution and incubated withMMEAP andb-LG antibodyat

the optimum concentratigrof 10 uM and 10 pg/mlrespetively in PBSbuffer for 3 hours under a

wet environment. Subsequently, thptasensor wasashed with 0.05% SD&nd the immunosensor

was washed with PBS+0.1% Tween t80remove non specifadly adsorbed NEHMCAP andb-LG
antibody, respectivelyThenthe electrodes weréncubated with 0.1M hydroxylamine hydrochloride

for 30 min to deactivate any remaining carboxylic acid groups before another washing step with PBS

buffer solution.
2.3.11.3 Detectionand selectivityexperiments for B-lactoglobulin and microcystin-LR

The desired concentratisof MC-LR in binding bufferandb-LG in PBS bufferwereincubated for 1

hour on thesurface of GO aptasensor and immunosensor, respectively. The electrodes were
subsequently washed with binding buffer or PB&fer with 0.1% Tween 28nd subjected to
electrochemical measurements. Negatwatrol and cross reactivity experiments were performed by
incubating the aptasensawith MC-LA, OA in binding buffer and the immunosensavith OVA,
lysozymein PBS

2.3.12 Graphene-modified screen printedcarbon electrodes characterisation

For GSPE, no infor@ation aboutthe graphene material that was coated on the screen printed
carbon electrodes has been provided by the manufacturer, therefore, we have done some
characterizatiomxperimentsX-ray photoelectron spectroscopy measurements have been done for the
bare GSPE in order to know the chemical composition and SEM measurements have also been

performed to characterise the morphology of the electrodes.

2.3.12.1 X-ray photoelectron spectroscopy measurements

The XPS measureents were performed at INREMT (Varennes, Qebec, Canadas described in
section 2.2Figure2.3(A) shows the typical XPS survey spectra of the bare GSPE. A strong C1s peak

and a weak Ols peak were observed. The oxygen peak could be attributed to some oxygen atoms at
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the graphene edges. Figze3(B) shows the high resolution of the Cls spectra of the bare GSPE.
Four peaks were observed at binding energies of 284.6 which is assigned té higbrisiized

carbon atoms of the graphene, 286.0 ev, 287.3 eV and 288.4 eV which corsdspiiedCO, C=0

and OC=0 functional groups, respectively. These results confirm that the graphene used in this work

is reduced form of graphene sheets as indicated by the manufacturer.

Cls ——C-C 2846eV

A ——C0 28606V B
C=0 2873eV
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Figure 2.3 XPS survey spectra for bare GSPE, B) XPS C1s core level spectra for bare GSPE.

2.3.12.2 Scanning electron microscopy
Scanning electromicroscopyimage was also obtained at INFEBT using a JEOL, JSM 6300F
apparatus. Figure 2.shows the SEM image of the GSPE which clearly indicates-paeked

graphene layered structure. It is also possible to distinguish the edges of the individual sheets.

Figure 2.4 SEM image of bare GSPE
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2.3.13 Characterization of graphene oxide samples

For the AFM and SEM observation, freshly cleaved mica substvedee soaked in an aqueous
solution of 3-aminopropyltriethoxysilane (APTES; 12 uL of APTES in 20 wiLH2O) for 15 min.

After being thoroughly rinsd with deionizedH20O and blowdried with Nitrogen, the substrate was
then soaked in solution of GO. Then, the substrate was taken out from the solution and left to air dry
at room temperature for 30 mikor Raman spectroscpmnalysis, the graphene dei solution
(Img/mL) was drop casted on a clean $£8Dsubstrate and left to air dry at room temperatlires

XPS analysis were done on the GO modified electrodes.

2.3.14 Fitting of impedance spectra

The impedance spectra represented as Nyquist plots in théesoptgnes of a bare CVD monolayer
graphene electrode ishown in Figure &(A). A semikcircle in the high frequency domain
characterizes the Nyquist plot, which corresponds to an interfacial charge transfer mechanism.
However, a Warburg line was not obgeal in the low frequency limit, indicating that charge transfer
dominates over mass transport effects [46]. The impedance spectra were fitted with an equivalent

circuit shown in Figure 3(B).
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Fit data

30} Rer

20 |

Zim (xQ)
®
(®

10 +

0 20 60

z, (KQ‘;O
Figure 2.5(A) Nyquist plot of bare graphene electrode in 10 mM [Fe¢N) Sdlution at 0.2 V over

a frequency range between 0.1 Hz and 100 Hz. The symbols represent the experimental data and the
red curve represent t he y(@BtThekquivaentzircuitnodel gsedttr e e
fit the experimental data. @& the double layer capacitande. , is the charge transfer resistance; Rs,

is the solution resistance.
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This circuit consists of the solution resistance, ®hich represent the bulkroperties of the
electrolyte solution, the doublayer capacitance, C, and chatgensfer resistance, &R The
semicircle corresponds to the parallel combination of the cheagsfer resistance,dr with the
double layer capacitance, C. The goodrafss i £) was ealculated to be in the range of 00032

which indicates good fit between the theoretical and the experimental data Figaje 2.

A representative example of the impedance spectra of the aptamers modified gold electrodes
(OA or BTX gtasensors) is shown in Figur&2The spectrum is composed of a semicircular part in
a high frequency region and a linear part in a low frequency region, corresponding to the electron
transfer process and the diffusion process of the redox couple Heroutk of the solution to the
electrode interface, respectively. The impedance spectra were fiteechbylified Randles equivalent
circuit (Figure 26), consisting of the solution resistand®)( chargetransfer resistancdz{), constant
phase elemenfCPE) representing the electrical double layer capacitara Warburg impedance
(Zw) resulting from thediffusion 1919 The diameter of the semicircle corresponds to the charge

transfer resistancdR{).
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Figure2.6(A) Example of Nyquist plot of aptamer modified Au electrode. The symbols represent the

“Zim (W

experimental data and the red curve represent the fitted data using the equivalent circuit. The
goodnesf-f i ) was calculated to be < 0.001 fali the impedance spectra which indicates good
fit between the theoretical and the experimental dataM@)ified Randles equivalent circuit which

used to fit the impedance results.
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2.4 Techniques used throughout the work

The following tables summarises ik usedsurface characterizatiand electrochemical techniques.

Table 2.1 Surface characterization techniques

Technique Purpose
XPS Characterization of surface composition of GSPE, CVD graphene an(
electrodes before and after functionalization
SEM Characterization of the surface morpholagfyGSPE, CVD graphene and G
electrodes
Raman Characterization of the defect density of the CVD graphene before ang
spectroscopy functionalization as well as the different sheet sizes of GO materials
AFM Characterization of the size of GO sheetd their thickness
NMR Characterization of the oxidation degree of small and aized GO sheets

Table 2.2 Electrochemical techniques

Technique Purpose
CVv Characterization of electrodes functionalization, biosensor fabrication
electrografting steps and study the mechanism of the redox reaction
SWv Characterization c0DA immunosensor and MCR aptasensor and detection.
DPV Charact er i 4@ and OMA inonunogersers abd detection.
EIS Characterization of aptasensors fabrication steps and detection of toxins

aptasensors as well as the detection of OVA tbhe CVD graphent

immunosensor.
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CHAPTER 3. LABEL -FREE ELECTROCHEMICAL
IMMUNOSENSORS FOR MILK AND EGG ALLERGENS o>
LACTOGLOBULIN AND OV ALBUMIN BASED ON
ELECTROGRAFTING OF A RYL DIAZONIUM SALTS ON
GRAPHENE ELECTRODES

This chapter describes the development of kteel electiochemical immunosensors for milk
and egallergens using graphene as electrode material. In order to begin the investigation of graphene
materials as transducer, it was necessary to study and optimise a general methodology for the
functionalization © graphene surface. This chapter shows the modification of graphene electrodes
using electrochemical reduction of aryl diazonium salts. In order to investigate the suitability of the
proposed modification approach for different graphene materials, coram@&®PE as well as high
guality monolayer graphene prepared via chemical vapour deposition were utilized in this study. The
modified graphene was subsequenibed for the detection of thheo important model allergen®-

LG and OVA.

3.1 b-Lactoglobulin immunosensor

The diazonium cationswere first prepared by the diazotisation of 4itroaniline.
Subsequently, the in situ generated diazonium cations were cadyalgratfted through an
electrochemical reductiostep onthe GSPEsurface, followed by the electraamical reduction ofhe
terminal nitro groupsto generate an aminated surface. Then, the aminophenyl modified sugsce
activated withglutaraldehydeo give a stable intermediate derivatwdich was used forcovalent

immobilization of theb-lactoglobulinantibodies (Figure 3.1).
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Figure 3.1 Functionalization of the graphene electrode surface and the covalent immobilization of

antibodies

A simple differential pulse voltammetriemmunoasay was used for theb-lactoglobulin
detection based on the decrease of He¢CN)]3%“ reduction peak current due to the specific binding
of theb-lactoglobulinwith the antibody modified electrodeBhis approachenablesa fast and simple

electrochemial detectioormethodo f -ladboglobulindetection.

3.1.1 Electrochemical functionalization

Previous studie¥® have shown that surface functionalization strategies is a determining factor
in the performance of biosensor platforms as it greatly affettsthesensitivity and the selectivity of
thebiointerfacesTherefore, differenelectrograftingoeriodsand protoca were studied to investigate
their effect on the density of the depositedganic layer on graphene surfadeight different
electrochemical ndification protocols has been used for the reduction of the diazonium salt; 1)
spontaneous reaction for 180 s, 2) one CV from 0-8.®V at 100 mV 3, 3) five CV scans from 0.4
to -0.6 V at 100 mV $, 4) linear sweep voltammetry form 0.4 0.6 V at100 mV &', 5) 15 s
duration CA, 6) 45 s duration CA, 7) 60 s duration CA, and 8) 180 s duraticet @M V. In each
case the nitro groups attached the electrode surface after each electrografting process are reduced
using five CV scans from +0.4 td.4V in 0.1 KCI solution and the surface coverage of the NP
groups has been calculated from the area under the reduction peaks.

The consecutive cyclic voltammograms for in gjenerated -hitrobenzene diazonium catio
at a GSPE are shown in Figure .3TheCVs are characterized by a broad irreversible reduction wave

in the first cycle at T0.35 V vs. Ag refere
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electroreduction peak of the diazonium salts via one electron transfer process resulting in aliminatio
of a nitrogen molecule and production of an aryl radical which forms a covalent bond with the
graphene surfac¥®'44 During the second and subsequent cycles, the intensity of the reduction peak
is decreased and not completely diminished. This behaciouid be attributed to the fact that the
electrografting step using the CV scans was not enough to cover the entire electrode surface with the
grafted organic layer, therefore, preventing the complete passivation of the electrode and allowing the

reductbn of other diazonium cations in solution.
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Figure 3.2(A) Cyclic voltammogram for the in situ generateghitophenyl diazonium salt in the
diazotzation mixture (2 mM NaN@+ 2 mM 4nitoaniline in0.5 HCI) at graphene modified screen
printed electrode, (B) Successive cyclic voltammograms of the reduction of NP/GSPE in 0.1M KCI at
scan rate of 100 mVs The solid lines represent the first CV and the dotted lines represent the

subsequent cycles.

Figure 3.2(B)shows successive CVs for the reduction afidophenyl modified GSPE in
aqueous 0.1 M KCI solution from 0.4 1#b.4 V vs. Ag reference electrode. Two reduction peaks were
observed in the voltammograms which correspond to the irreversible medatelectrografted-WP
groups on the graphene electrode surface. The two cathodic peaks are attributed to the reduction of the
nitrogroups to hydroxylamine derivatives in {(#8") process and further to the corresponding

amines (262H"). Then, the reduction peaks significantly decreased in the subsequent scans indicates
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almost a complete reduction of the nitro groups into aminesimMar behaviour was previously
reported 6r the reduction of nitrophenyl groups on other surfates®.

The surface coverage in each case was then calculated by integration of the area under the
reduction peak according to equatin

| =Q/nFA Eqg. 1

Where G is the cover% @ésthachargeobranedrby imdgratimpthee s .
cathodic peak, n is the number of electrons tr
area.As shown in Table.1 all the véues of the surface coverage of the nitophenyl groups grafted
using electrochemical methed(protocols 2B) are significantly higher than that grafted using
spontaneous electron transfer reaction by immersing the electrode in the diazonium salt solution fo
180 s without applying potentigprotocol 1) Furthermore, the surface coverage valuesthef
electrografted NP groups on the graphene surface for 1 min. qpltesscol 27) were ranging from
4.00 x 10'°to 13.0 x 16¢° mol. cni?, which is comparakl with the value reported previougty the
chemically grafted NP groups on epitaxial graph¥fi@s well as other carbon surfacés2020! |t
was also noticed that the electrodeposition using cyclic voltammetry $pestecols 2 and 3)
produced théowest NP coverage which confirm that the grafted film was not very compact as it was
explained above. The linear sweep voltammetric mefpoatocol 4)gave higher coverage than the
cyclic voltammetric procedure. However, the chronoamperometric metpoztocols 58) gave the
highest surface coverage indicating more compact layer even with 15 s duration and the density of the
grafted nitrophenyl groups was increased by increasing the time from 15 to I8@ sesults
demonstrated that both monolayers anultilayers can be obtained by the reduction of diazonium
salts which is a known behaviour observed on other matét&fS. The use of chronoamperometry
step at-0.4 V for 45 s or 60 s(protocols 6 and 7hor the grafting has achieved the best agrest
with the theoretical surface coverage of nitrophenyl groups (12¥xh6l/cn?) which is based on
ideal highly ordered closed packed monola§¥r By increasing the time of the electrochemical
grafting process the surface coverage increases, imgjddwe continuous growth of multilayer and

higher film thickness. The formation of multilayer ch#rophenyl (NP) is not desirable as it causes
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disorder of the grafted film sterically hindleg the access of the nitro groups on the layers closer to

theelectrode surface.

Table31Acti ve surface coverage concentration (0)

different protocols.

Protocol number | Method Surface coverage
x 10" (mol. cnr?)

1 Spontaneous reaction 180 s 0.80

2 Onecyclic voltammetry 4.00

3 Five cyclic voltammetry 4.10

4 Linear weep voltammetry 4.80

5 Chronoamperometry 15 s 5.70

6 Chronoamperometry 45 s 7.35

7 Chronoamperometry 60 s 13.0

8 Chronoamperometry80s 19.9

The purpose of the present work was to modify in a reproducible way the graphene electrodes
with a well ordered monolayer of aminophenyl groups enabling maximum antibody immobilization,
but at the same time avoiding a complete surface passivatias, the chronoamperometry reduction
at-0.4 V for 45 s was selected as the optimum condition for the graphene modification. However, an
easier electron transfer to the electrode surface would be an advantage for electrodes modified by
cyclic and linearsweep voltammetry where non compact layer is formed. This could also find
applications in some cases as enzpased amperometric biosensors in which the maximum electric
communication between the enzyme and the electrode surface is required as pregmurstd

elsewheré?
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3.1.2 X-ray photoelectron spectroscopyurface characterization

The bare graphenel-nitrophenyl modified graphene electrode and the reduced feamidophenyl
film) were examined by XPS in order to confirm the functionalization anduhsequent reduction
processedrigure 3.3 shows the survey spectod the nitrophenyl modigd graphene electrodesith

anadditional N1s peakompared to the spectratbie bare GSPE

Cls Cis

Ols

Ols N1s
700 600 500 400 300 200 100 O 700 600 500 400 300 200 100 O
Binding Energy, ev Binding Energy, ev

Count (Arb.)
Count (Arb.)

Figure 3.3 XPSsurvey spectra for bare GSPE (A) and-GBPE (B).

Moreover, the high resolution of the N1s spectrum of the NP sampleréF3g) shows two peaks at

405.85 eV and 400.04 eV. The peak at higher binding energy isodhe nitro groups (N§ and

confirms the presence of the nitrophenyl film on the graphene surface. The other peak at lower

binding energy (400.04 eV) is assigned to the aminojgkbups, which is most probably due to the

reduction of some nitro groupa the XPS analysis chamber during the measurements as reported

elsewherg#8199.205 The electrochemical reduction of the nitrophenyl groups to aminophenyl groups

was further confirmed by the XPS measurements ofatm@ophenyl graphene modified screen

printed electrodes (ASSPE).Figure 3.4shows the high resolution of the N1s spectrum of the AP

GSPE compared with NBSPE. A single peak at 400.04 was observed for the aminophenyl modified

electrode assigned to the amino groups which confirm the convafitie nitro groups to amines

and also demonstrate the robust nature of the aryl modified grajffiene
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Figure 3.4 XPS core level N1s spectra of N\BSPE and ARGSPE.
3.1.3 Differential pulse voltammetric characterisation of the immunosensor stages

Differential pulse voltammetry has been used in order to characterise the stepwise
modification of immunosensors. Fig. 3 shows the DPVs of 5 mM [Fef¢NJ probe in PBS, pH 7.4
for the bare GSPE (a3-NP/GSPE modified electrode (#)-AP/GSPE modified electrode)(GA/4-
AP/ GSPE (d)Ab/4-AP/ GSPE modified electrode (68SA/Ab/4-AP/ GSPE moified electrode (f)
and after incubation with 100 ng iiLb-lactogbbulin solution for 45 min (g).
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Figure 3.5 DPVs of 5 mM [Fe(CNj*' / pfobe in PBS, pH 7.4 for bare GSPE (ayigophenyl/
GSPEmodified electrode (b),-dminophenyl/ GSPE modified electrode (C), GAR/ GSPE (d),
Ab/4-AP/ GSPE modified electrode (e), after blocking with 0.25% BSA for 45 min (f) and After
incubation with 100 ng rio f -ladboglobulin solution for 45 min (g).
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A well-defined reduction peak is clearly observed for the bare GSPE. The electrochemical
grafting modification using chronoamperometry-@# V for 45 s produced-KP film on the GSPE
electrodes leading to further reduction of the intensity of the [Fe{¢N§reduction peak. This is due
to the deposition of the organic layer which partially blocks the surface but isathe time the
electron transfer still takes place. Aftdre reduction of the nitro groups on the surface to amine
groups the peak curremicreased again. This could be attributed to the ionisation of some amino
groups on the surface, which lead to an electrostatic attraction with the [EE(CNhhions in
solution as reported by Covaci et #¢. The reduction peak currents of [Fe(GN) / Was further
decreased after the reaction of the amino groups with gluteraldehyde, then after the antibody
immobilization and blocking the free active sites on the electrodes surface with BSA due to the
blocking effect of these proteins. The formati o f t he | mmu n o clacoghbudira | re
molecules with the antibody modified electrodes was also accompanied by a decrease in the reduction
peak current of the redox probe, showing that the elettemsfer kinetics of [Fe(CN]}' ' i
decra s e d . This current decrease after bind-i ng i
lactoglobulin protein but could also be attributed to a number of factors. For example, the isoelectr
poi nt -lactogldbulireequals 5.27, which in turn dfers a negative charge at pH 7.4, acting as
an electrostatic barrier for the electron transfer. It could be also partly due to conformational changes

of the antibody after binding with the prot&f.

3.1.4 Cyclic voltammetric characterization of the mechanis of the electrochemical process on

the modified graphene electrodes:

The relationship between the peak current and the square root of the scan rate was studied in order to
gain insight into the electrochemical mechanism taking pddbe immunosensoimhe CVs of the

resulting immunosensor in 5 mM [Fe(G¥)' / 4t different scan rates were investigated in the range

of 10-200 mVs? (Figure 3.6. It is clear that both the anodic and cathodic peak currents increased
linearly with the square root of scantea with correlation coefficients of 0.998 and 0.990

respectively, indicating diffusicnontrolled process over the studied range of the scan rate.

61



100

L 100/
€ 5 ”

50Fg ©
250

| 3100

n*(mvs™)

Current (mA)
o
T

-100

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
E/V vs Ag ref. electrode

Figure 3.6 CVs of the modified electrode at difent scan rates (from inner to outer): 10, 20, 30, 40,
50, 60, and 70 mV/s in 5 mM [Fe(CH' / $blution The inset shows the dependence of the

oxidation and reduction peak currents on the square root of scan rates.

3.1.5 Dose response df h elactbglobulin immunosensor

The DPV technique was used to monitor the binding between the ovalbumin and the antibody
bound electrode, by observing the change in the reduction peak current of the redox probe
[Fe(CN)]®" / 4dn the electrode surface. The introductionanf blockage for the redox probe to
access the graphene electrode surface, such as the introduction of bulky protein or negatively charged
groups, will retard the charge transfer and consequently reduce the cUlmemvaluate the
immunochemical reaction et we en t h e -lactogiobubnptdeymmaumosensér was exposed
to various c oelactogiohutinr(@ 0.000,10.91, @1 1.0p 10 and 100 ng*niFigure
3.7(A) shows the decrease in the differential pulse voltammetric reduction peas(GNE* " / With
t he i nc rlectoglobulin. of b
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Figure3.7( A) DPVs of the i mmunosensor | n-acidglebulied wi t

(li7): the con-d@ are 0.0800.004,091, 0.1, 1.0y 10 and 100 ng'mlThe inset is
the calibration curve based on the change of the DPV peak currents versus the logarithm of the
concentrations, (B) Comparison of response of GSPE voltammetric immunosensor to 1000 ng ml

ovalbumin @ 100 ng mf b-lactoglobulin.

The inset in Figre 3.7(A)shows a good linear relationship between the change of the cathodic
peak currents obtai ned -ldetggloiuih\¢ongemtrdtions from 1.0 pgghd r i t h
to 100 ng mL!. Each data got in the calibration plot represents three independent measurements and
the error bars show the standard deviations of measurements. The relative standard deviations were
from 1.6 % to 6.0 % indicates good reproducibility of the immunosensor. The liegassion
equation wase-i ( € A) = 7. 8C8ngmi]IR =50898) witlga detection limit (LOD) of 0.85
pg mL'? (S/N = 3). The results indicated that the developed immunosensor in this study exhibited
lower detection limit compared with other reported methiod$®without any amplification stepsA

comparison between our method and other reportedtotetenethods is shown in Table 3.2.
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Table32Compari son of performance o flactodiobuindi f f er ent

Method Limit of detection Analytical range Reference
Voltammetric immunosensc0.85 pg mL? 1 pg mL2- 100 ng mi!  This work
Optical near field biosensorn.a. 100 ng mLE2-100 pg mLt 57
Colourimetric immunosenscl ng mL? 10 ng mtt-1 mgmet 299
ELISA 9.7x10% 3.5x10'- 4.6 x10° M 43

3.1.6 Selectivity of the immunosensor

It was very importanto study the selectivity of the immunosensor to confirm that the
i mmunosensor response i s du e-ladtoglobglip @d théntibodyi nt e 1
immobilized on the electrode. A control experiment has been performed by incubating the
immunosensor with four different nespecific proteins which may present in the food: ovalbumin,
BSA, egg lysozyme and casein. Fig3r@é(B) shows norsignificant change in reduction peak current
for the antibody modified electrodes incubated with (1.0 ) mf each protein for 45 min compared
with another immunosensor prepared using identical protocol and incubated with 106 agf ml b
lactoglobulin. These results confirm that the immunosensor displayed good selectivity for the

det er mi nlactoglabuiin. o f b

3.1.7 Stability and reproducibility of the immunosensor

The stability of the immunosensor was studied after storage @@ #or 15day period. The

i mmunosensor was U s-lacbglabwin. The tifeererice ii thenpgak oukrentbwas
7.88 HA before and 7.99 pA after (less than 2 % current change), demonstrating that the
immunosensor had good stability. The reproducibility of thenunosensor was examined by
performing three independent measurements for each concentration in the calibration plot. The
relative standard deviations were from 1.6 % to 6.0 % indicates good reproducibility of the

immunosensor.
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3.1.8 Real Sample Analysis.

The developed immunosensor was then appl@dhe detection ob-lactoglobulinin commercial
milk-containing food produst As can be seen in Table 3.3, a good correlation was obtained between
theimmunosensor and tHeLISA results, which indicated that the developed immunosensor freght
applied for the determinatioaf b-lactoglobulin forroutine useMoreover, the low detection limit
enabled the successful application of the immunosensor imigidy diluted real extractswhich

significantly minimized the matrix effect.

Table 3.3 F-test and-test calculations for the three food samples analysis

Sweet biscuit sample Cake Cheese snacks
Parameter | mumosenser  ELISA Imm;“mm ELISA Imm;mnm ELISA
N 3 3 3 3 3 3
5.D. 747 7.70 730 930 87330 92300
R.SD. (%) 025 0.50 0.16 0.71 3000 6461
t-test 335 6.49 213 763 3.44 7.00
F.test 0.71 {t(P = 0.05)} 428 {t(P=0.03)} 120 {t(P = 0.05)}
4.00 =278 10.69 =278 464 =278
=100 =19.0 =100

S.D. is the standard deviation, RSD is the relative standard deviation = (S.D./mean )X100

As shown in Table 3.3, the-tEst and test calculations have been done tlee three food samples.
The resul ts -edtand Vagancs tatiotEsai thedssveet biscuit and the cheese snacks
show that there are no sigeant differences between the techniques with regard to accuracy and
precision. However, the results of the cake sample showed more difference which could be attributed
to the effect of the matrix of the cake extrantthe ELISA detection which can causeerestimation

of the b-lactoglobulin level, while the higher dilution of the same sample (1:150) for the detection by

the immunosensor had significantly minimized the matrix effect. Moreover, the lower RSD of the
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proposed immunosensor (2.13 %) compareith \ELISA (7.63 %) indicates more precision of the

developed immunosensor.

3.2 Ovalbumin immunosensor using GSPE

3.2.1 Electrochemical functionalization of graphene electrode surface

The electrochemical functionalization of graphene electrode surface was perfasnadedgcribed in
section 2.3.2by the cyclic voltammetry reduction of tive situ generated carboxyphenyl diazonium
salts from 0.4 t60.6 V atscan rate of 100 mV-s leading to the formation of carboxyphenyl film on

the graphene surfa¢Bigure3.8)

Figure 3.8 Schematic oftie electrografting process of carboxyphenyl groups on the graphene

electrode and the ssbquent antibody immobilization.

A singleirreversible cathodic peak a.12 V vs. Ag reference electrode was observedhe first
cyclic voltammetry scan on GSPE as shown in Figue€A) which then gradually diminished in the
second and the third CV scaas previously observed with the nitrophenyl diazonium. Sdie
electrochemical belviour of the carboxyphenyl modified electrodes using different CV cycles was
further studied using differential pulse voltammetry in the presence of [F§fCN)tédox probe. As
shown in Figure3.9(B) the DPV reduction peak current of the [Fe(g]N) / épecies was decreased

with increasing the number of cyclic voltammetry reduction cycles used for the carboxyphenyl
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grafting. This decrease in the reducticzak current of the [Fe(CHf ' / feddox species indicates the
blocking effect of the carboxyphenyl layer for the reduction of the [Fe{€N) 6 the modified
electrode surfacelhis effect isdue tothe thickness of the organic layer as welltlas ekctrostatic
repulsion between the negatively chargedboxylic groupsand the[Fe(CN)]* " / fddox probeThe

DPV peak currents of the [Fe(Cil¥)' / Iwere plotted versus the number of CV scanning cycles used

for the diazonium cations reduction.
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Figure 3.9(A) Successivevs for thein situ generated €arboxyphenyl diazonium salt at scan rate of

100 mV$! on GSPE, the black line represent the first CV and the red lines represent the subsequent
cycles, (B) DPVs of bare GSPE andCP-GSPE functionalized by diazonium salt reduction using
different CV cycles in 5 mM [Fe(CN)} ' / &t 100 mV/s. Inset is the plot of the reduction peak
current for 5 mM [Fe(CNJ* " / Aleasured at-€P-GSPE vs. the number @V scanning cycles for

diazonium reduction on GSPE.

A decrease in the peak current was observed with increasing the number of CV scans as can be
seen in the inset of FiguB9(B). However, the largest drop in the peak current was observed after the
electografting using one CV cycle, while a smaller difference in the peak current was observed after

the subsequent cycles. These results confirm thaintitrease in number of CV cycles leads to an
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increase in the density of the organic layer, formed in kbetrede surface, which in turn results in

more hindrance for the electron transfer process.

3.2.2 Differential pulse voltammetric characterisation of the immunosensor construction

The DPVs for all modification steps were shown Rigure 3.10 After the electrgrafting of
carboxyphenyl groups on the GSPE the intensity of the [Fe{EN) fdduction peak was decreased
(Figure 3.0b), due to the partial blocking of the surface as illustrated above. After the activation of
the carboxylic group and the covalent antibody immobilization, the reduction peak current of
[Fe(CN)]*" / Whas inceased againF{gure 3.0c). This increasén the current could be attributed to

the neutralization of the negative charge of the terminal carboxylic groups on the surface with the

positivelychargedantibodies. Similar behaviour was reported previouslkgvetgre'>"1%

100 a
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—— CP-GSPE

—— Ab-CP-GSPE

0.1% BSA-Ab-CP-GSPE|
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Figure 3.10 DPVs of 5 mM [Fe(CNy* ' / probe in PBS, pH 7.4 for bare GSPE (aRB/ GSPE (b),
Ab/4-CP/ GSPE (c), and after blocking with 0.1% BSA for 30 min (d).

3.2.3 Differential pulse voltammetry detection of ovalbumin on the immumsensor

As shown inFigure 3.11A), a decrease in the differential pulse voltammetric reduction peak of
[Fe(CNX]*" / Was observed with incubating the immunosensor with different concentrations of

ovalbumin (0, 0.01, 0.1, 1.0, 10, 100 and 200 ng'miThis decrease in the current upon binding is
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attributed to the bulky size of the protesterically hinders[Fe(CNX]*' / anions to access the
electrode surface. The ovalbumin also has isoelectric point édirdf, which has a negative charge

at pH7.4resulting in repelling the [Fe(Chf ' / &hions.
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Figure 3.11(A) DPVs of the immunosensor incubated with different concentrations of ovalbumin.
The inset is the calibration curve, (B) Comparisdrresponse of the immunosensor to 100 ng ml

oval bumi n, BSA, Calacmglobulin. LYysozyme, and b

As shown in the inset of Figure 3(&), a good linear relationship was obtained between the
change of the cathodic peak current of [Fe(N)’ fddox pobe in the DPV, and the logarithm of
the ovalbumin concentrations from 1.0 pgirtd 0.5 ug mlLL. The data points in the calibration curve
represent three independent measurements and the error bars show the standard deviations ranging
from 2.6 % to 5.0% indicating good reproducibility of the immunosensor. The linear regression
equation wase-i ( € A) = 9. 908ng mIY2R =80097) witlga detection limit (LOD) of 0.83
pg mL'? (S/N = 3). The results confirms that the proposed immunosensor exlubiér detection
limit compared with other previously reported meth6d8 Moreover, as can be seen in Figure
312B) t he % decr e a slactoglobulirt, BSA, lysomyme and daseih was muxch lower
than that of the ovalbumin. These resufltdicates that the immunosensor exhibited good selectivity

for the determination of ovalbumin with negligible effect of the non specific proteins.
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3.3 Ovalbumin immunosensor using CVD graphene

High quality and uniform graphene sheets were grown by a CVD ggaeging Cu foil as
catalytic substate (Figure 3.12)) as shown in the scanning electranicroscopy image (Figure

3.12B)). The graphene sheets were then transferrezlanlean glass substrate (Figure 3C)2(

; Non conductive tape —»

2 _}_.-_;{:-?f-, e, !
et %:’,:}:‘ “ Silver paint —
055 ‘ i e
i ! i 3y <«— Graphene
"/ ) O~ | Coppertape —> el SRR P
] § -~

Glass ——p

Figure 3.12 Optical microscopic image of monolayer graphene film on Cu foil. (B) SEM image of
graphene (C) Monolayer graphene film transferred onto a glass sheet, (D) Schematic of the procedure

for connecting monolayer graphene etsento working electrodes for electrochemical measurements.

We used here glass as an insulating substrate to avoid the possible influence of the underlying
metal substrate on the electrochemical behaviour of graphene. The characteristics of the graphene
films were analysed before and after the transfer process by optical microscopy, Raman spectroscopy
and Xray photoelectron spectroscogyidure3.13. No significant changes were observed, indicating
that the chemical and structural composition of thapgene films was maintained through the
transfer process. The graphene films were then connected as a working electrode using copper tape
and silver paint and subsequently insulated to expose a well defined area of graphene as described in
detail in the egerimental section (Fige 3.12(D). This simple design ensures that graphene is the

only conductive surface exposed to the solution during electrochemical measurements.
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3.3.1 Graphene functionalization and characterization

Functionalization of the CVD graphene surface againperformed by electrochemical reduction of
carboxyhenyl diazonium salt using three consecu@¥s as previously shown in the scheme (Figure
3.8).Figure 3.14 shows that the C\¢$ the electrografting process were consistent with ab&ined
onthe SPGE shown in the previous section (Fidlge
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Figure 3.14 Successive CVs for the-garboxyphenyl diazonium salt at scan rate of 100 'rha

CVD graphene.

We examined the graphene electrodes before and after the carboxyphenyl functionalization using
Raman spectroscopy,-pay photoelectron spectroscopy and atomic force microscopy. The Raman
spectra of graphene electrodes before and afteridmadization are shown in Figure 3.29( The

bare graphene (black curve), exhibits two prominent Raman Stokes peaks, a single syniimetric 2
peak atD2700 cm' and a G peak d@1580 cm®. The intensity of the 2D peak is almost twice the
intensity of the G peak over most of the sample area, characteristic of monolayer graphene and
indicative that the graphene sheets transferred onto the glass suetaiontinuous and uniform

211212 A small D peak aD1350 cm! was also observed in the Raman spectra of the bare graphene,
corresponding to a low defect density. After subsequent modification of graphene using are (Fig
3.15(A), red curve) to three \C (Figure 3.15(A), blue curve) scans in the diazonium solution, the
intensity of the D peak was gradualDil620a@ihandinc e d
D2950 cm?, respectively. These changes are attributable to the breaking of transisyionaétry of

the honeycomb lattice of i€ s bonds on the basal plane of the graphene due to the formation of

localized G C sp bonds by carboxyphenyl grafting.
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Figure 3.15(A) Raman spectra of the grapheziectrode before (Black curve) and after subjected to
the electografting process using one (red curve) and three (blue curve) CV cycles and (b) XPS Cls
core level spectra of graphene electrode before (bottom) and after (top) the carboxyphenyl

functionalzation.

Moreover, thed f e c t densi ty, a, on the graphene | a
quantified using théo/lc ratio based on the empiridarmula quation2) 23
I - [ ( ?Ir_,f) ( w(rf — 'r"_.fj)] { ( s )]
— =, —= —lexp| —— | —exp| —————— | + 0|1 —exp| ——
I i -2 L} L% : L% Eq. 2

wherelLp is the mean defect spacifigo= 1 ¥ rs is the radius of the sicturally damage region

around each Spbond / defect site, and\ iis the radiusof the activated region around ®he CA
parameter is a measure of the maximum possible value ofptheratio in grapheneThe CS
parameter is the value of thel/lg ratio in the highly disordered limitWe used & (=4.56), G

(=0.86), n (=1.0 nm), andg(=0.07 nm) as previously reported for aryl groups covalently attached to

the graphene latticB2 As s hown in Tabl e 3. 4,issthmatedifan pristinea |  d
CVD graphene to be very low (7.1x¥t@n?), whereas upon carboxyphenyl functionalization with

one and three CV cycles, the defect density is increased to 421eth@ and 1.140 cm?,
respectively. These results confirm the gradual increase of the carboxyphenyl groups covalently

attached to the graphene surface with the gradual increase of the number of CV cycles used in the
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electrografting procedure. After the third cycle, farther change in the Raman spectra was observed
which indicates that the coverage of the graphene surface with monolayer of aryl groups, a figure in

good agreement with the observed saturation in CV Faradaic current data explained above.

Table 3.4 Values oflp/lcf r om t he Raman spectra and the calc

for the graphene before and afééectrografting

Electrode Iofle 0 (B nd ( mdA

Bare graphene 0.10 7.1x10! 1.2x10%?
CP-GE, 1CV 0.55 4.1x102 6.8x10%

CP-GE, 3CV 1.42 1.1x10° 1.9x10%

It is worth noting that the estimated defect density value obtained from our method at three CV cycles
is consistent with that reported for the grafting of carboxyphestyhfluoroborate on graphene
supported on Si©using spontaneous electron transfer chemistfyas well as on Ni using an
electrografting method in acetonitrite’. For graphene/Ni electrografting, five CV scans were shown

to be necessary to realize tmaximum modification of the graphene surface. However, here we show
that three CV scans were enough to cover the graphene surface with monolayer of aryl groups which
indicates that the electrografting reaction in our case is faster. The slow reacttieygrbphene/ Ni
towards the electrografting was explained to be due to the stabilizing lattice match between the
monolayer graphene and the underlaying Ni which makes the attachment of the aryl radicals on the
basal plane more difficuft®®. The modificdion of the graphene electrodes was also confirmed using
X-ray photoelectron specsoopy. Figure 3.15(Bshows the XPS Cls core level spectra of the
graphene monolayers before and after the carboxyphenyl functionalization. For the bare graphene, a
sharp ak at a binding energy of 284.2 eV was observed as expected for thgsgized carbon

atoms of graphene. However, after the carboxyphenyl modification, an additional peak centered at

288.8 eV appeared, typical of the carboxylic acid groups graftégeographene surface.
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Examination of the modified CVD graphene electrodes by atomic force microscopy has also
proved the formation of a carboxXypnyl layer. As shown in Figure 3.16(Athe AFM images
obtained in ScanAsyst mode reveals significant diffeeebetween bare and modified graphene using

three CV scans with an estimated average thickness value of 0.69 nm of the grafted layer.

0.69 nm

Height (nm)
o
w
T

OSE | ]
0.0 0.2 04 0.6 0.8 1.0 12

Distance (um)

Figure 3.16(A) AFM images of bare graphene and (B) carboxyphenyl modified graphenhahé

height profileswith two selected line scans. Green line indicates the bare graphene, and blue line
indicates the modified graphene. Thesage height of the carboxyphenyl groups is ardu6é nm

and(D) theoretical estimation of the length of the carboxyphenyl moiety using ChemDraw Ultra 13.0

software.

This value is consistent with the theoretical length of 0.69 nm for the carboxypheety estimated

by the Chembaw Ultra 13.0 software (Figure 3.16(D\hich indicates that the grafted thin film
composed of monolayers. XPS, Raman spectroscopy and AFM thus confirms the covalent
modification of graphen€tlS isalso used to study the blookj effect of the modified electrodes. As
shown in Figure 3.17the diameter of the semicircle, corresponding ¢, B significantly larger in

the case of the carboxyphenyl modified graphene electrodes as compared to bare graphene. This
increase in the ipedance is expected asesult of the hindrance for the electron transfer process of
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the [Fe(CN3]* ' /.3 this work, three electrografting CV scans were chosen for impedimetric sensing
on the basis of the saturation in Raman spectra following thresc@ns.
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Figure 3.17(A) Nyquist plot of bare GE and-@P-GE functionalized by diazonium salt reduction
using different CV cycles in 10 mM [Fe(C§) " / 8t' 100 mV/s. Inset: The equivalent circuit used for
fitting the experimental results; (B) Plot of Bf 4-CP-GE in 10 mM [Fe(CNjJ* ' / ¥<. the number of

CV scanning cycles for diazonium reduction on GE.

3.3.2 Electrochemical impedance immunosensor response

EIS was also used to characterize the further fabricatigps for the immunosensor. The covalent
immobilization of the ovalbumin antibodies caused a significant drop in ¢héFRyure 3.18,green
curve) from the CP/GE signal (Figure 3.18, blaarve. This decrease could be attributed to the
neutralization othe negative charge of the carboxylic groups with the positively charged antibodies
as previously seen in DPW¥igure 3.D). Finally, Rct was subsequently increased after treatment with

BSA solution (red curve) due to the blocking effect of this bulkygino
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Figure 3.18 Nyquist plot of bare GE;-€P/ GE, Ab/4CP/ GE and after blocking with 0.1% BSA for
30 min. in the presence of 10 mM [Fe(GNY / probe in PBS, pH 7.4.

Figure 3.19Q4) shows the inc@se in Rt upon ovalbumin binding that is the basis of
ovalbumin detectionA calibration plot based on the percentage change in thefdlowing
ovalbumin binding is shown iRigure 3.19(B) A good linear relationship was obtained between the
percentagechange in the & of the immunosensor versus the logarithm of the ovalbumin
concentrations in the range from 1 pg ™o 100 ng mi!. The standard deviations of the
measurements were ranging from 3.0 % to 7.0 % indicating good reproducibility of the
immunosensor. The linear regression equation waB%AR® % = 39.0 + 4.29xlog C [ng mi], R =
0.98, with a calculated detection linfitOD) of 0.9 pg mL! (S/N = 3). The result confirms that the
CVD monolayer graphene platform offers good sensitivity and exhibits comparable detection limit to
that reported with graphene modified screen printed carbon electf®dEgure 3.19(Cshowsthe
response of t he | mp e dlactogtobutini and lysoryme minding whsclh was t o
much lower than that of the ovalbumin, illustrating good selectivity and negligiblespemific

adsorption on the graphene platform.
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Figure 3.19(A) Nyquist plot of OVA immunosensor before (black) and after (red) incubation with 0.1
ng/ml OVA. (B) Dependence of the immunosensor response on OVA concentration (pleRHMR
% vs. log Cova) and (C) Corparison of response of the immunosensor to 100 ngavlbumin,

10g/ ml Lys datggolaulin. and b

3.4 Conclusions

Sensitive labef r ee v ol t ammetri c i mmu n-tagoglobslio ansl ovallumin t h e
have been developed. A controlled elegrafting method of organic film based on the reduction of
diazonium salt on graphemeodified screen printedarbonelectrodes was successfully achieved.

This enabled a suitable, simple, and versatile platform for the immobilization of antibodies and
immunosensors fabricatiomifferential pulse voltammetricnmunosensors has been developed based

on signaloff detection strategyT'he immunosensors developed using this approach offer a linear
range of 0.00i100 ng mL! f o r-lactogbobulin and 1pg/ml to 0.5 pg/ml for OVA without any
amplification step. The I mmunosensorl&Sam®©VAe suc
in food samples, and the results were correlated to those of the commercial ELISA hnefifactgthe
signaloff sensors usually suffers from two main pitfalls: 1) the possibility of false positive results due

to the non specific adsorption, however this effect was very small in our developed sensors due to the
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effectiveness of the blockingegt with BSA; 2) the high background noise and limited sensor gain as

we cannot achieve more than 100% of the original signal unlike the Sigrs&nsors.

The electrografting method has been also applied on CVD graphene. We have investigated for
the firda time the behaviour of the functionalized monolayer graphene for impedimetric
immunosensing of protein. Our results show that carboxyphenyl functionalized CVD monolayer
graphene can be used as a sensitive and selective platform for protein biosensggthiShu
functionalized graphene can be exploited in extended biosensing applications such as small molecules

detection which will be presented in the nexapier.
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CHAPTER 4. A GRAPHENE-BASED ELECTROCHEMICA L
COMPETITIVE IMMUNOSE NSOR FOR THE SENSITIVE
DETECTION OF OK ADAIC ACID IN SHELLF ISH

In Chapter 3an easy, fast, versatigd controkd modification method of graphene surface has been
demonstratedlhe modified graphene was employed for the construction oftedimmunosensors

for allergenic proteins. ThisHapter aims to exploit the carboxyphenyl modified graphene platform
developedn section3.2 for the detection of the small molecule toXdA. The functionalization of
GSPE wasdfollowed by EDC/NHS activation of the terminal carboxylic groups and the cauale
immobilization of OA antibody via amide bond formation. A simple square wave voltammetric
(SWV) direct competitive immunoassay for thdetection of OA based on the decrease of the
[Fe(CN)]®" / fdduction peak current has been usBoe competition wasstablished betwee®A

and fixed concentration of &OVA conjugatefor the immobilized antibodie@-igure 4.1).This new
approachenabled a sensitivéast and single step electrochemical detection methddAoand was

validated usingertifiedreferencenussel samples.

Before competition
[FE(CN) 14/ [FE(CN) 1 \
After competltlon

Y@Y@Y 9 é W(YD@CYiWV detection

% Bsa é OA-OVA © OA

Figure 4.1 Schematic diagram ohé working principal of the immunosensor with direct competitive

immunoassay.



4.1 Competitive immunoassay of okadaic acid onto modified graphene

electrodes

Direct competitive immunoassay was performed ©A analysis. A mixture containing a fixed
concentration of OAOVA (1ug mL'1) and an increasing concentration of f@a was incubated
with the immunosensors for 30 min. SWV reduction of [Fe@@Nf was performed at the

immunosensor after washingtiPBS buffer and the results obtainedstvewn in Figure 4.2.
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Figure 4.2 SWVs of the immunosensor before the competition step (1) and after incubated with
different concentrations of OA mixed Witl pg/ml of OAOVA (2i 6): the concentrations of OA are
0.000, 1.00, 10.0, 100 and 1000 rig.L

A calibration plot based on the difference in peak current in SWV before and after the competition
step is shownn Figure 4.3(A). The difference in the peakurent decreased with increasing the
concentrations of the fre®A. The assay relied on the competition between the free and the
conjugated OA for arHDA-Mab immobilized on the electrode surface. The less the Gr&ein
solution the more the OAVA conjugate will bind to the antibody on the electrode surface, which

will subsequently decrease the electron transféciency between the redox molecules and the
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electrode causing a decrease in the curréhis decrease is attributed to the bulky size of the
ovalbumin as well as its negative charge at pH 7.4 as there is no significant signal can be obtained
from OA moleculglow molecular weight)The linear relationship can be represented by the equation,

-l (€ A) = - A7RxlogC9[ng LY, with a correléion coefficient of 0.992 (N=5). The
immunosensor showed a linear response up to 5000 aglshown irthe inset ofFigure4.3(A). The
detection limit (defined as the difference between the mean blank signal and three times the standard
deviation of the ank) was 19.0 ngLl. The results demonstrated that the developed immunosensor
exhibited lower detection limit compared with other reported serfé§¢8*24 without any signal
amplification steps.The ease of electron transfer to thgeaphenesurface &er the electrode

modification has enabled the monitoring of the change in the voltammetric response WIWVAOA

binding and the homogeneous organic layer produced by the described method has enabled the access

to all the function groups on the surface.
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Figure 4.3(A) Dependence of the immunosensor respongeAroncentration (plot of the difference
in the peak current vs.da). Inset: calibration curve for OA, plot of peak current vs. lag,GB)

Comparison of the response of BESvoltammetric immunosensor t010 pgDA and MGLA.
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4.2 Selectivity of the okadaic acid immunosensor

Control experiments were conducted in order to study the selectivity of the immunosensor.
MicrocystinLA has been used as a control to confirm that the ahanthe peak current of the redox
probe is due to the competition of the free OA and the@AA conjugate and not due to nonspecific
adsorption of the conjugate on the graphene surfdoesignificant difference in peak current was
observed before and aftincubation with the control toxifrigure 4.3(B)) These results confirm that
the SWV changes observed with OA are due to the competition caused by the specific OA-and anti

OA-MADb binding.

4.3 Stability and reproducibility of OA immunosensor

The prepared imunosensors were kept aC4for 40 days. The sensors were then used to detect 0.1
ug L't OA. The 40 days old immunosensor has shown 98% of the response (difference in the peak
current {o-1)) of the freshly prepared immunosensor, which indicates a good stability of the
immunosenso This stability is attributed to the robust covalent attachment of the electrografted
carboxyphenyl layer to the graphene surface and the subsequent OA antibody immobilisation via a
strong amide bond. These covalent bonds prevent the leaching of theilinadoantibodies, thereby
indicating the role of the current electrografting approach as potential modification scheme of
graphene electrodesThe reproducibility of the OA immunosensor was also examined by performing
three measurements farpg L™* OA. The relative standard deviation was about 8% demonstrating

good reproducibility of the immunosensor.
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4.4 Matrix effect and okadaic acid detection in certified reference mussel

samples

The effect of the interferences from the shellfish extracts was investigatepiking uncontaminated
shellfish extracts with three different concentrations of OA (0.1, 1.Qué10Y). The Recovery % was

then calculated using the calibration curve performed in PBS buffer. The results presented in Table 1
show good percentagd cecovery indicating that no significant effect of the tissue matrix on the

immunosensor detection.

Table 4.1 Recovery percentages with spiked OA and certified reference mussel samples of OA

(MgL™ R% RSD% R% RSD%
0.1 975 6.4 100.3 6.6
104 8.3 892 58
5 103 6.5 94.3 10.9

Experiments using certified reference mussel samples were also performed in order to validate the
proposed immunosensor. Thecovery %(Table4.1) of the three tested concentrations indicates the
possible applicability of the OA immunosensor in shellfish samples analysis. The relative standard
deviation (RSD%) calculated for duplicate measurements of each concentration indicates good

precision of the developed immunosensor.

4.5 Conclusions

Different from the reported approaches which uses indirect competitive assaypjevoltammetric

immunosensowas demonstratedn this chapter using graphene electrottesthe detection ofOA.

84



Graphee surface modification was achieved using electrografting methods, which led to the
formation of a stable carboxyphenyl film, facilitating the subsequent immobilisation of OA antibodies.
The proposed sensdrased ora direct competitive assay was provedow very simple with good
sensitivity and selectivity against other group of toxifgally, the immunosensawas successfully
appliedfor the detection oDA in spiked mussel extracts showing good recovery % and has been also
validated using certifiedeference mussel samples. Despite the advantages offered by this method, the
high cost and low stability of antibodies are still major challenges. Therefore, in the next Chapter will
show the selection of DNA aptamers against OA and Twhich can offer ng alternatives to the

available antibodies.
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CHAPTER 5. SELECTION, CHARACTER IZATION AND
LABEL -FREE ELECTROCHEMICAL APTASENSORS FOR
MARINE TOXINS

As shown in chapter 3 and 4, a covalent functionalization method of graphene electrodes was
studied and consegntly used to develop a sensitive immunosensor for OA based on direct
competitive assay which enables simpler detection way compared with the reported approaches.
Neverthelessthe high cosbf the antibodiesthe limited stability, and required speci&brage
conditions are stillchallenges facing immunosenstechnologiestoday Therefore, in this
chapter, the selection, identification and characterization of DNA aptamers against the two
common marine toxins; OA and BFXis described. The new selectgatamers can be used as
alternative of the currently available antibodies. Moreover, the application of the selected

aptamers on labdtee impedimetric aptasensors for detection of these toxins is demon$&trated

5.1 Okadaic acid aptasensor

Here, we presentthe selection identification, characterization, antdiosensing application of a
high affinity aptamer folOA. The aptamer is selected using systematic evolution of ligand by
exponential enrichment and successfully applied in designing aftakebptasesor for OA

detection.

5.1.1 Okadaic acid aptamer selection

We immobilized OA on DADPA agarose beads by coupling the terminal carboxylic groups on
the toxin with the amine groups on the beads via EDC/NHS chemistry. This design keeps the rest
of the functional grnups on the OA molecule accessible for DNA binding during the selection.
The remaining free amino groups on the beads were blocked withNidBoacetate in order to
reduce the nonspecific binding of the beads with the D¥AA DNA library consisting ofL0*

random 66nucleotide sequences was screened against OA beads in a SELEX procedure.
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To follow the enrichment of the library f@A binding, the percent of the DNA recovered was
monitored after each round using fluorescence measurements. Usind 3@qumol DNA input

in each round, a stepwise increase of DNA recovery was observed, indicating enrichment of OA
binding DNA (Figures.1).
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Figure 5.1 Enrichment of okadaic acispecific aptamersuting SELEX. The bar graph shows
the amounts of ssDNA eluted from @®ated beads in each selection round. In round five, a
counter selection step (CS) was introduced to remove ssDNA nonspecifically bound to the bead

matrix.

The stringencyf the selectiorwas increased by increasing the number of washing times
after any observable increase in the DNA percent recovergounterselection step was
performed after the fourth round in order to remove the DNA which binds nonspecifically to the
beads matrix. Wénave seen an increase in the DNA recovery in the eighth and ninth rounds;
therefore we have cloned and sequenced the DNA recovered from the eighth and tenth rounds.
However, no convergence was observed from both rounds which indicate that the DNA pool was
not yet enriched. Some sequences were also tdstecver, no binding to OA was obtained.
Therefore, we continued the selection rounds. In the seventeenth and eighteenth round when a
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significant increase in the DNA recovery was observed and a plateateacsed, the DNA

from the last round was again cloned and sequenced. Significant consensus regions between the
sequences from the last round were observed and some sequences were identical. Therefore, the
selection cycles were stopped and the selectetl vpa® subjected to the further analydige

randomly selected 42 clones for sequencing and the identified sequences were analysed by
multiple sequence alignment using the PRALINE softwireand then grouped into eight
families based on their similaritieSignificant consensus regions between the sequences in each
group were observed and sonegsences were identical (Figure)s.2
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Figure 5.2 Analysis of the selected sequencesnyltiple sequence alignmeusing PRALINE
software. The sequences were grouped into daghilies (A-H) and a representative sequence
was chosen from each group (OA 24, 21, 34, 18, 11, 32, 6, 26).
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Therefore, one sequence from each group was randomly chosen for further binding
affinity studies with OA as shown in Tabtel Binding assays using constant amount of OA
beads and different concentrations of fluorestaelled aptamers {B00OnM) was performed
using the same SELEX conditions. The beads were washed several timese abpdurid
aptamers were eluted. The fluorescence of the eluted aptamers were then measured and plotted

versus the aptameorcentration used for binding.

Table 5.1 Sequences and dissociation constags jetveen OA and selected aptamers.

Group niﬁgir Aptamer sequence Kd (NM)
A | Oa 24 | GGCGGACCAAGGGGACACCACAGATGAATG
TACAGTACCATGTTACTGCGCCCGTAGGTG 126 nM
5 | oan1 | GGGGCAACAAACACGGAAGAAAATGAATCT
ACATACGTGGACATATATCCTGCCGCGTG 983 nM
C | op 34 | GGTCACCAACAACAGGGAGCGCTACGCGAA 77 aM
GGGTCAATGTGACGTCATGCGGATGTGTGG
D OA 18 GGCCGCGAGAGAGACAACAAGGATATATAT
TATATGTCGGTTGTAGTGTTGGGTTGCG -
E | OA11 | GGGACAGCGGAGGTCTCCCACCCACCGGC( 131 M
CCTGCGGCACACCAACCTGTATGGATGCG
E | OA32 | GCCATGACAACCAGAGGTACCCCCGCCCAC
CAGCCCCGAAGTCTGTCAGCCAGTTGTTG 380 nM
G OA6 | GGCCACCAAGGAGAGTCAGAAAACCATGGT -
GGGTATACCAGGAGGTCCAT GCGTGCTGTG
H | oa22 | CCACACAACAGCCTACGTGGATACACCACA 183 M
TACATCCCATAACCCCGTGTCATGTGTCG

The dissociation constants {Kof the selected aptamers were calculated bylinear regression
analysis (Figre 5.3. Six aptamers have shown good affinity to OA ranging from 77 nM to 980
nM and two aptamers did not exhibit binding. The highest affinity to OA etdained for
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aptamer (OA34) with a Kof 77 nM, therefore, it was used forrofurther experiments. The
binding of OA34 was then tested with the negative agarose beads and the cross reactivity with
DTX-1 and DTX2 beads was also performed. As shown in Figure 5.3(A), OA34 did not exhibit
binding to both negative, DT-X and DTX2 bead. These results indicate the high selectivity of
OA34 againstDTX-1 and DTX2, toxins closely related t®@A differing only by 2 methyl
groups. We thenused circular dichroism in order to gain insight on the conformation of the free
and targeboundform of OA34. As shown in Figure 5.Bf before the addition of OA into the
solution containing aptamer, the circular dichroism spectrum of the aptamer showed a positive
band at 277 nm and a negative band at about 245 nm. Upon OA binding, an increase of the
ellipicity at 277 nm and 245 nm were observed. This change in the CD spectra intlieates

folding of the aptamer into a different conformatigyon binding with OA.
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Figure 5.3(A) Fluorescence binding assay of OA and aptamer OAB4Ky was determined to

be 77 nM. Each point is the mean of three experiments and error bars represent the standard
deviations of the measurments, (B) Circular dichrs m spectra of 0.67 M
binding buffer before (black) and after (red)

5.1.2 Impedimetric aptasensor for OA detection

The aptamer with the highest affinity to OA (OA34) was then used to fabacbelfree
aptasensor based dalS detection. As shown in schematic diagram (Figure, 5) aptasensor
was constructed using selfsembled monolayer (SAM) of disulfideodified aptamer on a

polycrystalline gold electrode. Then the aptammedified ekctrodes were btked by 6
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mercapte 1-hexanolin order to minimize the nonspecific adsorption of the aptamers on the gold
surface which could affect the efficiency of the serf$®#°. The detection mechanism of the
aptasensor is based on probing thange in the impedimetric signal upon aptatoam binding
induced by the change of the aptamer conformation.

Fe(CN)g3+ Fe(CN)g3-4

Fe(C N)6-3/-4 | ,,\ <& : g& /’ (‘{ﬁ k(ﬁ \ Before binding
y Q AN ( @ Ve @ .

After bindin
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( )\ASEC\;\%}\/_)\‘S\ 3y $
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S
) Au electrode C\z -S-Cg-aptamer 1 SANANOH ’3‘ OA
S
S

Figure 5.4 Scheme of théabrication of the impedimetric aptasensor based on-fabeltaget

induced folding of the aptamer.

The characterization of the aptasensor fabrication steps was performed using CV and
EIS. Fig.5.5A) shows theCVs of the bare Au, Au/aptamer, Au/aptamer/MCH and after binding
with 60 ng/ml OA in 5 mM solution of [Fe(CH}”"* couple in PBS buffer. The [Fe(C§j"*
redox probe exhibited a characteristic reversible behaviour on the bare gold electrode (Fig
5.5(A), black curve) with a peak to peak separation of almost 80 mV, indicating a clean gold
surface. After thammobilization of the aptamer (Fige 5.5A), red curve) the peato-peak
separation increased, and a substantial decrease in the peak current was also dieerved.
change is due to the negative charge on the DNA aptamer which repels the negatively charg
[Fe(CN)] +"* anions, retarding the electrdransfer between the redox probe and the electrode
surface.Then, a further increase in the pdekpeak separation was observed after blocking the
electrodes with MCH (Figre 5.58), green curve) indicaig an additional decrease of the
electron transfer rate due to filling the empty spaces on the gold surface. However, after the
incubationof the aptasensor in 60 ng/ml OA, the redox peaks current increased gechkie

peak separation was decreasegyFé 5.50), blue curve).
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Figure 5.5 Cyclic voltammetry (A) andNyquist plots (B) of 5 mM [Fe(CN)* ' / fddox couple

in PBS, pH 7.4, fobare Au electrode (black), Au/ aptamer (red), Au/aptamer/MCH (green), and
after binding with 60 ng/ml OA (blue). The dic voltammetry was performed at scan rate of
100 mV/s and the EIS was performesing a frequency range of“0 0.1 Hz, a DC potential of
+0.23 V and AC amplitude of 5 mV. The inset is the equivalent circuit apioliddting.

This result suggest change of the conformation of the aptamer upon binding with OA
favouring the access of tH&e(CN)Y]® '/ fédox couple to the sensor surfaégure 5.3B)
shows the Nyquist plots for the bare Au, Au/aptamer, and Au/aptamer/MCH and after binding
with OA. The bare gold electrode shows a characteristic very small semicircle domain which
indicates very fastlectrontransfer process with a diffusional limiting stépgure 5.58), black
curve) The selfassembly of the negatively charged aptamer on the electrode surface
significantly increase the diametdfigure 5.5B), red curve)of the semicircle which wlicates
the increase in the chargiansfer resistance (R due to the repulsion of the aptamer on the
electrode surface with the [Fe(GM)Y® anions. After the incubation with MCH thexRvas
further increased due fdling some of the exposed goldears which introduces a barrier to the
interfacial electron transfefFigure 5.5B), green curve). Afte©A binding, a large drop in R
was observedHigure 5.5B), blue curve) This decrease in thesRs consistent with the CV
behaviour explained abowand is likely due to the conformational change of the aptamer upon
binding with the toxin to a more compasttucture The decrease of thecinduced by aptamer

target binding has been previously observed elsevif&ie.
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It is well established that adidn of MCH to form mixed monolayer with the thiol
modified DNA is essential step to control the film formation process and preserve the
conformation of the surfacanchored DNA oligonucleotide¥?. Here, we utilised am'HO-
(CH2)e-S-S-(CH2)s modified apamer to ceimmobilise selfassembled monolayer of the OA
aptamer and MCH, where the disulfide bond would break upon chemisorption and a mixed SAM
would form. With the aim of studying the effect of adding extra MCH on the sensor response, a
treatment othe aptameMCH modified electrodes was carried out with different concentrations
of extra MCH. Figure 5.6(A) showthe different responses of the aptasensors blocked with
different concentrations with MCH after incubation with 30 ng/ml OA solution. Tlesapsor
response was increased by the addition of extra MCH from 0 to 1uM. These results indicate that
the ceimmobilisation process was not enough to remove the physisorbed DNA on the gold
surface or to retain the conformation of the suraitached DNAwhich affects the binding with
OA. We found that when the electrodes were incubated with extra 1uM concentration of MCH,
the binding and consequently the sensor response was significantly improved. However, by
adding higher concentration of MCH, the aptasor response started to decrease again which
could be due to the blocking of most of the pinholes on the gold surface. This higher coverage of
the gold surface decreased the electron transfer rate and subsequently the change in the resistance
upon targebinding was decreased. Therefore, 1uM of extra MCH was chosen for blocking the

electrodes in the subsequent experiments.
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Figure 5.6(A) The effect of adding extra concentration of MCH, (B) the efigicthe OA
incubation time on aptasensor response towards 30 ng/ml OA in 10 mM PBS (pH 7.4) containing
5 mM [Fe(CN}]* ' / fedox couple.

93



Since the assay time is a very important factor for biosensors performance and their

practical application, it was catial to optimize the incubation time of OA on the aptasensor. The

A

aptasensoros

response

was monitored

aférente r

time points. Figure 5.6(Bshows a significant difference iR as sensor response with

increasing incubation time. The maximum respong®-R)/R, %) was observed after 45 min

incubation, after which very small increase in response signal was observed. Therefore, 45 min

was chosen as the optimum binding time in the following experiments.

We thenstudied the aptasensor impedimetric response tov@#dsoncentrations in the

range of (100 pg/ml to 100 ng/ml). As shownFigure 5.7(A),marked drops in the diameter of

the semicircle were observed with increasing concentrations of OA due to conforicizinge

of the aptamer molecules upon binding with OA as explained ab®wealibration plot based on

the percentage change in fRe after the OA binding is shown fRigure 5.7(B).The data points

in the calibration curve represent three independedsurements and the error bars show the
standard deviations ranging from 1.0 % to 7.0 %, indicating good reproducibility of the

aptasensor respons@ good linear relationship was obtained in the concentration range from

100 pg/ml to 60 ng/mivhich can le represented by thmear regressioequation (R-R)/R, %=

12.75+ 1.19xlo@ [ng mfY], R = 0.994, with a detection limit (LOD) of 70 pg/ml. This detection
limit is lower than the detection limit of the available commercial ELISA kit as well as other

reported immunosensofé84
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In order to understand the effect of the gold surface immobilization of the aptamer on its
binding affinity with OA, we calculated the dissociatioonstant of OAaptamer using EIS. The
calculations are based on the classical Langmuir isotR&rwhich assumes equal binding
energy for all binding sites on the surface and that the ability of the molecule to bind is
independent of whether adjacentesi are filled. The equilibrium of OA and its aptamer (AP)

binding can be represented as follow: [®RA] =< [AP]+[OA], so the K= [AP][OA]/
[AP-OA]

Assuming that the surface coverage of the aptad#ercomplex [ARO A | is d, t he
coverage of unbound aptamer [AP] willbei(df ) , sq4& (1tdhe [KOA] / d

Based on Langmuir model, we assume that the char@gisfdirectly related to the CGA

aptamer binding according to equati8n
PR = s R Eq. 3

Wher e @R)/Rra n(dRsattp e maximum aptasensor responsg-RR)/Ro. A linearized

form of theLangmuir isotherm can be represengdequatiory:

COA - COA + Kd 224225 Eq 4
DR (DR) sat (DR) sat

By plotting Goa/ R a farrction of the molar concentration of OAJK} (Figure5.8(A)) while
avoiding the responses from low OA concentrations,c&n be obtained by wding the y
intercept by the slope. Using this method we obtainégaf 74° 6.2 nM which is in very good
agreement with the value obtained by the fluorescence assay in solution. This result indicates
that the binding affinity of theptamer with OA was not affected by the disulfide modification

and the subsequent immobilization on the gold surface.

A preliminary application of the proposed OA aptasensor in real samples was examined
by performing measurements for spiked uncontaminahedlfish extracts. The extraction was
done following the protocol reported previously, and then the samples were spiked with 10 ng/mi
OA. The recovery % calculated using the calibration curve performed in binding buffer was

about 92 % demonstrating pddsi applicability of the aptasensor in real samples.
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Figure 5.8(A) Linearized adsorption isotherm of OA binding to its aptamer immobilized on gold
electrode based on the Langmuir model. The line is the best linear fit to the experimental data
from which the dissociation constant Was determined(B) Comparison of response of the
aptasensor after incubation with 10 ngr@A, binding buffer, MGLR, DTX-1, and DTX2.

Negative control experiments using M® and assessment of cragsctivity to DTX1

and DTX2 were also performed ugj 10 ng/mlof each toxin. As shown in Figure §83, no
significant response (change in the)Rwvas obtained with all the neargeted toxins. In
particular, the aptasensor did not exhibit cresctivity to DTX1 and DTX2, toxins closely
related to OAdiffering only by 2 methyl groups. These results confirm that the developed
aptasensor is very selective and highly specific to @& believe that the continual selection of
high selectivity aptamers against the other analogues and their integratioglé dosensor
device will facilitate the routine monitoring of OA group of toxins with more accurate estimate

of toxicity.

5.2 Brevetoxin aptasensor

The successful selection of aptamer targetingA and its incorporationin a labelfree
electrochemical bisensing platform whickvas presented in sectiorl$2® have motivated us to
extend our study to develop an aptamer against-BTK the next sections, Ehowthe first
selection, identification and characterization of DNA aptanagianst BTX2. The bnding d

BTX-2 to aptamer pools/cloneshe effects of the incubation time, pH and metal ions
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concentrations on the aptartexin binding are demonstrated. The integration of one ohé¢ve

selectechptames in alabelfree competitiveelectrochemicabiosensoris alsopresented.

5.2.1 Immobilization of brevetoxin-2 on the divinyl sulfone activated beads

The attachment of target to solid matrix is usually necessary to enable the separation of
bound from unbound DNA through the selectmmcess particularly fosmall molecule targets.
The immobilization of BTX2 on divinyl sulfone beads was achieved by coupling the terminal
DVS groups on the beads with the hydroxyl groupshe BTX2 molecules (Figure 59The
choice of the hydroxyl group as anchoring pointhef BTX-2 molecule isused to retain the rest
of the molecule accessible for DNA binding during the SELEX. This hydroxyl function is
common inall BTX congenerswhich may enable similar aptamer selection against the other
congeners in the future. The sass of the coupling reaction was then confirmed udinegct
competitive ELISA.
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Figure 5.9 Attachment of BTX2 to the divinyl sulfone beads

5.2.2 Immobilization of Brevetoxin-2 on the gold electrodes

BTX-2 was also immobilized on the gold electrode surface via its hydroxyl group in
order to keep the same expositgite of the molecules for the DNA binding as that used on the
beads. Firstthe gold surface was functionalized through the formation ofassémbled
monolayer of cysteamine. Then, the bifunctional linker;dhdnylene diisocyanate, was used to

covalerily attach the terminal amine groups of Cys/Au to the hydroxyl groups of the BTX
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moleculesas shown irthe scheme (Figure 5.10(A)). THisker offers high stability, low toxicity
and capability to react efficiently with the amine groups yielding cartbiemioiety as well as the
hydroxyl groups yielding carbamate (urethane) moiet§!°>. To confirm the successful
modification of the gold electrodes and the subsequent immobilization of the2Bfilecules,
CV and EIS were used.

Figure 5.10(A) Modification of the gold electrode surface and covalent immobilization of-BTX

2, (B) the working principal of the aptasensor with competitive assay.

Figure 5.114) shows cyclic voltammograms in [Fe(G)' / fddox ouple at bare Au
electrode, Cys/Au and after activation with PDIC and immobilization of BTAs expected,
the CV of [Fe(CNg]® ' / redox solution showed a reversible behaviour on the bare Au electrode
withapeakk o peak separ at i o he sélfpagsgmbly 6f cySt€amimeVthe peak t e r
current was slightly increased and the @E was

between the [Fe(CN "/ 4hions and the positively charged terminal amine groups of the
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Cys/Au 2% However, afterthe activation of the amine groups with the PDIC linker and
immobilization of BTX2 , a drop in the peak current and a
presumablydue to the blocking of the surface with the BTX molecules leading to retardation of

the eletron transfer. Likewise, EIS was used to characterize the stepwise mazhfichthe Au

electrodes. Figure 5.1B] shows the Faradiac impedance spectra in [Fe{€N} $blution
represented ablyquist plots. The self assembly of cysteamine on therebietresulted in a

decrease inthedit o a value of 45N 6.2 Y than the bare
straight line was observed confirming the enhancement of the electron transfer due to the
introduction of the positive amine groups to thefaee. On the other hand, the immobilization

of BTX led to remarkable increase iR 0 398 N4 Y a blocking effect of the o f t
toxin molecules that causes hindrance to the flow of the redox probe to the gold surface. Hence,

the results obtainetfom both EIS and CV confirms the successful immobilization of BTX

molecules on the gold electrode.
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Figure 5.11 Cyclic voltammetry (A) andNyquist plots (B) of 5 mM [Fe(CN)* ' / Fedox couple

in PBS, pH 7.4, fobare Au electrode (black), Cys/Au (red) and BTX/PDIC/Cys/Au (blue). The
CV was performed at scan rate of 100 mV/s and the EIS was perfosimegda frequency range
of 10* to 0.1 Hz, a DC potential of +0.20 V and AC amplitude of 10 mV. Tisetiin Figure

5.11@) is the equivalent circuit applied to fit the impedance spectra
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5.2.3 In Vitro Selection of the DNA aptamers

The aptamers selection was performed using a DNA library consists of 1'8raridom
60-nucleotide sequences. As explained itade in the experimental section, five consecutive
steps were carried out in each round: (1) incubation of the random library with thédaDX,

(2) separation of the unbound an weakly bound DNA to the-BiB&ds by washing, (3) Elution

of the bound DNAsequences to BTX, (4) Desalting and PCR amplification of the eluted DNA
pool and (5) purification of the fluorescent ssDNA (aptamer) from the PCR product using
denaturing PAGE. Wo successive counter selection steps after the seventh and eighth rounds
were introduced against negative DVS beads, which were used as a matrix for immobilizing the
BTX-2. The purpose of these counter selection rounds was to eliminate the ssDNA sequences

that were nonspecifically bound to the beads matrix.

In order to monitor theenrichment of the specific DNA to BTX during the SELEX
rounds, both fluorescence and EIS methods were utilized. The amount of bound DNA was
assessed by measuring the fluorescence of the eluted DNA in each round. Moreover, the binding
was evaluated by rasuring the % Br changeafter incubating the PCR amplified pools with
BTX electrodes. The binding of the DNA to BTX electrodes leads to an increase in the total
negative charge due to the phosphate backbone of the DNA which retards the access of the
[Fe(CN)e]® " / Anions to the electrode surface and thus increasesctheAR shownin Figure
5.12 a progressive increase in the DNA binding was noticed throughout the selectionasunds
demonstrated by the fluorescence and the EIS measurements, suggestiagulkegrichment
of the DNA pools with the specific sequenci¥ge have not seen argdecreasen the DNA
binding after the counter selection steps which indicates that no signification enrichment in the
nonspecifically bound DNA to the DVS beads has occlrrfowever, a remarkable increase in
the bound DNA was observed in the last three rounds where the binding reached a plateau,
suggesting enrichment in the specific aptamers for BT Xherefore, the DNA pool from round
10 was cloned and7 clones wer@ancdomly chosen foisequencing. The identified sequences
were analysed by multiple sequence alignment using PRALINE softi#are\ significant
sequence convergence in the DNA pool from round 10 sequences was observed confirming the
successful enrichment ofahpool. Six different families (A) were identified according to their

similarities showing high degree of homology amorgyrttembers of each group (Figure 5.13
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Figure 5.12 Binding of ssDNA pools to BTX after each selection round monitored by
calculating the recovery percentage from the fluorescence of eluted DNA (red) angt % R
change ; (Br-Ri)/Ri%; of the BTX electrodes after bindiifiglack).
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Figure 5.13 Multiple sequence alignment of the selected aptamers
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5.2.4 Binding affinity analysis of the aptamers

Representative sequences from each group were chosen for further binding analiais. Init
screening of the selected aptamer clones (BT 1, 10, 5, 3, 31, 22, 9) to confirm their successful
binding to BTX2 using fluorescence as Was EIS was performed. Figure 5.14(8hows a
comparative estimation of the relative binding ability of eaclarapt clone to BTX2 based on

the fluorescence measurement of the eluted DNA from the beads as well as the % change of the
Rcr of BTX electrodes upon binding. Specific binding of all the tested aptamer clones to the
BTX-2 was observed compared to bindinfy tbe initial library (Control pool). We then
determined the binding affinity of the selected aptamers using a fluorescence binding assay. A
constant amount of BT-2 beads and different concentrations of fluorestaielled aptamers

(0-300 nM) were usedo evaluate the dissociation constant of the aptamers under the same

conditions which were used for selection.

-&— BT10

-~ scrambled DNA

Fluorescence intensity

L A A A
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1 10 5 3 31 22 9 Library
Clone number

Figure 5.14(A) Binding assays with the individual aptamer clones BTX 1, 10, 5, 3, 31, 22 and 9,
to test their ability to bind to BT>Yeads (red) and BTX electrodes (black). The unenriched
initial library was used as the negativentrol. (B) Fluorescence binding curve of BTXto

aptamer BT10 (black) and a scrambled DNA sequence (red).

As shown in Figure 5.14(B), by plotting the fluorescence intensity of the eluted DNA versus the
aptamer concentration, thej€as calculated using ndinear regression analysis. A scrambled
DNA sequence was used as a control for the binding experiments showirgignibicant
binding to the BTXbeads. Table 5.2 shows the calculatedv&lues of the selected aptamers
ranging from 92 tal296 nM. It wasobserved that the aptamer BT10 have shown the highest
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binding affinity to BTX2 (Ks= 92 nM), therefore, it was chosen for our application. The
secondary structure predictions for the BT10 aptamer sequence without the primer binding
regions is shown in Figa 5.15 The image were generated with mfold softwa&@. The
structure with the lowest minimum free energy is shown. The predicted structure exhibited stem

loop motifs commonly found with in vitro selected aptantéts

Table 5.2 Sequences and dissociation constakgs jetween BTX2 and selected aptamers.

Clone

Group number Aptamer sequence Kd (NM)
BT 1 CACACCAAACACACAAGTGGACCCTGACGCATGGA
TAGGGTGACGGTATACGCGGGCATG 385
A

BT 10 GGCCACCAAACCACACGSTCGCAACCGCGAGAACC 92
GAAGTAGTGATCATGTCCCTGCGTG

B BT 5 CACGGGCAGAGGGATAGGTTGTTGACGGGGCTGGT 311
GGGTGGGTGCGCTCGCGCTATCGTGG

C BT 3 GGCGATAGGCAGTGTTGCGGGGTCGGAGAGCGAGC 278
TAATAGCGTGTATGGGTGCTGTGTG

D BT 31 ACCACCGGCCCGAGATAGTCTAGACCACTATGTTGT 1296
TGTGCTTACTGCTGTGIGTGTGG

E BT 22 GGCCACACAAACAACATGACAACACGTCTCACATA 258
ACGCCCACGTGCTGCCGCCTCATCG

= BT 9 TCACGAGAGAGCGAGAGCGCCCCCCCACCACAGCC 166
GTCACCACCCTATTCCTCTGCCGTTG

Figure 5.15 Secondary structure prediction for the BT10 aptamer.
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5.2.5 Optimization of the aptamer-toxin binding conditions

With the aim to shed light on the factaitzat can influence the BT10 aptamtexin
binding and to optimisehte binding conditions for achieving the highest possible affinity, the
incubation timesodium and magnesium ions concentrations, and the pH of thedibdffer
were studied. Figure 5.16(Ahows the % Rr change of the BTX electrodes after incubation
with 500 nM BTX2 at different time points. An enhancement in the & dhange was observed

until 30 min binding time when saturation was reached.
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Figure 5.16 The effect of incubation time (A), M§ ions concentration (B) and pH of the
binding buffer (C) on BTXaptamer binding, monitored by measuring the & &hange in10

mM PBS (pH 7.4) containing 5 mM [Fe(C{)' / ¥édox ouple after incubating the BTX
electrodes with 500 nM aptamer. The error bars represent the standard deviation of the

measurements. (D) The CD spectra of the BTX aptamer in binding buffer with different pHs.

Figure 5.16B) shows a clear dependence of #hgtameittoxin binding on the Mg
concentration which is in agreement with previous studies on other apt&ftéisAn increase

in the Rt with increasing the concentration of Kations was observed until 10 mM Rg
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after which no further change wasen. Such affinity change is likely due to the effect of'Mg

on the DNA conformation. On the other hand, by changing the concentration of sodium ions in
the binding buffer from 200 mM, no effect on the aptamexin binding have been observed.
Figure 516(C shows the effect of pH of the binding buffer on the aptaimen binding
monitored by the % change in theRIt was clearly observed that the binding of the aptamer to
BTX-2 was significantly diminished at acidic pHs (2.5, 5.1). However, nof&igni effect on

the binding at pH > 7.5 was seen. To better understand the origin of such effect, systematic
circular dichroism spectra of the aptamer atedént pHs were recorded (Figure 5DH( A
comparable spectra of the aptamer at pHs > 7.5, impadson to significant difference in the
spectra in acidic pHs confirms the important role of the pH on the DNA aptamer conformation,
and consequently, the binding with B2 Therefore, an incubation time of 30 min and binding
buffer which consists 050 mM Tris, pH 7.5, and 10 mM Mggivere used in the subsequent
experiments to improve the affinity and to enhance the signal associated with the -apxamer
binding. Under these optimum conditions, we have again estimated the binding affinity of the

BT10aptamer and Kq value of 42 nM was obtained.

5.2.6 Electrochemical Competitive Aptasensor

The aptamer with the highest affinity, BT10, was assessed for the detection &f BTelabel

free electrochemical competitive assay. The competition was establishetebe the
immobilized BTX-2 on the gold electrode and free B'PXn solution in the presence of a fixed
amount of the aptamer. The electrochemical detection was realized based on the chamge of R
of the [Fe(CNy]* " / fedox couple. With increasing the @amtration of BTX2 in solution, the
amount of free aptamer available for binding to the immobilized BToh the gold surface
decreases resulting in lowercRchange. Since the aptamer concentration used for the
competition step is a crucial factor inetlaptasensor fabrication, it was important to perform
initial optimization of the aptamer concentration without competition. Generally, higher aptamer
concentration will lead to decreased sensitivity and lower aptamer concentration will lead to
reduced sigal value®. Based on our optimization experiment, a concentration of 500 nM BT10
aptamer was chosen to strike a batabetween the two effects. Figure FAY shows the
decrease in thedq® with increasing the concentration®TX-2 from 0.01 to 2000 ngil.
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Figure 5.17(A) Nyquist plotsof the BTX electrode before and after incubation with different
concentrations of BT>2 mixed with 500 nM aptamgei(B) the calibration curve for BT, plot
of analytical response (% SignfIRct -Ri)/(RmaxRi)x100]) vs.BTX-2 concentrationThe error

bars show the standard deviation of two repetitive measurements.

A sigmoidal dose rgmnse curve was obtained (Figure 5B)f by plotting the analytical
response (% signal) expressed as a percentdatpe afiaximum signal obtained when no BEX
was added [(Br-Ri)/(RmaxRi)x100] vs. toxin concentration. & is the resistance after
incubation with certain concentration of B2 RnaxiS the resistance at zero BIand Ris
the background signal of tH&TX electrode. The calibration curve was fitted to a sigmoidal

logistic fourparameter equatias

(B—4)
T . . B

1+ (EI:EEI) Eg. 5

where A, B are the minimum and maximum analytical response, respectively. b is the slope at

Y=4A+

the inflection point and EC50 is the concentration leading to 50% of the maximum signal. The
bestfit values of the experimental data are the following: y = 12.2 +(102152)/(1 +
(x/6.66)0.59), with a correlation coefficient>R 0.997. The limit of detection (LOD) was
calculated as the concentration that leads to 95% of the maximum signal to be 106 pg/ml. This
LOD is comparable with the LOD ofeported aptasensors fother small molecule®® as well

as the previously reported electrochemical immunosensor forB¥XHowever, compared to
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the present work, the reported work uses much more complicated sensor designs and signal

amplification reagents.

Cross reactivit experiment with BTX3, a similar analogue BTX-2 (Figure 1.2, and

negative control experiments with OA and M® were studied using 1 ng/mf each toxin. As

shown in Figure 5.18&he responsshown as (100% Signal)of the aptasensowas comparable

for both BTX-2 and BTX3 indicating high degree of cross reactivity which can be exploited to
detect the total concentrations of both congeners in a sample similar to the case of
immunoassays. Howeveess than 5 % negativesponse was obtained with MR and OA

due to little nonspecific adsorptions of these toxins on the aptasensor surface. These results
indicatethe non significant interference of these toxins with the competitive asshthe high

selectivity of the aptasensor.
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Figure 5.18 Comparison of response of the aptasensor to 1 ng/mtBTXTX-3, MC-LR, and
OA.

5.2.7 Analysis of brevetoxin2 in Spiked Shellfish Samples

In order to demonstrate the feasibility of detecting BIXh food matrix a spiked shellfish
extracts were analyzed using the developed aptasensor. As shown i5.Bahlgood recovery
percentage was obtained for BDXin the shellfish extracts indicating non significant
interference from the shellfish matrix on the aptasenssponse. Thus, these results confirm the

possible applicability of the developedagensor in real sample analysis.
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Table 5.3 Application of the BTX aptasensor in spiked shellfish extracts

Spiked shellfish

Sample BTX-2 (ng/ml) Recovery % RSD%
1 0.1 107 6.0
2 10 102 3.4
3 100 110 4.0

5.3 Conclusions

In this chapterselection, identification anbiosensingapplication of DNA aptamersagainsthe
marine toxis OA and BTX2 have been shown for the first tim&he highest affinity OA
aptamer Kq = 77 nM)showed remarkable sensitivity angklectivity for OAagainstDTX-1 and
DTX-2. We showed that thaffinity of the aptamer towards OA was preserved and not affected
by surface immobilizationThe circular dichrosim spectso demonstrated the conformation
change of the aptamer upon OA bindimghich can be exploitedin several biosensing
applications Through monitoring of the OA bindirgduced conformational change within the
aptamer, we achievalimit of detection of 70 pg/mbvith a labelfree aptasensdrased on EIS.
For BTX, the highest affinity aptamer BT1&q4 = 42 nM under the optimum bindg condition,
was applied for the detection of BTXin an electrochemicatompetitive aptasensshowing
remarkable sensitivityMoreover, the aptasensor showed good selectivity to-BBY§ainst other
toxins from different groups sucts @A and MCs. Howear, high degree of cross reactivity
between the two similar analogues BPXand BTX3 was observed We believe that the
continual emergence of novel librasglected, higlaffinity aptames will open the way toa
variety of biosensing architecturggartialarly for sensitive and highpecificity small molecule
toxin detection in complex samplelloreover, the combination of aptamers with graphene
materials is expected to offer promising platform with further lower costrapbved stability

An example fo this integration will be shown ithe subsequerthapter.
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CHAPTER 6. LABEL -FREE VOLTAMMETRIC AP TASENSOR
FOR THE SENSITIVE DETECTION OF MICROCYST IN-LR
USING GRAPHENE-MODIFIED ELECTRODES

The development of successful biosensing platforms is highly dependent ujpioréocegnition
properties of the recognition receptor and the sensitivity of the transiuiter binding signal.

We have shown the successful use of graphene electrodes for immunosensing in chapter 3 and 4
and the selection of aptamers against small cutdetoxins as new recognition recejgton

chapter 5. In this chaptethe integration of the high affinity and specificity of DNA aptamers

with the grapheneas presentedas an excellent avenue fdow cost, sensitive and selective
biosensing architectuseHere, MGLR aptameris usedas a modelwhich has been recently
identified 18, Theaptamer immobiliation on GSPEwas monitored by SWV ifFe(CN)]*" / 3T

redox couple solutionThe optimization of the aptamarget binding conditions is presented

and themechanism of theensingletectionis also investigated.

6.1 Characterization and mechanism of the aptasensor

We investigated in this work the suitahjliof a 66nucleotide DNA aptamé®, which has been

shown to bind MELR with a dissociation constant of 50 nM, for applications in sensitive and
labelfree electrochemical detection. In addition to its high affinity to-M& this aptamer

exhibits very high degree of selectivity against other MC congeners such akA&hd MG

YR. As shown in shenatic diagram (Figure 6.1yye employedGSPEas a sensinglectrodeon

which the aptamer was physitaalklingadsandorbadct vo
graphene hexagonal cells and the nucleobases oblt% as previously reported®. The

binding of MGLR to the aptamer leads to a change in the square wave wudtaim signal.
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Figure 6.1 Schematic of MGLR detectionbased on SWV oaptamerfunctionalized GSPE

Figure 6.2Q) shows theSWV response of different experiment steps. We obseavedrked
chang in the SWV reduction peak current of the [Fe(gN)’ fédox couple on the GSPE after
the aptamer immobilization step as well as after the introduction ofLRIC The SWV of
[Fe(CN)]®" / feduction on the bare GSPE is characterized by adeéilied athodic peak as
shown in Figure6.2(A). However, the aptamenodified electrodes exhibit a lower reduction
peak current of [Fe(CN)*’* in the square wave voltammetrgmpared with the bar€ SPE

This decrease in reduction peak current is due to thdradeatic repulsion between the
negatively charged phosphate backbone of the DNA aptamer and the [fé&{CMhions
Furthermore, the shielding of the graphene surface by the immobilized aptamers attenuates the
accessibility of the [Fe(CNJ?'* redoxprobe to the electrode surface. On the other hand, upon
the binding of MGLR to the aptamer, the [Fe(C&§"* reduction peak current increased,
indicating an increase in electron transfer efficiency between the [F§t¢Njedox probe and

the electrod surface. This behaviour forms the basis of-MTdetection.
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Figure 6.2(A) SWVs of 1 mM [Fe(CNy]* ' / probe in PBS, pH 7.4 for bare GSPE (black), MC

LR aptameifunctionalized GSPE (red), and after M® toxin incubation (blue) (concentration

of the aptamer, 10 -I&®M;n Mg o nd Bt rCat isopne cttRr aM @ f
aptamer in binding buffer before (BRatcokn) and
temperatur e; ( C) CD spectra of 0.4 M Fcl/ Ap
bi ndi ng wi t h-LROatrdomdeMpemthire; iDCSWV in blank 10 mM PBS buffer
solution pH 7.4 for Fc/Ap/GSPE (black), after incubation of Fc/Ap/GSPE with 1 nMLRIC

(red), and after incubation of Fc/Ap/GSPE with cDNA (green).

This phenomenon is in agreement with other reportstwhiave shown faster electron transfer of
[Fe(CN)]3*"* couple on GSPE upon aptameprotein binding monitored using EFS®. They
attributed this phenomenon to the anaiyiduced conformational change of the aptamer, which
leads to complete dissociatimf some aptamer molecules from the surface, thereby decreasing
the total negative charge on the graphene surface. However, such explanation cannot be
generalized for any target analyte, particularly, small molecules which may not lead to a change
in theconformation of the entire aptamer sequence to cause a release from the graphene surface.
Therefore, in order to gain more insight about the detection mechanism, wstddsd the
conformation of the free and targaund form of MCLR aptamer using aular dichroism. As

shown in Figures.2(B), the circular dichroism spectrum of the aptamer in binding buffer pH 7.5
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showed a positive band at 276 nm and a negative band at about 245 nm. However, -dffer MC
binding, an increase of the ellipticity at 276dag45 nm was observed which indicates the
folding of the aptamer into a different conformation upon binding with-INRCas previously
reported'®®. We theninvestigated the effect of the MCR b i n d i -ntegminatferraceng 6
labelled MCGLR aptamer (Fc/Ap) attached to gold electrodby selfassembly via thiol
chemistry We found that upon binding with MCR, no change in the ferrocene signal was
observed. Nonetheless, a change of the CD spectra of Fc/Ap in solution was observed upon
binding with MGLR (Fgure 6.2(C)), which may indicate that the change in conformation
induced by MCLR binding was localized within the aptamer. We speculate that this partial
conformational change did not affect significantly thistanceof the ferrocene labdtom the
surface hence the lack of signal change. We then investigated the effect -@Rvifinding on
ferrocenelabelled MGLR aptamer physically assembled on GSPE (Fc/Ap/GSPE). As shown in
Figure 6.2(D), a sharp SWV reduction peak of the ferrocene was observethaffanysical
adsorption of the aptamer on the electrode surface (black curve). Interestingly, no significant
current change was observed upon-ME binding (red curve). This lack of response ruled out
the possibility of the complete dissociation of theaamr from the graphene surface upon-MC

LR binding. In comparison, similar experiment carried out by incubating the Fc/Ap GSPE with
fully length complementary DNA sequence of the aptamer showed significant decrease of the
ferrocene signal (green curve) agpected due to the release of the Fc/Ap from graphene surface
upon binding with cDNA. Such finding indicates that the proposed detection scheme can be
extended to other small molecules which might not induce significant conformational change in

the entireaptamer sequence.

6.2 Optimization of aptamer immobilization

The required time for aptamer immobilization on the GSPE was optimized in a time
course experiment tachieve themaximum drop of SWV reduction peak current of [Fe(GN)
/4 caused by aptamer adption on the graphene surfacks shown inFigure 6.3(A), the
reduction peak current of [Fe(Cij"* decreased by 55% after 2 min incubation with the
aptamer (inset of Figuré.3(A)), suggesting a highdsorptionof the aptamer to graphene. The
largestdrop in the SWV signal was obtained after 10 min of incubation; while no further
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decrease in the current was observed with incubation longer than 10 min. Therefore, a 10 min
incubation time was established for the aptamer immobilization ofG8RE in thefurther
experiments. The stability of the prepared aptagnaphene electrodes were then studied over a
period of two weeks and no loss of signal was observed. The immobilization step was also
optimized by monitoring the SWV reduction peak current of F&g]>'+ after 10 min
incubation of different concentrations of the aptamer (020 uM) on the electrode surface.
Figure 6.3(B) showsthe drop in SWV reduction peak current[5&(CNX]>’* became larger

with increasing aptamer concentration. At i, a maximum drop in reduction peak current
was reached after 10 min incubation and additional increase in the RM@ptamer
concentration did not result in further decrease in the reduction peak current (inset of Figure
6.3B). Therefore, an aptamer comteation of 10 uM was chosen for all subsequent
experiments for maximum coverage of the graphene electrode surface, minimizing possible

nonspecific adsorption of the toxin.
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Figure 6.3(A) SWVs of 1 nM [Fe(CN)]* ' / probe in PBS, pH 7.4 for GSPE after 2, 5 and 10
min incubation with 10 uM MELR aptamer. The inset is the percentage of the [Fe{¢N) 3T
peak current change vs. the immobilization time of-M& aptamer on GSPE. (B) SWVs of 1
mM [Fe(CN)]*" / pfobe in PBS, pH 7.4 for GSPE incubated with different concentrations of
MC-LR aptamer for 10 min. The inset is the percentage of the [FelCN)deak current change

vs. the MGLR aptamer concentration.
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6.3 Optimisation of MC-LR aptasensor

Since, thebinding of MGLR to the aptamer may be influenced by several factors such as
the incubation time, presence of ions such as sodium and magnesium, and the pH of the solution,
it was important to study these factors. Figar4A) shows the aptasensor resper(expressed
as (ip-i)/ip %) after incubation with 1 nM MR at different time pointsWith increasing the
binding time,the sensor responsesincreasd until reached an optimum binding after 45 min.
We found also that the binding of MR to the DNA g@tamer depended on the presence of
magnesium cations (Figu&4(B)). With increasing concentration of Kfgons, the binding was
increaseduntil 2mM Mg?* after which no further change was observed. Similar dependence on
Mg?* ionsfor an aptamer/target lding was previously reported for ochratoxin*® In that
case, it was suggested that the dependence o iigs was due to the formation of a
coordination complex between the toxin and Mhg?* ions with the aid of the carboxyl and the
hydroxyl groupsm ochratoxin A, which enhances the binding to the aptamer. In the case-of MC
LR, previous study*® has shown that there is no complexation of-M with earth metal ions
such as Mg which rules out the effect of any possible complexation witi"\dg thebinding.
Therefore, we believe that such effect originated from the effect of* Mg the DNA
conformation?!®, which in turn plays an important role in the binding WWIE-LR. However,
the binding between MCR and the aptamer was not significantly ieihced by the
concentration of sodi um, which indicates that
significant effect on the bindingn order to check whether the pH affetihe binding of the
aptamer to MELR, we measured the sensor responsend toncentration of ME&R in
binding buffer with three different pHs. Only little differen@out 8%)in the sensor response
to MC-LR at pH 7.5 and pH 8.8 was observed (FigaigC)). However, a significant decrease
in the response was observed in acjgH 3.4(about30 %) This effect is not expected to be due
to change in the charge of the M® molecule as ME&R is negatively charged at most pH
values (3 < pH < 1223% Therefore, we also attribute this pH effect to the change of the
conformation ofthe DNA at the different pHs. This has been also confirmed by measuring the
CD spectra of the aptamer at the diffengHs. As shown in Figur®.4(D), the CD spectra of the
aptamer at both pH 7.5 and 8.8 were very similar, however, significant chamgesipeictra was
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obtained at pH 3.4 which corroborate the crucial role of the pH on the aptamer conformation, and

thus, the binding with M@.R. Therefore, a pH of 7.5 was used in the subsequent experiments
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Figure6.4(A) The effect of incubation time on aptasensor response towards 1 fRVI(B)
The aptasensor response towards 1 nMIMNRON binding buffer contains different concentration
of MgCl.. (C) The aptasensor response towards 1 nMLRGn binding buffer with different
pHs. All the measurements were done in 10 mM PBS (pH 7.4) containing 1 mM [BE(CNJ '
redox couple. (D) The CD spectrum of the NIR aptamer in binding buffer with pH 7.5
(black), 8.8 (red), and 3.4 (green curve)

6.4 Dose response of the aptasensor

We then studied the SWV response of the aptasensor by monitoring the reduction of
[Fe(CNX]** in presence of different concentrations of MR. To determine the detection

range SWV was recorded after incubation with 0.1 pM to 5 nM-MR. Figure 4A shows a
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clear dosedependent response of the SWV peak curighup to 1.0 nM MCLR, afterwhich

any increase in the MCR concentration ceased to cause further change in the peak current. As
shown in the inset of Figui®5(A), a good linear relationship in the range of 0.1 pM to 1.0 nM
was obtained between thegarithmof the MGLR concentrabn and the analytical responsg (

i)/i% in binding buffer which can be represented by the equatign)/{% = 28.35 + 12.20%|0g

[pM], with a correlation coefficient of 0.988 (Ns5kspectivelyThe detection limit¢defined as

30/ sl ope, theistandardideviaton af the blank samplefsthe proposed aptasensor
were calculated to be 1.9 pM in binding buffer.
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Figure 6.5(A) SWVs of the aptasensor after 45 min incubation with 0.00, 00, 10, 100 and
1000 pM MGCLR. The inset is the dependence of the aptasensor response drR MC
concentration (plot of the percentage of the peak current changesysr)Cthe small Inset:
calibration curve for MELR detection in binding buffer; is@lot of the percentage change in the
peak current versus the logarithm of the MR concentrations. (B) Response of the aptasensor
to 1.0 nM of MGLR, OA, MC-LA, and MGYR. The inset is the comparison between the
response of modified GSPE with MOR aptame and non specific DNA sequence to 1 nM MC

LR. Error bars correspond to duplicate measurements.
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6.5 Selectivity of the aptasensor

Negative control experiments were performed to study the specificity of the aptasensor. The
aptamemodified GSPE were first incbated withOA, a toxin with similar molecular weight to
MC-LR and protein phosphatase inhibitory effect. The ereastivity of the aptasensor to other
microcystin congeners was also assessed withl@nd MGYR, which differ from MGLR

by only 1 amino eid within the heptapeptide framework. As shown in FigutB), the change

in the peak current in the case of M® is much greater than the negative controls. In fact, no
significant response (increase or decrease in reduction peak current) was ofithiri@d acid,

MC-LA and MGYR. More importantly, the aptasensor was only responsive teLR@nd did

not exhibit crosseactivity with structurallysimilar MC-LA and MGYR. Despite that the
aromatic rings in the structures @A and microcystins could beormally adsorbed on the
graphene sursftac&kimy, the | ack o-$pecificcaslgorptiors e i n 0
on the developed graphene platform is not significant. We attribute this to the effective coverage
of the graphene surface by theaaper molecules. To eliminate the possibility of the nonspecific
adsorption of MC on the graphene, we have also done a control experiment using non specific
DNA sequence immobilized on the GSPE using the same protocol and incubated with 1-nM MC
LR. However,we have not seen any significant change in the response (inset & 3R)).

When the prepared aptasensor was not in use, it was stored at 4°C. A small change (2.9 %
decrease in response) was observed after storage for 1 thatitidicates good stality of the

prepared aptasensors.

6.6 Application of the aptasensor for spiked fish extracts and tap water

samples

In order to demonstrate the feasibility of applying the proposed aptasensor in food
matrixes, uncontaminated and spiked fish samples withLIRQvere tested. As shown in Table
6.1 The negative fish sample extract in binding buffer did not give any significant analytical
signal. A good recovery percentage was obtained for the spiked fish extract with 1 ANR MC
(16.5 nmol/kg), which indicates a naignificant effect of the fish matrix on the aptasensbe

spiked tap water sam@dave shown less recovery percenta@és attribute that to the presence
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of uncontrolled amount of cations which can affect the binding of the aptamer withRMC
Moreover the decrease of the microcystin recovery could be due to the decomposition of some
of the MGLR molecules by chlorine which usually added as a disinfectant in the drinking water.
However, seeing the low detection limit of the proposed aptasensor compdhedther
reported sensor¥"32%2which use sophisticated detection schemes, we believe in the usefulness
of the proposed aptasensor for the detection of low amount ofLRIGn real samples.
Particularly, the detection limit is much lower than thendéad of the WHO requirements for
MC-LR content in drinking water (1 nM).

Table 6.1 Results of the detection of MCR in fish extracts and water samples (n = 2)

Standard
Sample concentration| Found (nM) | Recovery %| RDS %
(M)
Fish extract Negative - - -
Spiked fish extract 1.0 0.9810 98.10 1.67
Spikedtap water 0.1 0.0917 91.70 10.93

6.7 Conclusions

We demonstrated in thishaptera novel electrochemical aptasensor for the detection cLRIC

by exploiting graphenas electrode materials well as the excellent affinity and selectivity of a
MC-LR-targetingaptamer. This new approach has led to a rapid,clost, sensitive and specific
detet¢ion method for MGLR in buffer, spiked fish extracts andap water samples, offering
advantages over previously reportaplproachesFirst, the aptasensor was fabricateithout
labelling, minimizing cost and complexity, as well as preserving the affinity of the aptamer to
MC-LR. Second, theiseof graphene have &d to simpler detection scheme and also reduce the
cost.Moreover,by conparing the response of Fc/Ap upon diimg with MGLR and cDNA,we
demonstrated in this work that the mechanism of the detection was based on the conformation
change in part of the aptamer without complete relebtiee aptamefrom the graphene surface.
We believe that this finding i®f relevance for the future fabrication of graphdrased
aptasensing platfornier other small molecules.
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CHAPTER 7. INFLUENCE OF GRAPHEN E OXIDE SHEETS
SIZE ON ELECTROCHEMICAL BIOS ENSORS
PERFORMANCE

In the previous chapters immunosensors and aptasdms@ been develogd by covalent and
physical immobilization of arhodies and aptamers on graphene electrodes for the detection
some allergens and toxins. this chapter, we investigate the effect of varying the lateral size of
graphene oxide sheet produced from grapioitgée on the sensitivity of two representative label

free electrochemical aptasensing and immunosensing systems employing either physical or
covalent immobilization. First, we performed a separation step for different graphene oxide
fractions with varyingsize ranges from GO bulk solution prepared using modified Hummers
method!%%. The structural properties of the separated sheets were characterizeRarsiag
spectroscopy and -¥ay photoelectron spectroscopyhen, the separated GO fractions were

deposité on the surface of screen printed electrodes and used for the biosensors fabrication.

7.1 Separation and characterization of graphene oxide sheets according to

their size

Since the production of monodisperse GO remains major challenge, a post processiaghapp
has been performed herein after GO synthesis for the flakes separatenroidthe introdudion

of additionalimpurities to the highly adsorbing GO sheet® did not use density gradient
ultracentrifugatiorfor the separation steff>. Moreover,the gradient making medium that is
often used for this method such as sucfd%ean result in the reduction of GO

To preparesizeselected GO suspensiofiem 200 nm to >100 pmwe usedwo-step
separation methodology. First, an ultracentrifugatiepwsascarried outwhich tkesadvantage
of the difference in sedimentation rate between various sized fMKe=n a GO suspension in
water is placed on a centrifuge tube, the action of centrifugal force results in faster sedimentation
rate of the largeand heavier sheets while slowing down the smaller shBets, theseparation

of GO sheets with different lateral sizean be obtained by collecting two fractions along the
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centrifuge tube. This process is repeated for each collected fraction andeumiated. Images
for the tubes after centrifugation are shown Figure 7.1A. However, based on SEM
characterisation of some separated fractigingure 7.1B), the centrifugation step alone was not
enoughto achieve £f i c i e separatGi©Odver specifimnge of sizesA secondstep was
thereforeneededto ensure effective separatiaus,the GO fractionswere filtered by using

membranes with different pore sizes

A B

Figure 7.1(A) Digital camera imags of the ultracentrifuge tubes after centrifugation, (B) SEM

image of graphene oxide sheets separated only by centrifugation

The separated GO sheets were then characterised atsimjc force microscopy (AFMand
scanning electron microscopy (SEM)determinethe sheets size and thickness and to evaluate
the surface morphologyAFM and SEM images of the GO sheets on cleaved mica surfaces
showed that the separated GO flakes were diverse and irregular inSlggpe7.2). The lateral
dimensions of th&O flakes determined using AFM and SEM imagesfirmed the successful
separation of different GO samples with specific size rafrges 200 nm to >100 pnirhe size
distribution of the GO sheets obtained from statistical analysis of the AFM and SEM images
(examples are shown Figure7.2) indicates that theheet sizemaximum aranostly0.22, 0.45,

0.7, 2.5, 5, 10, 30, 6@nd >100 pmCrosssectional profiles from the AFM imagéBigure 7.21)
reveal that all the GO sheets have height ranging fr@nto.1 nm, which is characteristic of a
fully exfoliated GO sheet®>166233 This indicates that mosif the separated GO sheeatsre
single layersSEM images for three different GRodified electrodes prepared using different
sizedsheets (0.22, 0.2100 indicates different surfacaorphology (Figur&.3).
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Figure 7.2 AFM and SEM images of the graphene oxide sheets.

Figure 7.3 Scanning electron micrographs of the -G@dified electrodes (sheet sizes: 0.2, 2.0,
300 pm)
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