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Resumen

Resumen

Existe una demanda creciente de dispositivos diésendultianalito, con aplicaciones
potenciales en los campos de la biomedicina y tiaiegia, asi como en el ambito
industrial y ambiental. Para el desarrollo de esispositivos resulta esencial un buen
control espacial durante la etapa de inmovilizadéras biomoléculas de interés; cada
una de ellas debe ser depositada de forma precisa fa superficie del sensor (por
ejemplo, un transductor amperométrico), evitanddapsonientos que puedan

comprometer la especificidad del sistema.

El objetivo de esta tesis es desarrollar diferemt#todos depatterning para la
inmovilizacién selectiva de biomoléculas. ElI primenétodo consiste en la
electrodeposicién selectiva de nanoparticulas de lipfuncionalizadas para el
desarrollo de biochips. Se trata de un método migterning controlado
electroquimicamente, en el que las nanoparticidasra se modifican en primer lugar
recubriéndolas con diversos enzimas y a continnacge electrodepositan
selectivamente sobre la superficie de un electrGdmo parte de esta metodologia, se
prepararon nanoparticulas de oro biofuncionalizadéiizando tres estrategias
diferentes: a través del enlace dativo oro-tioly polsorcién directa o mediante
interaccidn electrostatica siguiendo la técrimyer-by-layer (capa por capa). Para la
funcionalizacion de las nanoparticulas de oro selesmon distintas biomoléculas,
como los enzimas peroxidasa de rabano (HRP), guorisiasa (GOX) y albumina de
suero bovino (BSA), y finalmente oligonucleétidosodificados con moléculas
fluorescentes y grupos tiol. Las nanoparticulatubicionalizadas fueron caracterizadas
mediante técnicas de espectroscopia UV-visiblerasiopia electronica de transmision
(TEM) y medida del potencial zeta. Mediante espaciopia UV-visible se observo un
pico de resonancia de plasmén caracteristico dené®particulas modificadas,
relacionado con la estabilidad de la preparacidemmedida del potencial zeta permitio
la caracterizacion de las nanoparticulas de ordfioadas capa por capa con polimero
redox y enzimas. También se estudiaron los camkeiosel potencial zeta de
nanoparticulas modificadas con BSA a distintos reslale pH. Tras la preparacion de
las particulas biofuncionalizadas, se llevaron &oca&studios fundamentales de
electrodeposicion de nanoparticulas de oro modifisacon BSA y un polimero redox,

con el fin de analizar el efecto de varios paransetpotencial aplicado, tiempo de
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Resumen

deposicion, distancia entre los electrodos, superfilel electrodo auxiliar y pH del
medio. Para estudiar el comportamiento electrotiatal de las nanoparticulas
modificadas una vez electrodepositadas, se llevar@abo experimentos utilizando
coloides de oro modificados con HRP y GOX. A camdicion se empled esta
metodologia para el desarrollo de biochips, utidmados configuraciones diferentes.
En la primera, se electrodepositaron nanopartialgasro funcionalizadas con GOX y
HRP y modificadas con un polimero redox sobre [zedicie de un chip de electrodos
interdigitados (IDE), consiguiendo eliminar por queto las repuestas no especificas.
En la segunda configuracion, las particulas se figaddn con una capa adicional de
polimero redox, comprobando de nuevo la ausents de respuestas no especificas
después de la electrodeposicion. Esta métod@atkerning es genérico y puede

utilizarse para la produccion de diversos biochips.

El segundo método de patterning también esta basadsd control electroquimico, y
consiste en la modificacion de los electrodos coonanapas autoensambladas
electroactivas cuya funcionalidad es modulable wtibn del potencial aplicado. En
esta metodologia, la monocapa electroactiva camtgmipos acetal que pueden ser
desprotegidos selectivamente mediante la aplicacén un potencial en zonas
especificas de la superficie del electrodo. De eséamera quedan expuestos en la
superficie grupos aldehido activos, que puederfaa@mente conjugados con aminas
primarias presentes en las biomoléculas de inteo&ssenzimas GOX y HRP se usaron
como proteinas modelo para comprobar la versalild#aesta técnica. Su aplicabilidad
para la fabricacion de biochips se demostré conidascamperomeétricas y medidas en
tiempo real mediante resonancia de plasmén de fatipercombinado con

electroquimica (eSPR).

La tercera metodologia es también un sistema p#tterning controlado
electroquimicamente, pero en este caso se utdizarhovilizacion del 4,4-bipiridil
como base para la creacion de biochips. Se siatetizmoléculas de 4,4-bipiridil
funcionalizadas con grupos carboxilicos, que fueamacterizadas electroquimicamente
y a continuacion conjugadas con las biomoléculasinterés para la creacion de
biochips. La selectividad de estos sistemas se sketnocolorimétricamente,

obteniéndose niveles minimos de respuesta inegecif




UNIVERSITAT ROVIRA I VIRGILI
ELECTROCHEMICALLY CONTROLLED PATTERNING FOR BIOSENSOR ARRAYS.
Srujan Kumar Dondapati

ISBN:

978-84-690-8289-8 / D.L: T.1761-2007

Resumen

Por ultimo, el cuarto de los métodos patterning desarrollados esta basado en la
técnica de fotolitografia. Los enzimas glucosa asél y sarcosina oxidasa se
depositaron selectivamente junto con un polimerdoxesobre la superficie de

electrodos interdigitados utilizando un procesolifteoff, consiguiendo eliminar por

completo las sefiales cruzadascmss-talk. Como parte de esta metodologia se
optimizaron varios procedimientos de inmovilizacd®las biomoléculas, con el fin de
seleccionar la estrategia mas adecuada. Tambiéllexssmon a cabo ensayos con
diferentes reactivos para eliminar la adsorciorspeeifica. Finalmente, el sistema
optimizado fue aplicado sobre IDEs fabricados madidotolitografia. Los sensores de
glucosa y sarcosina respondieron de forma seleetigas respectivos sustratos, con

ausencia total deross-talk.

La presente tesis esta estructurada en 7 capifuhosl Capitulo | se exponen las bases
del desarrollo de biochips, métodos phiterning con control electroquimico, otros
métodos depatterning selectivo y las técnicas de fotolitografia, ashoain resumen de
la tesis. El Capitulo 2 y 3 describe la sintesisaleides de oro, la modificacion con
biomoléculas, los estudios de estabilidad y losudiss fundamentales de
electrodeposicién de las nanoparticulas de oro finadas sobre la superficie de los
electrodos. En el Capitulo 4 se muestra la aplicaade la electrodeposicion de
nanoparticulas de oro biofuncionalizadas para éaaién de biochips. ElI Capitulo 5
describe la inmovilizacion selectiva de biomolésulmediante la desproteccion
electrogquimica de monocapas autoensambladas eletiias. En el Capitulo 6 se
muestra la sintesis, caracterizacion e inmovilizacselectiva de derivados de 4,4-
bipiridil funcionalizados con HRP. El Capitulo 7sdebe elpatterning selectivo en la
escala micrométrica de dos oxidasas sobre un ehgdedtrodos interdigitados mediante
fotolitografia. Finalmente, el Capitulo 8 resumedanclusiones y el trabajo futuro.
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Abstract

Abstract

There is an increasing demand of multianalyte senslevices having potential
applications in biomedical, biotechnological, inttizgd and environmental fields. A
good spatial control during biomolecule depositstep is strictly necessary; each
biomolecule has to be precisely deposited on tiiasel of the relevant sensor (eg., an
amperometric transducer), avoiding mixing that cammpromise the biosensor
specificity.

The aim of this thesis is to develop different @ating methods for the selective
immobilization of biomolecules. The first method selective electrodeposition of
biofunctionalized Au nanoparticles for biosensarags. This is an electrochemically
controlled patterning method where the Au nanopladi modified by the enzymes
initially and later the enzyme modified Au nanopdes were electrodeposited
selectively on the electrode surface. As a parttlub methodology, initially
biofunctionalized Au nanoparticles were preparadaighree different approcahes. One
is Au-thiol dative bonding, the second is direcs@gbtion and finally electrostatic layer-
by-layer approach. Different biomolecules like leradish peroxidase(HRP), glucose
oxidase (GOX), bovine serum albumin(BSA), and 1yafluorescence labelled
oilgonucleotide thiols were used to attch to therfamoparticles. Biofunctionalized Au
nanoparticles were characterized by different tephes like zeta sizer, UV-Vis
spectroscopy, transmission electron microscopy (JBW-Vis spectroscopy showed
the successfull modification of Au nanoparticleshamad characterstic surface plasmon
peak related to the stability. By using zeta silayer-by-layer modification of the Au
nanoparticles with redox polymer and enzymes wenaracterized successfully.
Changes of the Au nanoparticles modified with BS&swharacterised at different pH s
by using the zeta sizer. After the preparationbmffunctionalized particles, some
fundamental studies were done with electrodepositib Au nanoparticles modified
with medically important BSA, redox polymer to skew different parameters like
potential, time of deposition, interelectrode ante, counter electrode sized, pH, effect
the electrodeposition. As a part of these fundaaiesttidies Au colloids modified with
HRP and GOX were deposited for studying the elealaytic behaviour of the
enzymes on the Au nanoparticles after electrodepos Later this methodology was
applied for creating biosensor arrays by using tifeerent approaches. In the first

approach, GOX and HRP functionalized redox polymedified Au nanoparticles were
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Abstract

electrodeposited successfully on an interdigitaiedtrode (IDE) array with complete

absence of non-specific response. In the secondbagp the particles were modified

with an extra redox polymer layer and proved thatré is complete absence of non-
specific response after electrodeposition. Moreotlds patterning methodology is

generic and can be used for production of diffeleothips.

The second method is another electrochemicallyrobbed patterning method where
the electrodes were immobilized with self assembiezholayers with electroactive
functionalities which can be tunable with poterstidh this methodology, electroactive
self-assembled monolayer contains an active ligaldeéhyde which can be readily
conjugated to the primary amine group of the biauole is protected in the form of
acetal. Later when a active potential was apphbeithé¢ underlying electrode surface, the
acetal functionality is deprotected to reveal tlielayde functionality which was further
conjugated to the biomolecule. Two enzymes GOX, hiFe used as model proteins
to prove the versatility of this technique. Ampesrintc as well as real time
measurements proved the selective applicabilitytho$ technique for creation of

biosensor arrays.

The third methodology is also an electrochemicatintrolled patterning methodology
where the special advantage of the electrochemicalhtrolled immobilization of the
4,4-bipyridyl was taken as base for the creation badsensor arrays. In this
methodology, carboxylic acid functionalised 4,4yidyl molecules were synthesized
and characterized by electrochemistry. Later tloenbiecules were conjugated to these
special molecules for the creation of sensor arfgsof of selectivity was shown using

colourimetrically with minimal non-specific respans

Finally in the fourth method which is based on fitetolithography technique, two
different oxidases GOX & SOX were patterned aloritip wedox polymer selectively on
an IDE array using the lift off process with contplabsence of cross-talk. As a part of
this methodology, different immobilization methodgere optimized initially for
checking the best optimisation strategy. Lateretéht reagents were tried to optimise
the best reagent that prevents the non-specifiorptisn. Later this optimised system
was applied on the pholithographically created IBfay. Sarcosine and glucose
sensors responded selectively to their substratescamplete absence of cross talk.
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Abstract

This thesis is structured in 7 chapters. Chaptestablishes to basics of the biosensor
arrays, electrochemically controlled patterning moets, other selectively patterned
methods, photolithography and summary of this theShapter 2 describes about the
gold colloid synthesis, modification with the biolacules, stability studies. Chapter 3
decribes fundamental studies of the electrodepositof the functionalised Au
nanoparticles on the electrode surface. Chapteestribes the application of the
electrodeposition of the protein functionalised Aanoparticles for the creation of
biosensor arrays. Chapter 5 describes thetsslammobilization of biomolecules
through electrochemical deprotection of electraa&ctiself-assembled monolayers.
Chapter 6 describes the synthesis, characterizatidrselective immobilization of HRP
functionalized 4,4-bipyridyl derivatives. Chapterdéscribes the selective microscale
protein patterning of two oxidases on an IDE attapugh photolithography. Finally
chapter 8 summarizes the conclusions and the futark.
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1.1. Biosensor arrays
1.1.1. Definition of biosensors

A biosensor is a compact analytical device thatsisis of a biological recognition
element like an enzyme, antibody, nucleic acid,aer and chemoreceptor in
intimate contact with a a signal transducer. Theraction of the analyte with the
biorecognition element produces an effect thatimdetected by the transducer. Next
the transducer converts this biorecognition evettt & measurable signal that can be
detected by the detector element (works in amelsemical, piezoelectric,optical or
thermometric mode).

Biosensor arrays can be defined as devices thagriaie several biosensors. In
making the step from biosensors to arrays the iniisabon of distinct biomolecules
needs to be directed and addressed spatially.turenhiosensor arrays have evolved
with receptors that have a broad specificity. Thenan nose for example uses only a
limited number of odour receptors for a sensitietedtion at the parts per trillion

level in combination with the discrimination of theands of different odours.

N /
Smell —
samples /

\ Brain

Nerve

Olfactory cell
membrane

Scheme 1.1Schematic representation of the signalling ofrtbse

Upon binding of odour molecules with olfactorydigds a signal cascade and neural
transmission is started, whieimplifies and processes the response leading ¢oirain
activity reflecting the smelled odour. The olfagtathway acheives its goal by using

large arrays of cross-reactive receptors insteadsofg highly compound specific
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sensors. Based on the principle of olfactory re@agn various concepts for pattern

recognition and multisensing with chemosensors Hsen described. In general, a
biosensor array is constructed with a large setapture ligands (DNA, antibodies,

proteins, carbohydrates, peptides and aptamerayeatron a solid support. After

washing and blocking the surface of unreacted,dibesarray is probed with a sample
mixture contaning the counterparts of the molectdaognition events under study. If
an interaction occurs, a signal is detected orstinace. By scanning the entire array,
a large number of binding events are detected mlleh The challenge of signal

processing and signal transduction in parallel lereserted multianalyte detection to
an emerging area of interest in the last decade.

1.1.2. Types of biosensor arrays

Biosensor arrays or biochips can be classified eeitly their bioreceptor
(biorecognition element) or thier type of transducedBased on the biorecognition
element to be immobilised on the substrate, biccluign be classified into protein
arrays, antibody arrays, DNA arrays, aptamer arragd cell arrays. Different types
of biosensor arrays are listed in Table 1.1.

DNA Arrays

Detection of specific DNA sequences through hylmadion with a complementary
DNA probe has many potential applications. With tlesults of the Human
Genome Project at hand creating a massive amoudiN&f sequence information,
scientists have developed new techniques and foblsonducting research. DNA
microarrays are an example of a tool that uses mensequence information to
analyse the structure and function of tens of thads of genes at a time[1-4].
DNA arrays or chips can be defined as the integnatf several DNA sensors
(oligonulceotide sequences ) in the same devicee fdtognition event is the
hybridization of the probe with its complementaggsence present in the sample
mixture. There are several applications of thisays especially in medical
diagnosis, gene expression analysis, single ntidegolymorphisms (SNPS)

typing, pharmacogenomic research, and forensicegtpns.
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Table 1.1 Types of Microarrays, Developers andompanies

Target Recognition ever | Applications Ref
Medical diagnostics, gene[1-4]
DNA arrays Complement expression analysis, single
ary DNA| Hybridization |nucleotide polymorphism ( SNP|)
sequence typing, pharmacogenomics, forensic
applications,
Antibody assys, monitoring 0f[5,6]
Immunoarrays | Protein Affinity protein expression, detection
interactions proteins, drug development,
medical diagnostics, cell signaling
Epitoping mapping, [13-15]
Peptide arrays | Protein Affinity Pathogen detection,
interactions Cell adhesion studies,
Carbohydrate | Glycoprotein | Affinity Lectin-carbohydrate interactions, |[18,19]
arrays s especially interactions Medical diagnostics,
lectins Pathogen detection
Medical diagnostics, [8,9]

Aptamer arrays| Protein Affinity Targeting cancer cells
interactions
Antibodies Drug screening, drug discoveny16,17]
Cell arrays during Affinity gene expression studies, cellylar

immunocytoc| interactions profiling , cellular immune response

hemistry
Small molecule Biomolecule | Affinity Drug screening and drug discovery,
arrays interactions Chemical genetics
Enzyme Substrate Coversion pClinical diagnostics, Food analysig0]
microarrays substrate to Toxicology, carbohydrate analysis
product

These high-throughput analysis tools are easiarsey do not require large-scale
DNA sequencing, and allow the parallel quantifioatiof thousands of genes from
multiple samples. Some of the leading companigfénfield of DNA microarrays
are Synteni pharmaceuticals, Hyseq, Affymetrix,n@al Microsensors, Nanogen,
Combimatrix, Telechem international, Nimblegen, Zynyx and they use different
strategies to immobilize biomolecules on to the stuatbe along with different
detection methods.
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Protein arrays

Though DNA microarrays are proven to be successfulthe analysis of whole
genome and profiling of gene expression , in otdehave in depth understanding
about the how the gene function of the gene andrtehanisms or the biological
processes in which these genes are involved, asallythe gene products i.e proteins
should be performed. Therefore, protein microar@gsemerging as a possible tool
based on protein-ligand interactions. In producipgtein microarrays, many
challenges have to be overcome such as the detaddtigrotein functionality which
depends on the state of proteins, the discriminatiof post-translational
modifications, partnership with other proteins, tpno subcellular localization, and
reversible covalent modifications (e.g. phosphdigtg. Challenges to the
development of protein arrays include non — spedaiisorption, retaining of the
native activity, selective arraying, and detecti®ome of the leading companies in
the field of protein arrays and proteomics includegitrogen, Biomax, Genomic
solutions, Abnova, Telechem international, Eppefidymomyx etc.

Immunoarrays can be defined as the integrationewéml immunosensors in the
same device which contains an ordered set ofvkrentibodies or antigen probes
immobilized on precisely defined locations of adaslubstrate. Immunoarrays are one
sub set of protein arrays. Antibody microarraysendlve potential of allowing the
researcher to monitor cell signaling [5]. As progeare the common targets for the
drugs, antibody microarray technology can be useddntify potential candidates for
drug development. Antibody arrays can be used tectidhow drugs and growth
factors affect the post-translational modificatminspecific proteins [6]. Autoantigen
microarrays for multiplex characterization of autbbody responses has been
developed. Recently, Clonetech has produced antikerday BD Clontech Ab
Microarray 500 for detecting human proteins. Bigchet has commercialised several
antibody microarrays made up of hundreds of antésdPanomics has produced
antibody arrays for detecting multiple angiogenesttypromatrix, Inc [7] has
commercialised antibody arrays for signal transduagt apoptosis. Lab Vision
Corporation has commercialised antibody arraysféiowing signal transduction,

cell cycle, discovering cancer markers, followiagoptosis etc.




UNIVERSITAT ROVIRA I VIRGILI
ELECTROCHEMICALLY CONTROLLED PATTERNING FOR BIOSENSOR ARRAYS.
Srujan Kumar Dondapati

ISBN:

978-84-690-8289-8 / D.L: T.1761-2007

Chapter 1. Introduction

Enzyme arrays

The development of assays that measure the enzgthwities has wide range of
applications in the field of clinical diagnosis,of analysis and toxicology studies.
The most important parameter to be consideredewmidsigning electrochemical
enzyme biosensor is the cross talk. Cross talkrsoshen there are freely diffusing
species detectable at adjacent (enzyme) microetizsr In order to avoid this
problem, enzymes should be patterned with highecifipity and selectivity, and the

transduction should be contained at the spot wihierecognition occurs.

Aptamer arrays

Aptamers are single-stranded DNA or RNA moleculet,tlike antibodies, can bind
target molecules with extraordinary affinity andesiicity [8,9]. Although single-
stranded nucleic acids are commonly thought ofireesat molecules, they actually
assume complex, sequence-dependent, three-dimahstwepes. When the resulting
shapes interact well with a target protein, theultes a tightly bound complex
analogous to an antibody-antigen interaction. Ugusbtamers are selected using a
process called SELEX (Systematic Evolution of Ligady Exponential enrichment)
[10]. In this procedure, a combinatorial library single stranded nucleic acid
molecules is allowed to interact with a purifiedofgin, cells, peptides, small
molecules or nucleic acids. The members of thafipthat have successfully bound
their targets are separated from the rest of thideruacids. After separation, the
functional nucleic acid molecules are amplifiedngsthe polymerase chain reaction
(PCR). Since these RNA and DNA molecules bind ttagets with similar affinities
as antibodies, and are able to distinguish betvisetiypes of an enzyme, aptamers
have been also called synthetic antibodies. Althoagtamers mimic the protein
recognition properties of antibodies, aptamer nesess still in its infancy compared
with antibody technology.

Aptamer based arrays have been reported recemthédohuman IgG aptamer [11],
and other analytical purposes [8,9,12]. Some eflélading companies in the field of
aptamer array are LC Sciences, and Somalogic. Lién&es is able to produce an
aptamer array with almost 1000 oligonucleotide segas ready to detect proteins by

using pParaflo microfluidics technology.




UNIVERSITAT ROVIRA I VIRGILI
ELECTROCHEMICALLY CONTROLLED PATTERNING FOR BIOSENSOR ARRAYS.
Srujan Kumar Dondapati

ISBN:

978-84-690-8289-8 / D.L: T.1761-2007

Chapter 1. Introduction

Peptide arrays

Peptide array is a rapidly growing tool that pr@sdboth large-scale and high-
throughput capabilities for protein detection anctivdty studies [13-15]. An
important difference between peptide arrays analigenucleotide arrays is found in
the range of applications they can be used to addi2NA arrays are used almost
entirely to profile mRNA populations in cells ancly exclusively on the
hybridization priciple. Peptide arrays, by contrast based on multiple interactions
including protein binding, enzyme action, the adbre®sf cells, the binding of metals,
and many others. Peptide arrays have also beenuskghnostic applications. Some
of the leading companies in the field of peptidegs are LC Sciences, New England
Peptide Inc., JPT Peptide Technologies, EurogeetecNew England Peptide Inc
was able to synthesize 96 peptides used for epitapping.

Cell Microarrays

There is an increasing need for high throughputlzded assays for the functional
exploration of genomes, drug screening and toxgpltestings [16,17]. Especially
drug screening is extremely useful to evaluate mp@kdrug targets by functionally
characterizing their effect on cells, assessingifipgy and efficacy of drug leads,
and identifying the targets for drugs of unknownchmnism of action. Compared to
microtiter plates, cell microarrays increase thigqug while reducing the overall cost
of screening by reducing the amount of expensiageats and materials, the time and

the number of cells used in each assay.




UNIVERSITAT ROVIRA I VIRGILI
ELECTROCHEMICALLY CONTROLLED PATTERNING FOR BIOSENSOR ARRAYS.
Srujan Kumar Dondapati
ISBN: 978-84-690-8289-8 / D.L: T.1761-2007
Chapter 1. Introduction

1.2. Technologies involved in Array Development

Microarray is taking place at the interface of ndi#iciplinary technologies. Several
steps are necessary to create reliable arraysntbeit the requirements as state of art

tools for the applications mentioned. These steps a

o Probe immobilization

o Arraying

o Detection of the biorecognition
o Interpretation of the data

The three first of these are of special relevancthé contents of this work and are

examined in same detail in what follows

1.2.1. Probe immobilization

Immobilization of the capture probes plays a kel rfor establishing reproducible
and reliable protein-detecting systems. They shbalglaced in such a way that they
retain thier native activity and are accessiblth®interacting partner. Summarized in
table 1.2 are the general methodologies widely deednmobilisation in biosensor

arrays.

Adsorption

This approach has been routinely used in standatf8Aand Western blot and is
based on adsorption of the macromolecules eithezléstrostatic forces on charged
surfaces or by hydrophobic interactions. The mosivenient method is the coating
of glass slides with the nitrocellulose membranpaly lysine and the subsequent use
of these slides for passive adsorption of the mole spite of its simplicity, the
adsorption method presents several drawbacks. Necifc binding can be a
significant problem, proteins are oriented in ad@n fashion, which might act as a
barrier for the complimentary biomolecule, the eltied proteins can be removed by

stringent washing conditions, background level ssially high due to non-specific
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protein adsorption—desorption and also proteinordesi on hydrophobic surfaces
tend to denature.

Table 1.2Summary of Biomolecule Immobilization Methods

Method |Technique Specificity | Advantages | Disadvantages |Refere
nces
Adsorption| Interaction with Random Simplicity, Cannot resist [21,22]
substrate, reagentless stringent washing
Electrostatic or steps,
hydrophobic high background
signal due to non-
specific adsorption,
denaturation
Covalent | EDC reaction, Reactive Strong, high Random orientation
binding schiffs base, groups, density and low of the surface [23-25]
Gold-thiol random background attached proteins
interactions
Affinity Via protein G, A/ | Uniform Strong, Biomolecules have | [26]
Biotin interactions /| orientation | Specific, High |to be labelled
density
Physical | Entrapment in Random Flexibility, Gel structure may | [27]
entrapment polymer matrices simplicity, prevent diffusion of
enzyme the substrate,
loadings with
high activity

Covalent linkage

Proteins and other biomolecules are bound nornthligugh their primary amine
groups or other reactive aminoacid, or glycoprotgioups [23,24]. The primary

amine groups can react readily with aldehyde oxiglgogroups or through the
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carbodiimide reaction to the carboxylic acid groopsthe surface. Substrate surfaces
are usually glass or gold and an additional staegsiired to create reactive groups.
Silanisation is the most common procedure for thaifrcation of glass surfaces.
Amino groups are introduced by aminopropyl-trietirofor trimethoxy) silane. These
amino groups can, for example be corsslinked wititegaldehyde, to the proteins via
schiff's base formation [25]. In the case of gotthted glass surfaces used widely in
SPR and mass spectrometry, functional thiols haaenhkused for self assembling
since they interact specifically with the gold sué presenting a second functional
group like carboxylic or boronic acid to the satutiwhich can be used for linking to
the capture biomolecules. This type of chemistrijpfien the monitoring of the
interactions in real time and has great potentialliug discovery and biomedical

research.

Retention in a polymeric matrix

Entrapment of the biomolecule in a three-dimendigmaymer matrix has been
widely used for higher density sensors . The polymight be an inert support or it
may perform some function essential to the tranolumf the analyte-dependent
signal. Recently electrochemically polymerised iwas have been deposited
selectively for the immobilization of wide varietf biomolecules [28]. The major

disadvantage of this strategy is the random oriemtaf the probes.

Affinity binding

Immobilizing proteins and other biomolecules throwgvalent linkage or adsorption,
results in random orientation, which might reduce availability of the functionally
active part of the molecule [26]. Therefore theseainecessity to develop methods
that can acheive uniform orientation. Such methddpend on the biochemical
properties of the biomolecules. Usually affinitytaractions are used to such end:
examples include immobilization of antibodies viaotgin A or protein G,
immobilization through biotin-streptavidin interamrts, or immobilization of
recombinant proteins via tags. Protein A or protgibind specifically the Fc portion
of antibodies so that they orient themselves irag that makes them accessible to the

analytes. As a result higher signals for the aead@tection can be obtained.
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Proteins avidin and streptavidin have high affintywards biotin. Biotin has a
carboxylic acid, which can be used for conjugatiog wide range of biomolecules.
Later the biotin-conjugated biomolecules can lgitly bound to the avidin and

streptavidin coated surfaces.

1.2.2. Arraying

Although immobilisation is important for developirigosensors, biosensor arrays
require the directed addressing of specific redogmi sites for the directed
immobilisation of biomolecules. Summarized in T&hll3 are the general methods

widely used for arraying for the creation of biose@narrays.

Electronic addressing

This is an electrochemically controlled arrayingtihegl. The directed immobilization
of the biomolecules on to the surface of the etelds in an array can be controlled
by controlling their potentials.

Nanogen’s technology uses this electronically askirg technique for the
immobilisation as well as the detection. Electroamdressing of the biotinylated
samples was done through the electrodepositionaking advantage of negative
charge of the sample probe and there by applyingitipe potentials. After
addressing, fluorescently labeled probes or samples hybridized to bound
complementary biotinylated strands. The core teldgy is an automated
programmable electronics matrix (APEX), which haes ability to transport, bind and
separate charged molecules in an electric fieleeigdgad on the surface of the device.
This technology is not only limited to DNA but alspplied to immunoassays,
receptor-binding assays, cell typing assays, enzassays. The biggest advantage of
this technology is that even the hybridization loé forobe with the complimentary
DNA is also controlled by electrochemistry whicloyides stringency to remove un-
bound and nonspecifically bound strands after lybation which makes this

technique more versatile when compared to othénigoes.

10
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Combimatrix technology is based on specially madifisemiconductor circuitry
which uses localized electrochemistry to fabric&®8A microarrays [29-31].
These integrated circuits contain arrays of miaogbdes that are individually
addressable using embedded logic circuitry on thip.cThe semiconductor logic
circuitry directs digitally controlled simultaneousynthesis of different
oligonucleotides at thousands of electrodes in oesp to a computer software
program. To perform a synthetic step, a microetatdris activated to selectively
generate acid by means of an electrochemical mwaclihe generated acid in turn
deprotects the growing oligonucleotide chain adith@it for binding of the next
nucleotide. Since a different oligonucleotide cae Bynthesized at each
microelectrode, this technology enables one togieai microarray of any desired
configuration. The advantage of this technologythat electrochemistry is used
both for synthesis as well as the detection byizuiy the underlying electronics
employed for the oligonucleotide synthesis for tetehiemical detection of target
molecules bound to the microarray whigtips in lowering the cost of production. The
ElectraSense is one of the products from the comoirawhich uses this digitally
controlled electrochemical arraying technique cormatdi with electrochemical

detection.

Photolithography

This is an optically controlled method of arrayifhotolithography is the process of
activating geometric platforms on a surface throaghmask that selectively allows
light to penetrate through it. Photolithographicheiques are well established for
mass production of silicon chips with a patterroheson and alignment precision of
better than um. The pattern in the photoresist, which is gerelrdly light exposure
through a mask followed by chemical development, loa transferred to thin films of
molecules immobilised on a surface. Affymetrix miawtures its genomic
microarrays by a light-directed chemical synthgsiscess, which combines solid-
phase chemical synthesis with photolithographicitaibon techniques. It is able to
synthesize short single stranded oligonulceotidesbout 20-25 bases in length. In
this case, chromium photomasks are used while aleith the UV exposure.
Nimblegen, Xeotron and Febit use maskless arraythsgizers to fabricate

microarrays. Maskless photolithography is moreiliexbut a principle advantage of
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maskless method is that a significant amount sfgiework and cost is associated
with the mask design is reduced. Apart from tbiapility problems for functional

proteins due to the organic solvents and alkalohet®ns can be avoided.

Soft lithography

Soft lithography is a high resolution patterninghimque in which a "stamp" is made
from an elastomeric material called polydimethyisdne (PDMS). Microcontact
printing @CP), is perhaps most attractive among soft lithalgyp due to its
exceptional versatility, ease of application, ao@ kcost. InuCP, a PDMS stamp is
inked with the biomolecules of interest and tramsf@ to the substrate surface by
direct contact. A key requirement for a successdit lithography process to pattern
protein molecules is surface chemistry. The surfdeamistry involved should allow
high spatial resolution, low background adsorptiang high selectivity for protein
immobilization. Self-assembled monolayers (SAMsplijo(ethylene glycol) (OEG)
terminated thiols on Au surfaces have been prowetiet the most successfull in
patterning a variety of biomolecules on gold sugfadue to their ability to prevent
non-specific adsorption. In addition, the OEG terahigroups can be capped with
other functional groups, such as carboxylic acfds,further activation and protein
attachment. Using soft lithography, proteins andiscéhave been patterned
successfully for biosensor and tissue engineerimgjiations [32]. Although this
technique is versatile, there are several drawbdoksprotein patterning. For
example, time consuming in the complex and sea#epning may lower the activity
of previously attached proteins under ambient diowl. Apart from this, the
patternable area in soft lithography is limited the size of the PDMS stamps,
therefore affecting its application in large-scpigtern production. This methdology

has the high-resolution capability to create fezdwith 2—-50Qum resolution.

Dip pen nanolithography

Dip-Pen Nanolithography (DPN) is the first commaligi available technology based
on Atomic Force Microscopy (AFM). Dip-Pen Nanolitiraphy (DPN) is a scanning
probe nanopatterning technique in which an AFMdipsed to deliver molecules to a
surface via a solvent meniscus, which naturallymrn the ambient atmosphere.
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This technique is a simple and powerful methodagporting molecules from AFM
tips to substrates with spatial resolutions of 5hising this technique, nanoarrays of
enzymes, antibodies and oligonucleotides have loeeated with high selectivity
[33]. Biofunctionalized nanoarrays of inorganicustures have been generated using
the DPN technology [34]. Nanoink Inc has commers&l this technique for
application towards biosensor arrays. The biggdsam@tage of this methodology is
time reduction and ease of fabrication. Structgwsmaller than 10nm can be built

using this technology.

Ink-jet Printing

Inkjet printing mechanism is an in-situ non-contactethod to deliver the
biomolecules onto the detection site. The inkjethemovement is computer-
controlled to ensure the accuracy of the nucleotidposition process. Companies
producing inkjet printed DNA microarrays includesgikent (SurePrint)[Rosetta
Inpharmatics], Perkin-Elmer (PiezoTip), Canon (Bleblet), Arrayjet, Biodot /
Cartesian, Protogene Laboratories, Pamgene. Ipkietable biomolecules includes
DNA, Proteins, Cells and Other biomolecules. Thare many technical problems
with the protein arrays produced by this methodpldge to the complex nature of
proteins. Arrayjet inkjet technology overcomes these challenges, lemgathigh
guality protein microarray production. The usen¥ jet technology promises reduced
spot sizes down to 2pbm. This technology can potentially eliminate tiheegular
spots, reproducibility and hybridization qualitysiges associated with pin-tool
technologies [35]. This technique is simple andasmercially used in production of
microarrays.

In general, a disadvantage of ink-jet arrayinghattair bubbles may reduce the
repeatability and the reliability of the system.hé@t disadvantages include the
difficulty associated with changing samples, maiatee problems related to the
obstruction of the inlet tubing and capillaries syringes, excessive splashing,
clogging of the nozzle, and poor uniformity of teposit, which can cause cross-
over contamination between probes. Based on thlsnique, Rosetta Inpharmatics,
Inc has developed Flex Jet inkjet-based microarréle flex jet system was able to
print tiny arrays of thousands of different genguances onto a single glass slide by

using ink jet synthesizer. Rcently, ITRI's Phalavicroarray Technology which
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employs bubble jet printer technology to precisgispense micro-volume liquids t

very high density has been reported.

Pin deposition

Pin deposition is a contact printing technique, rghgin tools are immersed in the
probe pool, so that small volumes adhere to thedfghe pins [36-39]. When the pin
touches the substrate surface, a drop is trandfenméo the surface. Although pin
deposition also suffers from splashing, evaporapavblems or poor uniformity of

the deposit, it is more robust, simpler, cheaped, @asier to maintain than the non-
contact printing techniques. One versatile techmigased on this principle is the
mechanical microspotting. This is a contact prigtimethod, which prints small

guanitities of premade biochemical substances @uld surfaces. Printing is

accomplished by direct surface contact betweerptimting substrate and a delivery
mechanism that contains an array of tweezers,gicgpillaries that serve to transfer
the biochemical samples to the surface. Advantafjéisis technology includes ease
of prototyping, low cost and versatility. Basedtbis priciple, Synteni manufactured
1000 gene fragments per square centimeter. Althdbghsystem is versatile, the
biggest drawback of this methodology is that eaaim@e should be synthesized,

purified and stored seperately.

Laser-induced forward transfer

This is a non-contact technique and an alternatugaying technique recently
reported for the production of functional DNA miarcays [40-42]. The advantage of
this methdology is that it does not need an expenphotolithographic processes.
The high focusing power of the laser used whileayng was reported to present high
integration scales when compared to pin deposiaod ink jetting. The basic
principle behind this methdology is that a laselspumpinges on the thin film of
material to be deposited. The focussed laser beensifficient intensity to vaporize
a portion of the metal flm and as a result thetipn exposed to the laser is

transferred to the substrate opposite to thisfimmof material.
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Table 1.3.General techniques for the creation of microarrays

Arraying
Technique Advantages Disadvantages Specifications
In situ synthesis
Sub-micron resolution | Expensive 1) Affymetrix
Photolithography  with| High density arraying Rigorous laboratory 20-25mer oligonucleotides,
masks procedures 12,000 genes/cm
Limited flexibility
Reduction of the cost 1) Nimblegen17,000 genes/gém
Time reduction In situ synthesis Requirel - 3ug isolated gDNA
Maskless Accommodates Lack of sufficient resolution test sample
Photolithography substrates of various
shapes, materials, and
sizes.
High throughput Repeatability and the 1) Agilent
Low cost reliability
Automation Difficulty associated with 60,000 genes/cm
Non contact printing| Flexibility changing samples
( Ink-jet technology ) No Surface contact Poor uniformity of the deposit| 60mer oligos,
Maintainence Maintenance problems
No masks
Capable of depositing
small volumes
Contact printing Quick and  simple| Poor uniformity of the deposit| 1) Array it
Technology ( Pin pattern formation Splashing , reliability 6400 genes/ctn
deposition )
Stringency
Electric field for 1) Combimatrix
Electronic addressing addressing as well as fgr Limited to oligonucleotides Range of sensitivity is 0.1 to 200
hybridization nA.
Reduction of time 1,700,000 targets / ém
Requires lower
concentrations
No spotting needed Influenced by environmental | 1) LC Sciences uses pParaflo
Can be used with factors( especially temperature¢ Microfluidic Chip Technology
Microfludics technology | multiple samples fluctuations ) Sample requirement : 10 pg
Fast hybridization rates| More complex to fabricate Total RNA
Cost effective Require pressure balancing to Detection limit : 100 attomole
control flow across the 1500 sequences / ém
membrane
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1.2.3. Methods of Detection

After the probe immobilization and arraying , thexhimportant step is the detection.
Depending on the usage of labels, detection metland classified into two types.
One is label free methods like surface plasmon nm&sce, quartz crystal
microbalance, atomic force microscopy, mass spettigmnanowires and some label
free electrochemical mesurements like impedancectsyseopy. Table 1.4

summarizes different detection methods widely usdtle field of biosensor arrays.

1.2.3.1. Label free methods

Surface plasmon resonance (SPR) detection method

Surface plasmon resonance (SPR) is an optical msosetechnique that measures
molecular binding events at a metal surface by diieig changes in the local
refractive index. SPR offers several advantages cosventional techniques such as

fluorescence or ELISA (enzyme-linked immunosorlas#ay). These includes

Label free and direct (based on refractive indeanges), measurements can be
performed in real time, and versatility (capabledetecting analytes over a wide
range of molecular weights and binding affinitidSue to the above unique features,
SPR has become a powerful tool for studying bioowbyr  interactions [43,44].
Recently, up to 400 real-time antibody-target bmggdi could be measured
simultaneously within a single hour using antibadigroarrays combined with SPR
technology [45].

Lumera has developed a proteomic processor forctiegeand quantifying binding
interactions in a label-free format utilizing swéa plasmon resonance (SPR)
technology.
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Table 1.4. Curent detection methods used in protein microaesgyeriments

Detection Labelling Data requiremerRReal-time Resolut| Reference
measurement |ion S

ELISA Enzyme CCD imaging No Low [46-48]
linked
antibodies

Radio labelling | Radio isotopéutoradiography| No High [49-51]
labeled
analyte

Sandwich Fluorescence|Laser scanningNo High [52]

immunoassay |and enzymecolourimetric

labelled
antibodies
AFM Not needed Surface No High [53]
topological
change
QCM Not needed Change in thées Low [54]
frequency
Grating-coupled | Not needed Change in th¥es Low [45,55-
SPR refractive index 57]
Electrochemical | Metal coupledMeasurement afYes High
analyte conductivity
SELDI TOF MS | Not needed Mass No Low [58-61]
spectrometry

Mass spectrometry

Mass spectrometry is another alternative label fesnique. In mixtures, it can
detect low abundance proteins because it measuodsirp moleculer mass. Mass
spectrometry (MS) and, in particular, surface-emkednlaser desorp-tion—ionization
(SELDI) MS, are helping to form a new generation gbtein chip . Protein
microarrays based on Surface-enhanced laser desgitmization (SELDI) TOF

MS, employ an “on chip” selection of the proteirisraerest from a complex mixture
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and subsequent ionization of the retained moledsles detector for a classification
based on the mass/charge ratio [58-61]. Analysiggurass spectrometry data is then
performed in order to reveal the identities of th@soteins. The advantages of this
detection is the increased sensitivity due to tlassrspectrometry detection and the
relative ease of production of SELDI matrices. @igen has already started
marketing protein arrays coupled with mass speatonmcommercially. Sequnome (
SanDiego,CA ) has already developed a high-throtgaequencing array which uses
MALDI-TOF mass spectrometer for subsequent detediiad identification of DNA
fragments, used for SNP and genotyping.

Quiartz crystal microbalance (QCM)

QCM is a sensitive mass-measuring system at thegnam level which can be used

to monitor biological events such as molecularraxtgons in real-time [54].

Atomic force microscopy (AFM )

The atomic force microscopy (AFM) method uses s@féopological changes to
identify the captured proteins on an antibody arrélge basic concept of AFM
operation involves the movement of a sharp , natenseale tip in a ordered pattern
over a surface. As surface features are encountsréide AFM tip, the deflection of
the cantilever is recorded and used to create@fobased map of the sample. This
method allows the intermolecular forces betweernividdal ligand-receptor pairs,
complementary DNA strands, cell adhesion proteayigc and the specific antigen-
antibody interaction to be determined [64,65]. Fetample, in the case of
immunosensors, AFM detects the increase in heidbe to the proten-protein
interactions and thus is able to measure binditegactions.

Nanowires

Carbon nanowires and nanotubes, have been proveave potential application in
the field of label free detection in protein arrd$6]. They consist in a wire with a
mean diameter of 30—100 nm and lengths of 5-100@mee the protein binds to the

functionalized nanowires connecting two electrodbs, change in the conductance
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can be used for sensing. The multiplexed electde&tction of cancer markers using
silicon-nanowire was demonstrated [67]. In this kvprotein markers were detected

at femtomolar concentrations with high selectivity.

All label-free detection methods are promising $awl characterize binding events on
surfaces. They do not require labelling of molesuleat may affect protein activity.
The major drawbacks of label-free detection prilegpare their limited sensitivity
and the need for specialised equipment, which isasily available in all the clinical

laboratories.

Electrochemical impedance spectroscopy

Although not widely used in bioarrays detecting bi@nteractions, this technique is
low cost and promising. There are few reports ia detection of aptamer-protein

interactions using this impedance.

1.2.3.2. Using labelled analytes

Fluorescence

Fluorescent dye labelling is the method of choioe labelling and detection of
molecules in microarray applications especially BdMA hybridisation[1-3] [68-70].

This method is simple, safe, highly sensitive. Régeproteins to be probed were
expressed with a green and red fluorescence priagiand later used for performing

protein interaction studies [70].

Colourimetric detection

Colourimetric detection is performed by using chogmns that are substrates for an
enzymatic label. The most common microarray appboaof immunoenzymatic

reactions involves labeling an antibody with anyene. The enzyme acts on a
colourless substrate generating a colored pretgpit@ommonly used enzymes for

chromogenic reactions are horseradish peroxidagP]Hand alkaline phosphatase
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(AP). These enzymes act on a variety of colorlesenical substrates, each
generating a different colored product.

Radio isotope assaying

Radioisotope labeling is used to study protein-ganotprotein—DNA, protein—drug
interactions on filter arrays [50,71]. Due to sgfebncerns and waste issues, it's not
widely used anymore. Moreover it's not fully conipkt with high throughput

screening methodologies.

ELISA

Enzyme Linked Immunosorbent Assay was first usedetect proteins for both filter
arrays and glass arrays. ELISA based detectiomodsthave the disadvantage of

non-specificity of protein-antibody interactionsatling to many false positives.

Electrochemistry

Electrochemical biosensor arrays are attractivelytioal tools because they are
robust, economical, easily quantifiable and caneaghexcellent detection limits with
small analyte samples. Furthermore electrochemitahsduction needs low
instrumentation with higher sensitivity and candmoenpatible with microfabrication
technology. Recently, based on the electrochenieaisduction, researchers were
able to measure seven important tumor markers @oodracy and precision [72].
Based on the electrochemical detection, DNA serisoan array was able to
discriminate a 4 mutation sequence [73,74]. Eledtige diffusional mediators like
Ru (bpy)s **, Co (bpy)s ** etc have been used for widely for the detection of
biorecognition . Potentiometric stripping analysias used for directly monitoring
guanine oxidation at the target DNA. Recently iognece spectroscopy has been
used for the labeless detection of the proteingmointeractions and DNA-protein

interactions.
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1.3. Electrochemical and Electrophoretic patterning

1.3.1. Electrodeposition of Colloidal gold

1.3.1.1. What is colloidal gold?

In this work, with the term “Colloidal gold” ref@nce is made to nanoparticles of
pure gold suspended in water. Colloidal gold cetssof an elemental gold core with
adsorbed ions on its surface, such as citrate @téddons depending on its synthesis.
These surface adsorbed ions play a key role in taraiimg the suspension stable
without aggregation. The size of the gold nanoplasi range from 2nm to 150nm in

diameter, depending on the synthesis procedurgeieral, gold nanoparticles are
synthesized by the reduction of AU, usually in the form of gold trichloride, sing

different reducing agents such as sodium citraidjusn borohydride depending on

the size of the nanoparticle. Citrate reduction hods produce a larger sized
nanoparticles ranging from 20 nm to 100 nm andbiw@hydride reduction method

produces smaller sized nanoparticles ranging fr&to 20 nm. The size of the gold
nanoparticles depends on the concentration of gadoloride, the reducing agents
used, their concentration, and the reaction time.

1.3.1.2 Why colloidal gold ?

Recently nanoparticles have found numerous apmitain biological and chemical
research. Nanoscale particles offer a variety térasting properties, and there is
growing interest in their usage for constructinggdeinsor platforms. Metal and
semiconductor nanocrystals have tunable propefges., optical, electronic, and
magnetic) that depend on particle size. There @reedree electrons on the surface of
metallic nanoparticles. When light is shone to tla@oparticles, it interacts with the
surface plasmons present on the surface of thizlgasind causes the free-electrons in
the metal to oscillate by polarisation. This pheeraon is referred to as the surface

plasmon resonance.

Depending on the size, shape of the nanopartigfe bf metal and its dielectric

constant the resonance condition varies. As tlapestor size of the nanoparticle
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changes, the surface geometry changes causindt ansthie electric field density on
the surface. Changing the dielectric constant efgsilrrounding material will have an
effect on the surfcae plasmon resonance. Chemidalyded molecules can be
detected by the observed change they induce irldwron density on the surface,
which results in a shift in the surface plasmonogison maximum. This is the basis
for the use of noble metal nanoparticles as sees#ensors, and can be used also to
characterize the modification of the particles.

For nanoparticles, localized surface plasmon @mlhs can give rise to the intense
colors of solutions of nanoparticles and/or veriemse scattering. Nanopatrticles of
noble metals exhibit strong Ultraviolet-Visible abstion bands that are not present
in the bulk metal. Shifts in this resonance duecl@anges in the local index of
refraction upon adsorption of biopolymers to theaparticles can also be used to

detect biopolymers such as DNA or proteins.

Surface plasmon resonance is used by biochemistdetect the presence of a

molecule on a surface, interparticle spacing, aghdr order structure.

Nanoparticles can display four uniqgue advantages avacroelectrodes when used
for electroanalysis: enhancement of mass transpatdlytic efficiency, high effective
surface area and control over electrode microenwent. Among them, colloidal Au
has gained much attention in biological studiesabee of its easy preperation, good
biocompatibility, and relatively large surface. ©alal Au is an extensively used
metal colloid, which has been applied in the stodly direct electrochemistry of
proteins. It provides an environment similar tatttof redox proteins in native
systems and gives the protein molecules more fraedoorientation, thus reducing
the insulating property of the protein shell foe tthirect electron transfer through the
conducting tunnels of colloidal Au [76]. The goldroparticles were proven as an

electron relay or * electrical nanoplug” for thalignment of the enzyme on the

conductive support and for the electrical wiringtefredox - active centre.

Hence colloidal Au has been used widely in thedBebf biochemistry as a modifier
for antibodies (immunogold) and a protein label.réehtypes of interactions are

possible with the gold nanoparticles. One is thdl Wweown gold-thiol bonding, the
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second is direct adsorption and finally electrostateractions. These give versatility
to Au nanopatrticles as carriers of biochemical laiodecognition properties

1.3.1.3. Stability of Au nanoparticle suspensions

Stability of Au colloid suspensions is very impartan the field of nanotechnology.
One of the major problems encountered during thectielectrodeposition of
colloidal gold is the interparticle interaction ¢iiag to aggregation. Upon aggregation
particle lose their ability to deposit as well dw tsurface plasmon resonance
characterstic of individual gold nanoparticles. n&lly the Derjaguin-Landau-
Verwey-Overbeek (DLVO) theory explains the stabildaf colloids in terms of a
repulsive (double-layer) force and an attractivan(\der Waals) one. DLVO theory
suggests that the stability of a colloidal systerdetermined by the sum of these van
der Waals attractive (\J and electrical double layer repulsivegjMorces that exist

between particles as they approach each otherodBetwnian motion.

Net energy

Potential

Van der waals atiraction

Particle separation

Scheme 1.2.2Schematic diagram of the variation of free enength particle separation
according to DLVO theory. The net energy is giverttie sum of the double layer repulsion
and the van der Waals attractive forces that thréicfes experience as they approach one

another
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As observed from the scheme 1.2.2, this theoryagmplthat there exists an energy
due to the repulsive force between the particiesgnting the two adjacent particles
from aggregation. If the particles have sufficiemergy to break that barrier, then
repulsive forces will be replaced by vanderWaalsaative forces and thus leading to

aggregation.

From the figure 1.2.3, it can be observed thatethexists a secondary minimum in
certain conditions like higher salt concentratiovisere particles are coagulated but
not aggregated completely. In this case the coéigalas not strong enough and can
be reversible. Reduction in the rate of coagulai®rdue to the formation of an

electrical double layer at the particle-fluid irfeere. When two particles approach one

another their double layers interact giving riserépulsive forces, which oppose

coagulation.
|
T interpariicle distance
Vmax
sec
0g®
@O @
Secondary minimum
0:::—?0 \ “weak “flocculation
"g%& Primary mirimum ' irreversible
Mocculation

Scheme 1.2.3.Schematic diagram of the variation of free enekigh particle separation at

higher salt concentrations showing the possibilfta secondary free energy.

Electrostatic repulsive forces are the main sowfcstabilization of the suspension,
due to common surface charge on the particles. Meryehe colloidal stability,
which is governed by the total interparticle eneNy , can be mathematically

expressed as follows
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Vi=Va + Vg Eq 1.1

where \4 is the attractive potential energy due to long dan Waals interactions
between the particles,r\the repulsive potential energy resulting from elestiatic
interactions between like charged particles sudace

V,= . Ac (Eq 1.2)
128
ViR =27 €5 a ¥, In(1+e™) (Eq1.3)

A is the Hamaker constant, S is the interparticiatice,a is the particle radius, var

€IS the permitivity of free spacey is the dielectric constant of the mediupa, is the
surface potential and k is the Debye—Huckel constan

In order to deposit Au nanoparticles on an eledrasdrface electrophoretically
( which is an objective of this work), the partglenust be highly stable in the
solution. For the suspension to be stable therd bmuan interparticle repulsive force
preventing the particles from Vander Waals attvacforces. Therefore to maintain

the stability of the colloidal system, the repuésfoerces must be dominant.
1.3.1.4. Electrophoretic deposition theory
Electrophoretic particle deposition (EPD), is a gass in which stable charged

colloidal particles suspended in a liquid mediungmaie under the influence of an

electric field (electrophoresis) and are depositeit an electrode.
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Since colloidal metals are usually charged , a jBmm approach is to utilize an
external driving force which makes the particlesvrentowards the electrode surface.
This process known as electrophoretic particle digjoo (EPD), permits external
regulation of surface nanoparticle density and fijrawth. There are very few cases
where gold nanoparticles have been employed ferfdhmation of metallic thin
films, especially selectively (i.e for arraying).

In order to perform electrophoretic deposition, a@pplied force that drives the
colloidal particles towards the substrate must owere the natural forces of
gravitation, buoyance and friction [3].

The natural force on the particles is given bydfaation

Fy=v3nnd ( Eql.4)
Whereyv is the velocity of the colloidy is the vicosity of the medium , and d is the
diameter of the colloid .

The velocity at which colloid moves in the abseatean electric field is described by

the following equation

v=[d*(p:- pe)g]/18 1 (Eq15)
where ps is the density of the colloigq, is the density of the medium and g is the
acceleration due to gravity.

The magnitude of the force that a colloid expereanm the presence of an electric
field is given by

Fe=QzE (Eq1.6)

WhereQk is the surface charge, which is given by

Qe=ue3Tnd ( Eq1.7)
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Whereue is the electrophoretic mobility of the colloid aBdis the applied voltage.
The electrophoretic mobility can be estimated fribvm zeta potential of the particles
which can be determined experimentally. When thgmtade of the force that a
colloid experiences in the presence of electrildfie greater than the natural forces

on the particles then the particles can be manigdlay the field.

Sometimes, the term electrodeposition is referoeds electrochemical deposition
or electroplating where and ionic solution of thetal is reduced to a metal by
electrochemistry. There can be two types of elgdtovetic deposition depending
on which electrode the deposition occurs. When plagticles are positively
charged, the deposition happens on the cathodehengdrocess is called cathodic
electrophoretic deposition. The deposition of nagdy charged particles on
positive electrode (anode) is termed as anodic treploretic deposition.
Depending on the surface charge of the particlearthe two types of deposition

is possible.

1.3.1.5. Electrodeposition in biosensor development

Application of the electrodeposition technique afopreparation of colloidal Au-
based enzyme electrode array easily and simplyausec the negatively charged
colloidal Au could be deposited on an electrodefazgr by applying positive
potentials. Colloidal Au modified on a solid elexte behaves as an ensemble of
closely spaced but isolated microelectrodes. Thuss ia suitable material for

fabrication of nano-scale biosensors.

Despic and Pavlovic first introduced the electraglio deposition technique for the
deposition of Au nanoparticles on the electrodéaser. Since then, this technique has
been used for the creation of biosensors by madifthe Au nanoparticles with
redox enzymes and later electrophoretically depasthem on the electrode surfaces.
Crumbliss et al [75] have developed biosensors peroxide, glucose and other
analytes based on this technique alas never ulmgechnique for arraying ( i.e

directed electrode position).
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Electrodeposition of redox polymers and glucosedaseé has been reported with
excellent catalytic activity based on crosslinkinghough these reports are used for
creating single molecule biosensors this technimge not been used to address and
immobilize these bionanomodules to specific logaioof an array for the
development of biosensor arrays. For the first tiselective electrodeposition of
oligonucleotide modified Au nanoparticles for thetettion of hybridization event
successfully using electrochemistry by differemtigtthe mutated DNA from the

experimental DNA has been reported by campas[édl

Over the years, a large number of methods have besed for the electrochemical
deposition of enzymes on electrodes as part offahdcation of electrochemically
based biosensors. Electrochemically controlled epedition of enzymes with other
proteins such as collagen and bovine serum alb(®%4) has been reported [78,79].
Co-deposition of enzyme glucose oxidase ( GOx hwitPt salt to form a Pt black
surface has bee reported where GOX sensors wegparpeeby first electrodeposition
of GOX / BSA (bovine serum albumin) mixture on piaged Pt and subsequent
crosslinking with glutaraldehyde[80]. Using thigeirophoretic deposition approach,
controlled immobilization of glucose oxidase (GQXf) a platinum electrode has been
achieved in the presence of a nonionic detergé&ritpn X-100 producing a
multilayer films [81]. A procedure is described thaovides for electrochemically
mediated deposition of enzyme and a polymer lagempelective for endogenous
electroactive species where electrodeposition west €mployed for the direct
immobilization of glucose oxidase to produce a amf, thin, and compact film on a
Pt electrode followed by the electropolymerizatioh phenol to form an anti-
interference and protective polyphenol film withive enzyme layer [82]. Layer-by-
layer electrodeposition of redox polymer/enzyme position films on screen-printed
carbon electrodes for fabrication of reagentlessyee biosensors has been used for
producing very stable and rigid films [83]. Gluedsiosensors based on the one-step
co-electrodeposition of a poly(vinylimidazole) coew of [Os(bpy)2Cl](+/2+) (PVI-
Os) and glucose oxidase (GOX) on a gold electrod@ce has been developed [84] .
Electrodeposition of hydrated redox polymers aneklectrodeposition of enzymes
thorugh coordinate crosslinking has been proweprbduce a stable enzymes films
with excellent catalytic activity [84]. All thesafforts were directed towards using the

elctrophoretic deposition to acheive maximum enzyioeding as well as higher
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activity. Though all the rserach work done by uselgctrophoretic deposition was
used for creating single molecule biosensors, ththnique has not been used to
address and immobilize these bionanomodules tafgplecations of an array for the
development of biosensor arrays. This is probably © the non-specific deposition

or aggregation due to vanderWaals forces alreagbudsed.

Selective electrodeposition of biofunctional gold amoparticles for

electrochemical biosensor array

In this work, for the first time, a novel way of tpgning enzymes was done by
modifying the gold nanoparticles with the enzymesshown in the scheme 1.2.4.
First gold nanoparticles were added to the enzyiméune . After mixing, the enzyme
modified gold nanoparticles were washed and separdtom the unmodified
particles. Later these stable enzyme gold nanapestiwere electrodeposited by

electric potential control.

electrode array

Selective

Attachment of proteins "
to the Au colloids Washing & seperation Electrodeposition

Scheme 1.2.4Preparation and electrodeposition of biofunctiareadi gold nanoparticles on

an electrode array

In order to have higher catalytic response,these mgnoparticles were modified with
a redox polymer for better electron transfer andrlanodified with the enzymes to
have multifunctional nanomodules. After electrodgpon the sensors showed a very
high substrate specific response with minimal npeedicity.
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1.3.2. Electrochemically controlled patterning methds for biosensor arrays

1.3.2.1. Electrochemical switching for biomoleculpatterning

Recently surfaces with switchable properties, whichn be controlled by
electrochemical potential, have been developed floe immobilisation of
biomolecules and cells. These surfaces could ltrielally switched from a state that
prevents the attachment of the cells or biomolectbea state that promoted cell or
biomolecule attachment which in turn provides aatsgy for the selective
immobilisation of the biomolecules. These surfaocffer a new dimension in the
design of advanced materials providing an elecgotbal route to turn on the
presentation of immobilized ligands. Dynamic sulitets based on a SAM presenting
hydroquinone groups on a background of ethylenedllgroups has been developed
for the immobilisation of cells [7,84,85]. In thtsise, hydroquinone groups has been
oxidised when an electric potential is appliedhe tinderlying gold film to give the
corresponding quinone, which then undergoes a thadeand efficient Diels-Alder
reaction with cyclopentadine functionality formirey covalent adduct. Based on
hydroquinone to quinone conversion and Diels Aldeaction, patterning of two
different types of cells has been achieved.

As a part of this, surfaces formed by the electigacself-assembled monolayers
have been developed. These electroactive substratsk the active group essential
for the binding of the selective biomolecule. Kand Kawk have developed an
electroactive hydroquinone monoester which mas&sctrboxylic acid functionality
essential for binding to the amine contaning bi@uoles [87-89]. Upon
electrochemical oxidation of the hydroquinone, gu@ is released and the
caroboxylic acid functionality is deprotected. Lratath the help of EDC + NHS, the
amine contaning biomolecules were attached to thieeagroup over the electrode
surface. The advantage of this strategy is thakry quantitative, rapid and that it
generated specific binding sites under mild condgi

Dynamic surface formed by the self-assembly of |dtenl electroactive acetal
substrate which reveals an aldehyde group uporretd®mical oxidation have been
reported. This technique is based on the prateaf the aldehyde moiety in the
form of an acetal mask. Upon application of eledtemical potential, the acetal

functionality can be activated very rapidly by e¢techemistry to reveal an aldehyde
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group, which can be used for the immobilisationaafine-containing ligands. The
advantage of this strategy compared to the preljiousntioned strategies is that the
label is directly reactive and the interaction daa monitored in real time. This
substrate has been used for cell migration sty®i@ls Strategies for controlling the
interface between a cell and a material have beseldped for cell based sensing
technologies.

1.3.2.2. Electrodesorption for biomolecule pattermg

Based on the electrodesorption, a simple, intedrpégterning technique based on the
electrochemical control called “Locally AddressabElectrochemical Patterning
Technique” ( LAEPT) has been developed [91]. Instmmethodology specific
adsorption / desorption of biomolecules onto sel&cegions has been acheived while
simultaneously preventing non-specific adsorptiarttee surronding areas. Using the
electrochemical desorption technique, proteinseveslsorbed after desorption of the
ethylene glycol self assembled surfaces by applyiagootential of > —-1.2V (vs
Ag/AgCl) [92].

1.3.2.3. Electropolymerisation for selective protei and DNA conjugation

Based on the polyphenol free radical electropolysaéion, insulating films are
formed on specific electrodes with multiple reaetiunctionalities (aldehyde, amine
and carboxylic acid groups) capable of conjugatngall molecules, proteins and
DNA oligonucleotide [28]. The most significant advage of this methodology is that
it offers multiple conjugation chemistries, is mairface specific and is stable in
aqueous solutions. All the chemicals used for thanthesis are available

commercially.

1.3.2.4. Electrochemical addressing for patterningf biomolecules

The basic principle behind this technique is theaciiment of free radical to the
electrode surface. Diazonium salts have been widedy for the selective patterning
of biomolecules. In this case, the aniline denxais diazotanized to form an aryl

diazonium. Later the reduction of aryl diazoniuraeg an aryl radical which can be
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attached to the electrode surface selctively byea fadical — electrode bonding.
Using this approach, the biomolecules can be cagaito the aniline derivatives and
further deposited on the electrode surfaces. tieleltemically directed addressing of
proteins on to graphite electrodes has been rapdnyelinking the proteins to the

diazonium derivatives [93,94].

Electrochemical addressing through electrochemieduction of nitro groups to
amine groups and further covalent linkage covajetitiDNA using heterofunctional
cross-linker  sulfo- succinimidyl 4-(N-maleimidorhgt)cyclohexan-1-carboxylate
(SSMCC) has been demonstrated [95]. In this ambroaitrogroup funtionalized
groups were immobilised on the electrode surfadegudiazonium chemistry. Later
the amine groups are reduced for the immobilizatibbiomolecules.

Recently “click” chemistry which is a 1,3-dipolayaoaddition between an azide and
a terminal alkyne to a 1,2,3-triazole in the preseaf copper (I) catalyst has been
used to independently address microelectrodes 198]3-triazole formation between
terminal acetylenes and the organic azides isieffity catalyzed by copper (1)
complexes, since the oxidized copper (Il) complextesinactive. Using the switching
of the redox state by electroactivating and deatitig the catalyst the above reaction
can be controlled electrochemically.

Very recently , selective electrodeposition of ohgcleotide modified Au
nanoparticles on an IDE array for the detectiontha hybridisation event using
electrochemistry by differentiating the mutated DRAm the control DNA has been
reported [74]. Controlloing the surface functiatyaby electric signals in order to
electrically address the fabrication of biosensoays has been reported [95,97].

The objective of all the above methods is to cdrtne patterning of biomolecules
electrochemically.

In this thesis, three different electrochemicalyntolled patterning methods have
been used for the selective patterning of biomdex The first method is the
selective electrodeposition of biofunctionalizeddgeanoparticles just by controlling
potentials. The second is the selective electroatedndeprotection of aldehyde for
the selective immobilization of the enzymes. Thiedtlis selective electrodeposition
of the viologen functionalised biomolecules throughdical-electrode interactions.
All three methods have shown excellent selectiwtith minimal non-specific

adsorption.
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1.4. ORGANIZATION OF THE THESIS

The overall objective of this thesis is to developw methods of patterning
biomolecules for creating biosensor arrays witlpecgl focus on the simplicity and
versatility. Proteins especially enzymes were usgednodel biomolecules for these
studies. If successful, these patterning methodsldhmake a substantial contribution
in the field of low cost biosensor arrays. The lghaork describes four different
types of patterning methods. In all the cases sxterpatterning was not atempted,
but rather an effort was made to optimise seldgtion a pair of electrodes, one used

as the study electrode and the other as contiguiantify non-specific events.

Overview of the thesis chapters:

Chapter 1 introduces an overall view of biosensoays, different methods for
arraying with focus on the recent developmentshi@ tield of biosensor arrays,
fundamentals of electrodeposition which includesotly of electrophoretic deposition
and its applications towards biosensors and finalgctrochemical addressing
methods available in the literature. One of thennt@nclusions is that despite the
great progress made in deciphering selective patigr there is a lack of

understanding at the microscopic level.

The next three chapters present an electrochemiaahtrolled patterning of
biomolecules through addressed electrodeposition fahctionalised gold
nanoparticles for producing biosensor arrays. Giragt presents the methods to
produce stable biofunctionalised Au nanoparticlesere are many obstacles while
preparing enzyme modified Au nanoparticles, mainlyhe form of aggregation, due
to presence of multiple functional moieties ess#ntor attachment to the Au
nanoparticle. In order to avoid this problem, pirtgewere immobilised on the Au
nanoparticle by using different Au colloid interacis such as gold-thiol dative
bonding, steric interactions and electrostatic radgons. Biofunctionalised gold
colloids were characterized using different colédidharacterization techniques. The
main conclusion from this chapter is that stablafurictionalised gold nanoparticles

have been prepared and characterized which canutteerf used for producing
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biosensor arrays. Chapter 3 presents the fundahstathes on the electrodeposition
of biofunctionalised gold nanoparticles by studyihg effect of various parameters
during the electrodeposition process. As a redutiese studies, the behaviour of the
electrodes after electrodeposition of the biofunwiised gold nanoparticles can be
understood. Chapter 4 deals with the selective treléeposition of the
biofunctionalised gold nanoparticles for produceigctrochemical biosensor arrays.
Two different methods were used for achieving thise first method is based on the
selective elctrophoretic deposition of biomoleciulectionalised Au nanoparticles by
just controlling potentials. The advantage of tieishnique is, increase in the surface
area due to the use of nanometer sized gold pesti@xcellent catalytic activity,
biocompatibility due to the retenstion of the eneyattivity. The second method is
the controlled electrodeposition of multifunctiomalnoparticles formed by layer-by-
layer modification of gold nanoparticles with redoalymer and glucose oxidase for
application towards biosensors. Both these metrstisved good selectivity and

acceptable amperometric response.

Chapter 5 presents an electrochemically contrgbatlerning method for biosensor
where an acetal functionality self assembled ongblkl electrode is activated to
produce an aldehyde functionality, which was furtbeed for conjugation to the
biomolecules. This method showed good selectivity dimply controlling the

potentials of the electrodes for the immobilizatadrihe required biomolecules.

Chapter 6 presents an electrochemically controlfdterning method where
biomolecule was selectively immobilised on the 4yridinium functionalised

surfaces, again by simply controlling the electrpdeential.

Chapter 7 presents the selective protein patterainghe microscale level on an
interdigitated array through photolithography. Bm$ were photolithographed with
higher selectivity due to the use of bioaompatipietoresist and can be used for

producing biosensor arrays.

Chapter 8 reaches the conclusions of the work aodige an outlook on different
methods explained for the controlled patterningpiomolecules along with the future

extensions possible.
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It should be noted that throughout the thesiséhm t‘arraying” refers to the proof of
principle of patterning by demonstrating and qifgimg the non-specific events

between the study electrode and a control.

1.5. Abbrevations

AP-Alkaline phospatase

AFM-Atomic force microscopy

DPN-Dip pen nanolithography

DNA — Deoxyribonuleic acid

ELISA- Enzyme Linked Immunosorbent Assay
HRP-Horse radish peroxidase

QCM-Quartz crystal microbalance

PDMS- polydimethylsiloxane

SPR-Surface plasmon resonance
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Chapter 2. Preparation and characterisation of biofinctionalised gold

nanoparticles

2.1. Abstract

The aim of this work is to prepare and charactebisenolecule functionalised gold
nanoparticles. Stable suspensions of such bionadol®® can be used for their
application in biosensors. Gold nanoparticles wsyathesized and characterised.
Biomolecules were attached to the surface of gwmdshoparticles using three
different approaches: gold-thiol dative bondingiedt adsorption and electrostatic
layer-by-layer modification.

For the preparation of bionanoconjugates using -tfolkol dative bonding, native
enzymes were modified by incorporating sulfhydrybgps on their surfaces using
different thiolation protocols. The thiolated enzgsnwere conjugated with the gold
nanoparticles and characterised. Bovine serum atbu(BSA) modified gold
nanoparticles prepared based on the second appsiamled a high stability at
different pH. Finally using the third approach, atgely charged gold nanoparticles
were modified with cationic osmium redox polymerP()Ro acheive higher electron
transfer rates. In a second step, RP modified gudoparticles were further
modified with anionic enzymes.

Biofunctionalized gold nanoparticles were charastst by measurement of their
zeta potential, UV-Visible spectroscopy and trarssion electron microscopy
(TEM).

2.2. Introduction

Surface functionalisation of gold nanoparticles i®cus of current research interest

in understanding their physical chemistry and ptoe based sensor applications.

The adsorption and conformation of proteins on instafaces is critical to many
bioanalytical techniques involving transduction @ifotein-based signals for
detection including electrochemistry, SERS, surfpt@smon resonance and quartz

crystal microgravimetry [1,2]. Unfortunately pratei adsorbed directly on metallic
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surfaces suffer from denaturation. To address gghadblem, Au nanoparticles were
used to modify the metallic surfaces. Proteins hbtomgold colloids are known to
retain biological activity [3,4]. Metal particle dmanoconjugates are important
structures for biosensing, therapeutic delivery amedlular imaging where Au
nanoparticles can be used delivery agents for bieoutes [5-13]. Cell-targeting
peptides were conjugated to bovine serum albumiBABwhere peptide-BSA
conjugates were subsequently adsorbed onto goldpaaticles, microinjected into
cell lines for transmission electron microscopy laggtions [14-16]. Stability of the
BSA modified Au nanoparticles studied at differguid and proved that steric
interactions play a major role for the surface nfiodtion of Au nanoparticles by
BSA [17].

In the area of metal nanoparticle-enzyme conjugataterials, Crumbliss,
Stonehuerner and coworkers have studied the foomatnd enzymatic activity of
gold nanoparticles complexed with horse radish ypdase (HRP ) and xanthine
oxidase (XOD) as well as glucose oxidase (GOX) @amtbonic anhydrase molecules
[18]. A significant feature of their work is thehonstration that enzyme molecules
are bound tightly to gold colloidal particles andtain significant biocatalytic
activity in the conjugated form. Layer-by-layer(LED) self assemLy technique has
been used as an alternative method for the corigiruof protein multilayer
films[19]. The L-b-L method has been widely empldyéor the formation of
multilayer films of a wide array of water solubleogeins, alternately assembled
with oppositely charged polyelectrolytes [20-22]s An extension to this work, in
this chapter Au nanoparticles were modified by eneg through electrostatic
interactions by combining advantages of mediat@ogation on the Au nanopatrticle

surface for better electron transfer and enzyméi@recognition.

There are two key requirements while preparingunefionalized Au nanoparticles.
a) The suspension of the biofunctionalized Au nambples should be highly stable
Preparation of a stable dispersion of biofunctioreal Au nanoparticles is a
necessary requirement for successful electrophlwré¢iposition (EPD). A well-

dispersed stable suspension will result in betegodition during the EPD process
compared to an unstable or agglomerated partidpension [23,24]. In the present
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work, utmost importance is given towards maintanitige  stability of the
bionanoconjugates. The best conditions for manmg the stability of the
biofunctionalized Au nanoparticles are presentadhls chapter, bionanoconjugates
were prepared using different methods. In this tdastability of the particles was
monitored by zeta potential measurements. The nadmiof the zeta potential
gives an indication of the potential stability dfetcolloidal system [25]. If all the
particles in suspension have a large negative sityzeta potential they will tend
to repel each other and there is no tendency tectilate. Zeta potential
determination gives valuable information about sheface charge of the particles so
that depending on that the particles can be matlifigh opposite charges.
UV-Visible spectroscopy was used for monitoring ttleanges on the surface of
gold colloids while modification with biomoleculedn the case of UV-visible
spectroscopy gold nanoparticles were characterisedbserving localised surface
plasmon resonance peak characteristic of gold idslJovhich is absent in the case
of bulk metals and gives information about the Bitgbof the Au nanoparticles. By
using this technique, valuable information regagdihe surface modification when
the Au nanoparticles are modified by proteins ant/pers due to the changes in

the surface plasmon peak can be obtained.

b) The biomolecule should retain its native activit

Direct adsorption of proteins onto naked metal atet can frequently result in their
denaturation and the loss of bioactivity. Hence Hhemolecule after attachment
with the Au nanoparticles should retain its nataaivity which is essential for the
funtionality of the biosensors. As a part of thasultifunctional Au nanoparticles
were prepared by modifying the Au nanoparticleshwigdox polymer in order to

have better electron transfer capability for breseg.
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2.3. Experimental

2.3.1. Apparatus

Absorption spectra were measured with an HP 8453ibible spectrophotometer.
Zeta potential mesurements were done using zewr SMALVERN, UK). All
solutions were made with purified distilled wateotaned from a Milli-Q water
system. Centrifugation of the Au particles was perfed by Mikro22R (Hettich).
Optical images of the Au nanoparticles were olddimy Transmission Electron
Microscope ( Zeiss 10 CA).

2.3.2. Materials

Tetrachloroauric [llIl] acid (HAuCl4), Sodium citmt Horseradish peroxidase
(HRP), Bovine serum albumin (BSA) (A-7888), merasihanolN-Succinimidyl S-
acetylthioacetate (SATA), Dithiobis-N-succinimidgtopionate (DTSP), 1-Ethyl-3-
(3-dimethylaminopropyl)-carbodiimide (EDC), and 3%35-tetramethyl-benzidine
(TMB) liquid substrate system for colour developmérontaining TMB and kD,

in an slightly acidic buffer) (T-0440) were purckdsfrom Sigma-Aldrich, Spain.
Glucose oxidase (GOX) was purchased from Biozyraés, The polycationic redox
polymer, poly [vinylpyridine Os (bis-bipyridine) 2Jcco-allylamine (PVP-Os-
AA)(RP 1) and the redox co-polymer (RP 2) as shawrthe Figure 2.1 were
synthesized as reported in the literature [26]. @aus solutions were prepared with
Milli Q water (Milli Q system, Millipore). 20nm rad 5nm gold colloids were
purchased from Sigma-Aldrich, Spain. Fluorscendll&ITC labelled 3FITC-(C)
12(T) 20(C) 12-SH 5 and digoxigenin labelled PROBE, 'd&)-
ACTTAACCGAGTCGACCGA-SH 5were purchased from Genosys.

2.3.3. Synthesis of Au nanoparticles and charactesation

All glassware used in the procedures was cleaned bath of freshly prepared

solution (3:1 HNQ@Q-HCI), thoroughly washed with water. Gold nanopaées were
synthesized by using the well known Frens metha [4n this case, 10Ql of 10
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% HAuUCI, was dissolved in 98.5 mL-distilled water. The mnauwas left stirring

with continuous boiling. To this boiling mixture,.5l mL of Sodium citrate was
added and left to react for 20 min until a wine oadour solution formed. Later the
heater was turned off and the stirring was contthé® the next 30 min. Gold
colloids were characterised and stored’&t. 4

2.3.4. Preparation of biofunctionalized nanoconjugtes

As outlined before, three different methodologiesravtried for modifying gold
nanoparticles with biomolecules. The first one talkdvantage of the well known
gold-thiol interactions. The second one is the ddir@dsorption of proteins on the
gold nanoparticle surface. The third one is thestayy-layer modification of gold

nanoparticles with redox polymer and enzymes thinogigctrostatic interactions.
2.3.4.1. Bionanoconjugates based on Au-thiol intecions

Redox enzymes (HRP, GOX) were modified in ordecteate thiols externally by
using different thiolation protocols. This modiftean should be done according to

the structural properties and properties of thévaatentre of the redox enzymes.

Three different protocols were used for thiolatadrenzymes
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2.3.4.1.1. Thiolation of enzymes

2.3.4.1.1.1. SATA method of thiolation

SATA method of thiolation is followed according tiwe protocol modified from that

explained[28] .
25 L of SATA 10 mg mL* enzyme dissolved in
contaning 15 mg mr* + 50 mM Sodium phospate, pH 7.5,
dissolved in DMSO containing 1 mM EDTA
v

Reaction for 30min at room temperature

Purification of the conjugated

/\ products by 25 sephadex

column using the buffer 50

v mM Sodium phospate, pH 7.5,

500pL of the fractions containing the modified enzymieiet contains
the thiols in the protected stage are collectedtasigd with Ellmans

reagent for the presence of SH groups

Next, the acetylated —SH groups were deprotectedgudO00 pL of 0.5 M
hydroxylamine hydrochloride ( NHOH) in 50mM Sodium phospate, pH 7.5,
containing 25 mM EDTA added to 1mL of SATA moddig@rotein solution. After
reacting for 2 h, the mixture was purified by usi@g25 sephadex column with
50mM Sodium phospate, pH 7.5, containing 1mM EDTAe protein fractions
collected were checked by Ellmans assay for thegmee of —SH groups. Later the
fractions were concentrated using ultrafiltratiorcracons depending on the size of
the enzyme with the 0.1M PBS pH 7.0.
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2.3.4.1.1.2. Thiolation using carbo

The scheme 2.1 represents the protocol for obtgithe thiolated GOX using the 1-

Ethyl-3- (3-dimethylaminopropyl)

conjugate the amine groups of the cystamine tocdmdoxylic acid groups of the

diimide chemisy

-carbodiimide (ED@s a thiolation reagent to

protein.
10 mg mL ! of GOX 50uL of 10mM
disgolved in 0.1 cystamine 50uL of 1-Ethyl-3-(3-
sodium phosphate + | phosphate + dimethvlatinopropyl)
containing 0. 151 containing 0.15M carbodiimide (EDC)
MaCl pH4.5 MaCl, pH4 .5

h

Reaction for Zh at room temperature

"

Furification of the conjugated
products by 3-25 sephadex
column using the buffer 10 m

r

Cystamine conjugated GOX

25uL of
f dithi oerithreitol (DTT)

(0.5mg mL ™)

Punfication of the conjugated

f products by G-235 sephadex column

Y

r using the 20Mm sodium phosphate

Thiolated GOX

Scheme 2.1.Flow chart of the thiolation

of GOX using carliodde reaction
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2.3.4.1.1.3. Thiolation of enzymes through bi-phasseparation using DTSP

The scheme showing the reaction between the DTSPHRP is shown in the
scheme 2.2. First, 1 mg HRP was dissolved in 1 fnWwater and mixed with 3.1mg
DTSP dissolved in 1mL THF and left to react withrrgtg for 5 h at room
temperature. Next the unattached DTSP was ernlaby 10 mL of THF +

benzene.

8] 05;4{::;:>£§§O
‘ NHg
N—1 s—s§ 0
W VY i
0 o

0]

O—2=

H”_OWSSW
9] o

Scheme 2.2 .Schematic representaion of DTSP thiolation protoc

Later the separated modified enzyme was concentraig®ing microcon and
dissolved in 0.01M phosphate buffer, pH 7.0. Aityivof the thiolated HRP was
compared with the native enzyme by incubating tbkl glectrode with 1mg mrC*
with both thiolated and native HRP for 5h.

2.3.4.1.1.4. Assaying of thiolated GOX enzyme actiy

Enzyme activity assay of the thiolated GOX was dasmg the available protocol
outlined in the biozyme laboratories, UK [30] armhgared with the activity of the
unmodified enzyme. Quantification of the thiolg the thiolated enzymes is done

by using the Ellmans assay [31].
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2.3.4.1.2. Preparation of enzyme conjugated gold naparticles

Enzymes thiolated by using SATA method were usedcfinjugation experiments.
20nm Au nanoparticles were added into eppendonfisagung thiolated HRP solution
in 0.1M phosphate buffered saline pH 7.0 and miwedl. The final colloidal gold
concentrations were 2.3 x f(particles mL™ and the final enzyme concentration was
250uM ( 10 mg mL™) to make sure an excess enzyme molecules scheharoblem of
aggregation due to the multiple moieties of the HRR be avoided and the particles
can be stable. Mixtures were left to react fod hdat room temperature protected from
light. Afterwards, they were centrifuged twice &08 rpm and 4°C for 30 min. The
supernatants were removed, and the pellets wengspesded in 0.1M phosphate
buffered saline, pH 7.0. Finally HRP-Au colloidem used for further experiments.
For the preparation of GOX modified Au nanoparscléhe same above mentioned
protocol was repeated using 6281 ( 10 mg mL ™) with 5nm and 20nm Au

nanoparticles.
2.3.4.2. Bionanoconjugates based on steric interamhs
2.3.4.2.1. Preparation of BSA modified Au nanopartiles

BSA binds to the Au nanoparticle surface due tatetstatic as well as the steric
interactions [32]. Some fundamental studies hawenl®one using BSA as a model
protein for modifying Au nanoparticles. Initiallyh¢ effect of BSA on the
electrodeposition of Au nanoparticles was studiadbrder to prepare these, initially
citrate stabilised Au colloids were washed thraee8 through centrifugation at
5000 rpm for 30min with distilled water to conceaattr the Au sol and to remove the
impurities. Later 10@L of the pellet containing concentrated Au sol veakled to
1% BSA and mixed for 30min. Later the mixture wantrifuged at 5000 rpm for
30min thrice to remove the unadsorbed BSA. FinaD@uL of the pellet contaning

BSA modified nano Au was used for electrodeposisardies.
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2.3.4.3. Bionanoconjugates based on electrostatiteractions

2.3.4.3.1. Layer-by-layer modification of the Au anoparticles with redox polymer

/ enzyme / redox polymer

Layer-by-layer formation of the RP 2 / GOX / RP 2 the gold nanoparticles was
done in a step by step manner starting with theifieadion of gold colloids with
cationic osmium redox polymer followed by the machtion with the glucose
oxidase and finally again with the redox polymesshswn in the scheme 2.3.

Osmium POs Osmium coPOS

W
o

Figure 2.1.Structure of redox polymers RP 1 (osmium POs)RIA@ (osmium coPOs) used for

modifying Au nanopatrticles.

In the first step, several aliquots of 30 nm gotdla@ds containing 1mL each were
centrifuged at 5000 rpm for 30 min in order to cemitate the gold sol as well as for
reducing the citrate concentration present in tlaton. 950uL of the supernatant
was removed from each eppendorf and replaced mghsame amount of water.
This step was repeated total three times to comlyleemove the impurities. In the
second step, 5QL of the concentrated pellet collected after cdagration was
added drop by drop to the 950 of 10 mg mL* cationic redox polymer solution
while stirring. The mixture was left overnight teact at room temperature away
from light with continuous stirring. Next the mixei was washed three times by
centrifugation at 5000 rpm for 30 min with distdlavater removing 950L of the
supernatant and replacing it by the same amourtisifiled water. This washing
was carried out to separate the redox polymer mextlihanoparticles and the
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unmodified particles. After the modification withPR 5QuL of the concentrated
pellet was added drop by drop to the @60of 10 mg mL* of glucose oxidase
dissolved in milli Q distilled water while stirring’he mixture was left overnight to
react at room temperature away from light with cmmbus stirring. As the
isoelectric point ( pl ) of GOX is 4.2, the enzyrmskould have negative charge at
higher pH which is essential for the attachmenttie redox polymer modified
nanoparticles. Again the RP-GOX modified gold naartigles mixture was washed
three times by centrifugation at 5000 rpm for 3Gmiith distilled water removing
950 uL of the supernatant and replacing it by the sameunt of distilled water.
The modification with the outer RP layer was acki\by repeating the addition of
RP-GOX modified gold nanoparticles to the catiomedox polymer solution,
leaving under stirring overnight in darkness ante¢hconsecutive washing steps

with distilled water.

Scheme 2.3Scheme of step by step modification of Au nanophas with redox polymer
(RP 2) first followed by GOX and finally again witkdox polymer ( RP 2).

In the case of HRP, the same protocol used for @@X was used for the
modification of nano Au with change in the redoxlymoer. In this modification
protocol, RP1 was used instead of RP2. HRP wa®ldisd in the 0.1M PBS pH 7.8
to have a negatively charge surface.

2.3.5. Characterisation of gold colloids

UV-Visible absorption spectroscopy was used for soeag the characteristic

surface plasmon resonance of the Au colloids. TENs wsed to characterise the

particles optically. Size measurements of the g@doparticles were taken with the
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help of the zeta sizer. Combination of all these¢hwods gives accurate information

about the particle characteristics.

2.3.6. Characterisation & stability studies of BSAmodified Au nanoparticles

100 pL pellets containing the concentrated Au sol (3®?Iparticles per mL™)
were dissolved in 90QL of various buffers like 0.1M citrate-HCI at pH03.0.1 M
Phosphate Buffered Saline at pH 6.0 and 8.0, ahi¥l @Glycine-NaOH at pH 10.0
and 12.0 to check the stability of Au nanopartidesthat the final concentration of
the particles were 3 x 18 particles mL™ ). Zeta potential measurements were
compared in order to see how effective is the pmnotan preventing gold
nanoparticles from aggregation.

2.3.7. Characterisation of layer-by-layer modificaton of gold nanoparticles with

redox polymer and enzymes

2.3.7.1. Characterisation & stability of redox polyner modified Au nanoparticles

Redox polymer modified Au nanoparticles prepare@ygsdained was used to study
the stability by dissolving in buffers with varioggH 3.0, 6.0, 8.0, 10.0 & 12.0.
Monitoring of the colour changes along with the W&ible measurements for the
surface plasmon resonance peak of the Au nanofesticas done for studying the

aggregation behaviour of the Au nanoparticles.

2.3.7.2. Characterisation of layer-by-layer modifid redox polymer / enzyme /

redox polymer Au nanoparticles

The Zeta potential measurements were used to nroth#® adsorption of redox
polymer and enzymes (GOX, HRP) onto the surface®\w nanoparticles by
observing the changes of charge sign on the parsigiface with the succesive layer
modifications. This approach provides indirect dadly qualitative information
about the adsorption of species onto oppositelyrgdth particles. UV-visible
absorption spectroscopy was used for measuringtibages on the surface plasmon

resonance of the Au colloids due to the modificatwith redox polymer and
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enzymes that demonstrate the stability of gold add as well as the changes
occurring on the Au colloid surface.

2.4. Results and Discussion

2.4.1. Synthesis of colloidal particles

The change of colour from light yellow to red calonas due to the reduction of
Au[4] to Au (0) started instantaneously. The diasnebf the Au nanoparticles
prepared by the second protocol was 30 nm. Figiltesl2ows UV-vis measurements
with a maximum absorbance peak around 525 nm, wtledwly shows the presence
of nano Au. In Figure 2.3, Zeta sizer measuremesiiew the size of Au
nanoparticles is around 30 nm with a zeta potewfial —45mV.
The zeta potential combined with the UV-Visible spescopy data proved the
stability of Au nanopatrticles.

0.8

—— Au colloids

0.6 1

0.4 1

Absorbance(AU)

0.2 1

00 T T T T T T
300 400 500 600 700 800 900

Wavelength (nm )

Figure 2.2. UV-Visible spectroscopy of 30nm gold colloids dibsal in distilled water
(2 x 10* particles)

Figure 2.4 shows the typical TEM image of the sgsithed 30nm Au nanoparticles.
From the Figures 2.3 and 2.4, it can be confirnted the particles are homogenous

and the size of the particles is 30nm.
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Figure 2.3. Zeta size and zeta potential measurements ofythéhasized Au nanoparticles

dissolved in distilled water (3 x 16 particles )

Figure 2.4. Typical TEM image of the 30nm spherical Au nanojgées ( on a carbon
coated copper grids)
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2.4.2. Thiolation of enzymes

In order to determine the best method of thiolatibiisOX, the residual activity of the
enzyme after thiolation and the number of thiolup® per enzyme were determined.
From Figure 2.5, it can be observed that the dgtofi the thiolated enzyme (GOX) was
retained almost completely when using the SATA métbf modification as compared
with the EDC method.

120

O % of retained activity
B male fraction of thiols § GOX

100 +

80 +

60 4

40 A

20 A

unmodified EDC- G0N SATA-GOX

Figure 2.5. Comparison of the two protocols of thiolation. G@e&idual enzymatic activity

and number of thiols created per molecule.

It can also be seen that there were more thiolatedeby the SATA method as
compared with the EDC method of modification. Basedthese observations the
SATA method of thiolation was chosen as the mogtrajriate.

In the case of HRP, the DTSP protocol was used uUssgan this case success of
thiolation and retention of activity was validateg adsorbing native HRP and later
DTSP modified HRP on gold electrodes and assayieqitfor enzymatic activity. It
was found that DTSP-HRP modified electrodes resdulte five fold increase of
activity after incubation of the electrodes cleadgmonstrate that thiolation was
successful and presented an advantage with regpachieving modified electrodes

with higher activity.

54



UNIVERSITAT ROVIRA I VIRGILI

ELECTROCHEMICALLY CONTROLLED PATTERNING FOR BIOSENSOR ARRAYS.
Srujan Kumar Dondapati

ISBN: 978-84-690-8289-8 / D.L: T.1761-2007

Chapter 2efparation and characterisation of biofunctionaligeldl nanoparticles

2.4.3. Characterisation of HRP-Au nanoconjugates

Figure 2.6 shows the effect of HRP-modificationld¥-Visible spectroscopy of Au
nanoparticles. It can be observed that HRP modiadnanoparticles showed two
peaks at 535 nm characteristic of Au nanoparticdss well as at 405 nm
characteristic of heme group of HRP. The resules @mpared to the unmodified
HRP and Au nanoparticle controls, and demonstitae WV-Vis spectrophotometry
carries useful information for the characterisatioin bioconjugates. Independent
experiments showed that in order to achieve saturamodification of Au colloids
with model thiolated molecules, a 40 h interactweas necessary and for this reason

this time was used for subsequent experiments.

1.0

(a) HRF - Au colloid
(0] Ay colloid
() HRP

0.s

Absortznce(AU)

i)
0.0

S00 400 a00 &0O0 /00 aan = N}
Wavelength (nm)

Figure 2.6. UV-Visible spectra of HRP modified Au nanopartgléurve a) in comparison
with the unmodified Au colloid (curve b) and HRRufee c) controls dissolved in distilled
water (pH 6.7). Concentrations: HRP control (3209 mL 7), Au nanoparticles control: 2

x10 ' particles mL™
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2.4.4. Effect of pH on the Zeta potential of BSA naified Au nanoparticles

When working with the colloidal particle for EPDdsucial to establish the operational
window in which nanoparticle solution is stablegiiie 2.7 shows the zeta potential
measurements from a pH titration of 30nm nanopesistabilized by BSA. The BSA
modified particles exhibited a pl around 5. The odified nanoparticle suspension is
least stable at the isoelectric point because relgetic repulsion is at a minimum and
attractive van der Waals interaction lead to pertilocculation. The pH titration of the
unmodified Au nanoparticles is not shown here @&sparticles are not stable enough
below pH 7.0. This clearly proves that even thotlggre is a change in the charge of
the BSA modified Au nanopatrticles, they are stasieugh not to aggregate. The zeta -
potential data show that BSA imparts stability te gold nanoparticles with respect to
aggregation by both electrostatic (depending orptieforces and steric interactions.

30

8 BSA modified Aunanopartices

20 H E

10 H

potertial (€ )

pH

Figure 2.7. Zeta Potential{) in mV of BSA modified 30-nm gold nanoparticlecoeded
as a function of pH. The average -potentials awdt@d with error bars representing the
standard deviations for n = 5 measurements. Nurabgarticles: 3 x 13" particles mL™,
Buffers: 0.1 M citrate-HCI pH 3.0, 0.1M PBS pH @&fd 8.0, and 0.1 M Glycine-NaOH pH
10.0 and12.0.
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Stability imparted by steric interactions (bulkyoprins on the surface preventing
neighboring gold nanoparticles from getting in @osnough proximity to interact
and aggregate) is demonstrated by the fact that-B&hAed gold nanoparticles

remain stable even at the pl of the colloid.

2.4.5. Stability of redox polymer modified Au nanoprticles with pH

Unmodified Au nanoparticles are highly stable at PHO and aggregate completely
at pH 3.0. This might be due to the increase indhecentration of hydrogen (H
ions at low pH and decrease in the hydroxyl (Pkbns, which cause the particles to
aggregate. After modifying with redox polymer (RF, the stability behaviour of
the modified particles changed completely.

At pH 3.0, redox polymer modified Au nanoparticlae highly stable. It can be
observed from the Figure 2.8 that there is theqmes of sharp peak at 535nm and
the ratio of absorbance between 530 and 650 isehighisually the particles have a
wine red colour. At pH 12.0 there is violet colofarmation visually and the
particles are aggregated with a very low ratio led absorbance between 530 and
650.
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Figure 2.8. UV-Visible spectroscopy of RP 2 modified Au nandpdes at different pH
conditions. Concentration of the particles: 3 x'i@articles mL™, Buffers: 0.1 M citrate-
HCIl pH 3.0 and 0.1 M Glycine-NaOH pH 12.0

When the modified particles dissolved in pH 12.0fféwu were centrifuged, the

aggregated particles settled as a black pelleterAfemoving the supernatant and
replacing with the same amount of solution at pH, &ll the particles that were

aggregated dissolved resulting in a red colourddtiem. UV-visible spectra clearly

showed the increase in the ratio of the absorbaatees between 530 nm and 630
nm as the pH was changed from 12.0 to 3.0. Thedvedmsorbance peak observed
due to the aggregation of the particles at pH Ii2€ame narrow with a sharp peak
characteristic of the stable Au sol. This showst tttee Au nanoparticles are

modified with the redox polymer successfully ane tmodified particles showed

rarely observed reversible pH dependent aggregaeb@aviour.

2.4.6. UV-Visible characterisation of Layer-by-Laye modified Au / RP 2 /
GOX / RP 2 particles

Figure 2.9 shows UV-Vis absorbance spectra of its¢ &nd second layers of RP 2
modified Au nanoparticles. Initially gold colloidgave a characteristic surface

plasmon resonance absorption peak at523 nm.
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Figure 2.9. UV-visible spectroscopy of the Au colloids moddi¢ayer-by-layer with redox
polymer / GOX / redox polymer.

After modification with the succesive layers theakeshifted to 538 nm upon RP
modification, then to 544 nm after GOX modificati@md back to 538 nm after
modifying with the outer RP 2 layer. The modifiedld) nanoparticles also showed
characteristic absorbance peaks due to the rediypmpo at 300 nm as well as at
260 nm. There is an increase in the peak intereftgr modifying with the second
redox polymer.

2.4.7. Zeta Potential Characterisation of Au/ RP 2 GOX / RP 2 particles

From Figure 2.10, it can be observed that bare galdoparticles showed a zeta-
potential of - 0.45 V, while the same nanopartialesdified with the first layer of
RP 2 showed a change to + 0.28 V. After modificatrath GOX, a charge reversal
was observed to -0.23 V. Finally after the secomygkt of RP 2 modification, the
surface charge changed to + 0.26 V. This obseynativerifies qualitatively the
efficiency of modification of the surface of the Aanoparticles with the redox

polymer and GOX.
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Figure 2.10.Zeta potential of Au nanoparticles modified witR R followed by GOX and further by

RP 2. Concentration of the particles: 3 X1particles mL™*

Figure 2.11 shows the zeta potential curve of tiRPH/ RP 1 modified Au
nanoparticles. From this figure, it can be obsertleat the zeta potential changes
from — 45 mV of the bare Au nanoparticles to +8¥ after modifying the gold
nanoparticles with RP1. When the RP 1-modified Aanaparticles were modified
with HRP the zeta potential value changed to + 20 m

o
1

!

Zeta Potential { &)

Al colold Al oallokd + redod pak'mar HRF

Figure 2.11.Zeta potential of Au nanoparticles modified witR R followed by HRP and further by

RP1. Concentration of the particles: 3 Xiparticles mL™*
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2.5. Conclusions

In this chapter, biofunctionalized Au nanoparticlesre prepared and characterised.
Initially Au nanoparticles were synthesized andreleterised successfully. Later the
Au nanoparticles were modified with biomoleculesotigh different approaches. In
the first approach where biomolecules were congdatthrough Au-thiol
interactions, enzymes were thiolated and immobilizen the surface of Au
nanoparticles successfully. Biofunctionalised nartiples formed using Au-thiol
interactions are stable enough and well chara&eéris Au nanoparticles were
modified with BSA through steric interactions. Syuaf the effect of pH on the BSA
modified Au nanoparticles showed that the partides stable at all pH s with a
variation in the surface charge. In the third agah, multifunctional nanoparticles
were prepared by modifying Au nanoparticles witdae polymer and the enzymes
using L-b-L approach. Zeta potential values dest@ted the successfull
modification of Au nanoparticles with redox funaiality followed by the enzymes.
Effect of pH on the redox polymer modified Au naadiicles proved that there was
a pH based switching of redox polymer modified rzarticles from aggregation to
non-aggregation. This effect is rarely observed @rserves as an additional proof

of successful modification of the Au colloids.

2.6. Abbrevations

BSA — Bovine serum albumin
DTSP-Dithiobis-N-succinimidyl propionate (DTSP)
EDC-1-Ethyl-3- (3-dimethylaminopropyl)-carbodiimide
EPD — Electrophoretic deposition

FITC - Fluorescein iso thiocyanate

GOX — Glucose oxidase

HRP — Horse radish peroxidase

L-b-L — Layer by Layer

PBS — Phosphate buffered saline

RP — redox polymer
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SATA- N-Succinimidyl S-acetylthioacetate

TEM — Transmission electron microscopy

TMB - 3,3, 5,5’-tetramethyl-benzidine liquid subeste
UV-Vis — Ultraviolet Visible
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Chapter 3. Electrodeposition of functionalised Au anopatrticles

3.1. Abstract

The aim of this chapter is to establish the opagatconditions for controlled
electrodeposition of functionalised Au nanopartictn electrode surfaces. For this
reason the effects of BSA presence on the surfdd@umanoparticles, of applied
potential, of duration of applied field , of intéeetrode distance and size of counter
electrode ( field intensity and sitribution) weseudied on the efficiency of the
deposition. This efficiency was determined by elechemistry and observation of
the electrode under SEM. It was found that botldfiatensity and distribution and
colloidal suspension properties are important forcantrolled and efficient
electrodeposition. The requirement to retain bialaf activity of the deposited
biofunctionalised particles imposes limits to theld intensity used for deposition.
In general, fields not higher than 16 V ¢fshould be applied for electrodeposition
but pH and total potential should always be optedido retain biological and

electrochemical activity of the bionanomodules.

3.2. Introduction

Electrophoretic deposition (EPD) has been gainimgédasing interest in the field of
biomedical applications [1,2]. EPD is essentiallywo-step process. In the first
step, charged nanoparticles suspended in a liquadentowards an oppositely
charged electrode by applying an electric fieldhe suspension (electrophoresis).
In the second step, the particles collect at tlextedde and coagulate to form a
dense mass. Over the years, a number of methode baen used for the
electrodeposition of enzymes on electrodes as mdrtthe fabrication of
electrochemically based biosensors. Electrocheigicaintrolled co-deposition of
enzymes with other proteins such as collagen anthboeserum albumin (BSA) has
been reported [3,4]. Co-deposition of enzyme (ghecoxidase, GOX) with a Pt salt
to form a Pt black surface has been reported wid€d&X sensors were prepared by
first electrodeposition of GOX / BSA (bovine seratibbumin) mixture on platinized

Pt and subsequent crosslinking with glutaraldehjg]e Using this electrophoretic
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deposition approach, controlled immobilization duagpse oxidase (GOX) on a
platinum electrode has been achieved in the pres@&fca non-ionic detergent,
Triton X-100 producing multilayer films [6]. A precdure was described that
provides for electrochemically mediated depositidrenzyme and a polymer layer
permselective for endogenous electroactive spewaiesre electrodeposition was
first employed for the direct immobilization of glose oxidase to produce a
uniform, thin and compact film on a Pt electrodelldaed by the
electropolymerization of phenol to form an anti@rference and protective
polyphenol film within the enzyme layer [7]. Layby-layer electrodeposition of
redox polymer/enzyme composition films on screeimipd carbon electrodes for
fabrication of reagentless enzyme biosensors han hesed for producing very
stable and rigid films [8]. Glucose biosensor based the one-step co-
electrodeposition of a poly (vinylimidazole) complef [Os (bpy).Cl] /") (PVI-
Os) and glucose oxidase (GOX) on a gold electranitase has been developed [9].
Electrodeposition of hydrated redox polymers aneclaxtrodeposition of enzymes
through coordinate crosslinking has been provemriduce stable enzyme films
with excellent catalytic activity [10]. In all casethe purpose of these strategies is
to immobilize enzyme in a highly active state.

The mechanism of EPD involves charged particlea suspension being deposited
onto an electrode under the influence of an appdledtric field. In order to obtain
reproducible films, control of the deposition pasars is very important, especially
when using aqueous media. Two groups of parameetesmine the characteristics
of this process; (i) those related to the suspengjoH, ionic strength, Zeta
potential) and (ii) those related to the procesduiding the electric field intensity
and distribution and the nature of the electroddsctrode geometry, interelectrode

distance, applied potential relationship, depositime)

In this chapter, the effects of these operatin@peters on the electrodeposition of
functionalized Au nanoparticles were studied. Theammeters include the applied
electrodeposition potential, time of electrodeposit effect of protein coating, inter
electrode distance, electrode geometry, pH andciostrength. In order to
characterise the resulting films, the electrocdtalypehaviour of the thiolated
enzyme molecules conjugated to the gold colloideratlectrodeposition was
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studied, and scanning electron microscopy (SEM) waed to coroborate the
electrochemical behaviour. In all cases, a criterimr optimisation was the

minimisation of deposition on control electrode$ erposed to an electric field.

3.3. Experimental

3.3.1. Materials

NaH,PO, was purchased from Aldrich. 3,35,5-tetramethyl-benzidine (TMB)
liquid substrate system for colour development {aonng TMB and HO, in an
slightly acidic buffer) (T-0440), glucose and hydem peroxide was purchased from
Sigma-Aldrich, Spain. Aqueous solutions were predawrith Milli Q water (Milli Q
system, Millipore).

3.3.2. Instrumentation

Electrochemical measurements were carried out usingAutolab PGSTAT10
electrochemical analysis system running GPE managénsoftware from Eco
Chemie with a conventional three-electrode cellAgfAgClI electrode (BAS, UK)
was used as reference electrode and platinum asterolAll solutions were made
with purified distilled water obtained from a MHQ water system. Interdigitated
arrays were purchased from ABtech Scientific, I(Richmond, VA). 0.5mm gold
wire (Advent, Oxford, UK) was resin-sealed (MeroaprM 42, PRESI, France)
within a glass capillary and used as a working tetete. 1mm glassy carbon rods
was resin-sealed (Mercaprex M 42, PRESI, Francathinva glass capillary and
used as a working electrode. Optical measuremengse wperformed using
Environmental scanning electron microscope (ESEM)lips XL30 model, FEI

company ,USA.

3.3.3. Electrodeposition of BSA modified Au nanopadicles

In general the concentration of the BSA modified #anoparticles were 2 x I

particles. The electrochemical cell is a two eled& system with gold as both
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working and counter electrodes. The electrodesptaeed exactly opposite to each
other while deposition.

In this experiment, the behaviour of the electradter the electrodeposition of the
gold nanoparticles modified with and without BSA svatudied. Initially BSA
modified gold nanoparticles as described in 2.3 W&re electrodeposited using
potentiostatic method of electrodeposition by apmy+ 1.2 V for 30min. Next the
modified glassy carbon electrode was washed withilldid water and dried with
argon. Later image analysis of the modified glasagbon electrodes was done by
examining under scanning electron microscopy (SEM3esults were compared
with those from electrodes deposited with unmodifgold nanoparticles. Image
analysis was taken from the multiple locations loé tsame sample to verify the
particle distribution. This experiment producesualgative analysis of the number
of particles on the electrode surface.

The dependence of potential on the electrodepwsitib the gold nanoparticles
modified with BSA was studied by applying differgmtentials 0 V, + 0.8 V, +
1.2V, +1.6V for 15 min. Next the modified glgssarbon electrodes were washed
with distilled water and dried with argon. Laterdge analysis of the modified

glassy carbon electrodes wad done using scann@ogreh microscopy (SEM).

The effect of time on electrodeposition was studigdapplying + 1.2 V for 5, 15,
30, 45 min in the same cell and the electrodes webgected to the same analysis as

before.

The same setup was used to examine the effect of B&A modified Au

nanoparticles were dissolved in buffers of pH 2,64,8, 10 & 12 and used for
performing electrodeposition studies. Electrodepasiwas performed by applying
+ 1.2 V for 30 min. Electrochemical characterisataf the modified electrodes was
done by cyclic voltammetry scanning from —-0.2 VHd..8 V at a scan rate of 100
mV s % The integration of the charge under the AuO réiducpeak was used to

estimate the coverage of nanoparticles on therel@éetsurface.

Finally the effect of interelectrode distance oe #lectrodeposition was studied by
applying + 1.2 V for 30 min on electrodes immersied BSA-modified Au
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nanoparticles and changing the distance betweendheter and working electrode.
Interelectrode distances of 0.5mm, 1mm, 2mm & 3mnerenv used for
characterization of the electrodeposition in a ediere the distance was controlled.

The resulting films were characterized as before.

3.3.4. Electrodeposition of redox polymer modifiedhu nanoparticles

Redox polymer (RP 1) modified Au colloids prepares explained in the 2.3.4.3
were used for electrodeposition under the samerempatal conditions as described
( pH, concentration of the particles etc) theseeexpents. In these experiments,
0.785 mni gold electrodes were used as working electrodes. different sizes of

gold counter electrodes ( 4 & 16 mnt ) were used . Electrodeposition was
performed by applying different potentials + 0.40.8V, + 1.2V and + 1.6 V

for 10, 20, 30, 40, 50 & 60min. After the electrpdsition, the modified electrodes
were washed with water, dried with argon, and C¥the modified electrodes were
taken in the presence of 0.1 M PBS pH 7.0 scaniogn O V to + 0.6 V at

different scan rates. The increase in the chargected on the surface was
estimated by integrating the voltammetric peaksatizristic of the presence of the

redox polymer modified nanoparticles after elecépaisition.

3.3.5. Electrodeposition of HRP-Au nanopatrticles

HRP-Au nanoconjugates prepared as explained inose2t3.4.1 has been used for
the electrodeposition. A potential of + 1.2 V for0 3min was used for
electrodeposition. After electrodeposition, the imfied electrodes were washed and
later the response to different concentrationsHg®, was measured. Control
experiments were performed with Au colloid depasitelectrode, blank Au
electrode and also HRP-Au modified electrode. Raspoto peroxide from the
controls was measured at different potentials frend.2 to + 0.1V (vs. Ag/AgCl)
with continuous stirring in the presence of argbhe potential where the response
is minimum from the controls was selected for measu response from the

bionanoconjugate-modified electrode.
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3.3.6. Electrodeposition of GOX-Au nanoparticles

5nm and 20nm gold nanoparticles were modified leytthiolated GOX as explained
in section 2.3.4.1 and used for electrodepositiorAa electrodes. A potential of +
1.2 V (vs./AgCl) for 10 min was applied for eleaeposition of GOX-Au particles
in a similar electrochemical cell. After the elaxteposition, modified gold
electrodes were washed with distilled water andedirunder argon. Next, the
modified Au electrode was washed and dried undgorarFinally CVs were taken
in the presence of 0.1M sodium phosphate buffebdHat different scan rates from
— 0.1V to —0.7 V. The modified Au electrodesravéested for the electrocatalytic
response to glucose using chronoamperometry byyaygph potential of + 0.6V

(vs. Ag/AgCl) and injecting different concentratsoaf glucose.

3.4. Results and Discussion

3.4.1. Effect of BSA on electrodeposition

The modification of Au nanoparticles with BSA hasnzarked effect on zeta
potential which might influence the efficiency dketrodeposition. In figure 3.1, a
typical SEM image is shown demonstrating that iea gresence of BSA, the gold
nanoparticles in the deposited film are well disger laterally with more number of
particles when compared to the electrode deposwath unmodified Au
nanoparticles, when deposition is performed under same conditions. Such
influence was not observed since BSA modified Amoparticles formed a more
stable suspension probably due to steric interastid’his led to higher density
forming homogenous depositions under all conditimssed.
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Figure 3.1. SEM images of glassy carbon electrode depositéth wnmodified Au
nanoparticles ( left) and BSA modified Au nanopaes ( right ). Conditions : Applied
potential + 1.2 V for 30min. Distance between therking and counter electrodes 1mm.

Particles are suspended in milli Q water ( pH 6.7 )

During the electrodeposition of unmodified Au naadples, the particles
aggregated on the surface of the electrode. Thiremgtion might cause less
deposition of the particles. In the case of BSA ified Au nanoparticles, the
particles are highly stable through out the expentrwhich leads to the deposition

of the particles on the electrode surface.

3.4.2.Effect of potential on electrodeposition

The effect of deposition potential on the electqmukgtion of the protein modified

gold nanoparticles is expected to follow the hanea@quation

70



UNIVERSITAT ROVIRA I VIRGILI
ELECTROCHEMICALLY CONTROLLED PATTERNING FOR BIOSENSOR ARRAYS.
Srujan Kumar Dondapati
ISBN: 978-84-690-8289-8 / D.L: T.1761-2007
Chapter 3. Electrodeposition ofdiimnalised Au nanoparticles

..i
1
4

i
2
=
i
|

Figure 3.2. SEM images of electrodeposited BSA modified Amaparticles on glassy carbon
electrode at varying potentials with the same tohd5min. Images a-d corresponds to different
potentials. Blank graphite (a), +0.8 V (b), + 1.2 &), + 1.6 V (d). Particles are suspended it Qil

water (pH 6.7 ). Distance between the workirgd)@unter electrodes 1mm

Figure 3.2 shows the SEM pictures of electrodesiestibd at different applied

potentials in the presence of protein modified galolloids. As shown, with

increasing potential, the number of BSA modifiedtjzédes deposited on the glassy
carbon electrode surface increases as expecteduatien 3.1. At a potential of +
1.6 V, the particles started to aggregate and fdusters.

At these high potentials, several processes camebponsible for the observing
clustering : electrolysis or accumulation of courdes locally can cause
connective or electrohydrodynamic flows that dibtutocally the particles

distribution. As will be discussed later these kghparticles also affect the
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electrochemical behaviour of modified particlesr Foese reasons more moderate
potentials are used for electrodeposition (0.8-).2V

Electrophoretic deposition is the process wheregdthcolloidal suspensions in a liquid
medium are attracted and then deposited on a ctwdwsubstrate of opposite charge
under the effect of an applied DC field. The madegllof the process is quite straight
forward but one has to keep in mind the assumgtimade in order to achieve a
reasonable interpretation of the results. Firsdlbfit should be noted that EPD analysis
usually is made for particles in the range of 420 In these sizes, particles tend to
flocculate and precipitate under the effect of gga\At smaller sizes, Brownian motion
maintains the suspensions stable and colloidalil¢yaldepends on the interplay
between vanderWaals and electrostatic forcesrgéiy accounted for by the DLVO
theory as explained before. When sub-micrometetigies are modified however by
adsorption or dative bonding as attempted in thesis work, a third type of forces,
generally termed “steric” interactions comes irtay. Modification of nanoparticles
with such surface groups leads to complex behaviBurce there is an one bond
modification of the electric double layer ( which turn affects both the range of
electrostatic and vanderWaals interactions) andtbar an introduction of osmotic and
electrokinetic phenomenon at shorter range thatoo&nbe completely probed through
microscopic theories and molecular modelling. Stilacroscopically, what is observed
is an unexpected stabilisation of such sub micaloical suspensions ( that is termed
steric stabilisation in the literature) and the dvad application of higher intensity
electric fields for EPD because the particles ewdren they are in vicinity of the
electrode, are still under strong effect of Brownmotion. This explains the lateral
mobility of deposited particles observed by manthars [12,13].

For the purpose of this thesis, maintaining théoaddl suspension sufficiently dilute (
so that the behaviour is governed by the equilibraf viscous and electroststic forces)
allows to use as a starting point for EPD kineties equation known as the Hamacker

equation
M=pCSEt Eq 3.1
Where M is the deposited mass inugs the electrophoretic mobility (éi SV), C is

the concentration of the colloidal particles (g ®), S is the deposition area ( &n,
E is the electric field intensity ( V/ cm) and ttiee deposition time ( sec ).
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An important assumption in this equation is that garameters remained unchanged
with time, which usually means that it is valid wrior short times. Of particular
relevance in aqueous solutions is that the effeetextrode reactions are not taken into
consideration. Especially when high intensity feeltte applied, eletrode reactions may
occur with multiple effects ( local change in i@oncentration, pH variation,
convection, currents etc ). The equation also assuamhomogenous field, therefore
edge effects are not accounted, and geometry agitigming of electrodes are of utmost
importance. Finally , even in short times, the ¢ansy of the electric field might not be
guaranteed where non-conducting particles are deplos

The electrophoretic mobility defined byt = V / E, where V is the velocity of the
particles under an electric field (cm / sec). Smbawski first [25] first addressed the

movement of particles under electrophoretic foad is generally accepted that

2
n= f(kr) Eq 32

Where€ gisthe permiticity of the vaccung, is the relativepermitivity of the solvent,

N its viscocity and{ the potential of the slip plane which is equérdl to the zeta

potential of the particles that is an experimegtaltcessible varia blef.( K 1) is the

Henry coefficient which depends on the thicknesshef double layer ( 1¥) and the
radius of the core ( r) of the particle. For rigigheres and ideally behaved double layer,

the Helmholtz- Smoluchowski limit for mobility issually accepted, i.e

€0& (
pu= Eq 3.3

n
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However, in the case when the core particle isifimoblby surface polymers it has
been suggested that at high energy electrolyteerdgrations | reaches a finite

constant value given by

Po
M= - Eq 34

n )\02

Where p is the nominal charge density of the polyelect®ligyer and\g has units
reciprocal to length)o * representing the characterstic penetration lentihe flow
within the “soft”shell of the nanoparticle. Xo= (ko / 1/L) ** whereKg is the friction

coefficient of the polymeric shell with a unifornisttibution of segments. In this case,

Ao and p o are not easily accessible experimentally.

For the purpose of this thesis recognising foraa surface f (kr) = 1 and that E = VI/L,
where V is the applied voltage and L is the distabetween the electrodes, equations
3.1 and 3.2 are combined to yield an expressionish@quired for interpretation of the

results.

2 £0& (
- r CSVt (Eq 35)

3 N -

Still, it should be noted that in most applicatiomsany authors recognise that the
applied voltages should be corrected by the patkdtiop within the deposited layer

which varies with time and is not accessible experitally.

From equation 3.5, a linear dependence of eleghagited mass with time is expected.
This has been observed for BSA modified partickeshown in the figure 3.3.
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Figure 3.3. SEM images of electrodeposited BSA modified Amaparticles on glassy carbon
electrode. Images a-d corresponds to differenbgerof deposition time. (&) 5 (b) 15 (c) 30 (d)
45min. Conditions: Applied potential +1.2 V, Distanbetween the working and counter electrode

1mm. Particles are suspended in milli Q water §pH).

Furthermore, in Figure 3,3 a structural overvievihaf deposits is shown. It can be seen
that with increase in the time of deposition, thenber of particles deposited increases
untill a time period of 30min. With further increas the time period, the number of
clusters increases with a concominant decreadeeimamber density of the individual
particles. The larger cluster formation leads t@gy rough electrode surface. Therefore
with further increase in the time of electrodeposit the number of particles deposited
increases but the quality of the films decreases tduthe formation of clusters. This
observation limited to 30 minutes the depositiones used in order to obtain films that

are more appropriate for working with biosensors.
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Equation 3.5 also predicts a linear dependence epiosition mass with the zeta
potential. In figure 3.4, the deposited mass is@gmated by the percentage increase
of the charge calculated from the integration ef pleak characteristic to the gold in the
presence of 0.5M $¥$0, As shown before with increase in the pH, the zetamtial of
BSA modified Au nanoparticles changed from + 25 @miVpH 2.0 to — 20 mV at pH
12.0. Although this is unexpected deposition evdrenthe zeta potential is positive,
Figure 3.4 shows a linear increase of the intedratea of gold above the isoelectric
point of the particles even though the change i@ piH obviously affects more
parameters in equation 3.5.

120

® BZA modified gold colloids [

100
g0 E

B0 -

40 - { E

20 H }

% increase of charge due to the electrodeposition

pH
Figure 3.4. Effect of pH on the electrodeposition of BSA maatif Au nanoparticles. Conditions:

Applied potential +1.2 V for 30 min, Distance betrnehe working and counter electrode is 1mm.

Concentration of the particles ( 2 x*iparticles mL™)

Another immediate conclusion of equation 3.5 isttHaposition mass should be
inversely proportional to interelectrode distantéis effect is observed in Figure
3.6, again assuming that the charge obtained byntlegration of reduction peak of
the gold oxide in the presence of 0.5M3®, scanning from - 0.2 Vto + 1.8V ata
rate of 100 mV sec’ is proportional to the deposited layer mass. in figure, the

distance between the electrodes was varied asiaggdian the experimental section.
Figure 3.5 shows the effect of interelectrode diséa on the currents produced
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during the deposition of BSA modified gold colloidsrom the figure 3.5 it can be

observed that the current decreases with increag®iinter electrode distance.

220

#* BSA modified A0 manopartides

200
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140 {

120 4
100 -
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B0 4 }
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% increase of charge due to the electrode position

20 T T T T
0.5mm Tmm 2mm Jmm

Distance between the electrodes

Figure 3.5. Effect of interelectrode distance on the elecpod#ion of BSA modified Au
nanoparticles. Applied conditions: + 1.2 V for 3tlynBSA modified particles suspended in distilled

water (pH 6.7). Concentration of the particles<(1D™ particles mL™)
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Figure 3.6. Current versus the deposition time for depositmnBSA modified gold

nanoparticles for different inter electrode distesi¢a) 0.5mm (b) 1mm (c) 2mm (d) 3mm.
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An interesting observation can be made in thisrigis that as the interelectrode
distance is diminished an initial peak in the cotrés observed, a peak that is
occurring at shorter times as the distance is dshed. This observation is
interesting in that it may mean that in thin layells or in microsystems selective
electrodeposition on electrodes can be effectedimian few minutes. However,

further investigation is necessary to identify tregin of these transient peaks.
3.4.3. Electrodeposition of redox polymer modifiedAu nanoparticles
Despite the fact that the zeta potential of thelRRodified Au nanoparticles is positive,

the particles are deposited effectively at posiipplied potentials. This might be due

to the presence of gold core which might be resptmsfor electrodeposition.

2e-7 4
le-7 4
0 4
1
le-7 4
a7 4 (2] HP 1 modified Au nanoparticles
(b} Blank Au electrode

0o 0.2 0.4 0.6
Potential (V)

Figure 3.7.Cyclic voltammogram of the gold electrode subjedte&PD of RP 1-modified Au
nanoparticles by applying potential of + 1.2 V 8Imin with CE 1(a) compared to a bare Au
electrode(b). Conditions of the electrolyte: 0.1BIpH 7.0 at a scan rate of 100 m:.s

As shown before, we used equation 3.5 to obsertieeifEPD process can show the
expected behaviour with RP1 modified Au nanopascNow potential and time were

used as variables to observe if the expected betav followed. In addition two
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different sizes of gold counter electrodes CE @ ?) and CE 2 (16 mm ) were
used to observe the effect of field line distributi

Figure 3.7 shows the cyclic voltammogram obtainesnf the Au electrode after
electrophoretic deposition with the RP 1 modifiedi Aanoparticles. The cyclic
voltammogram of the modfied electrodes displayedi-defined redox peaks. This

clearly shows that the RP 1 modified particles dépd efficiently.

First the effect of potential and time on the eledéposition of RP 1 modified Au

nanoparticles were studied using CE 1. Figure sh8ws the charge obtained by
integrating the redox peaks of CVs taken fromdleetrodes modified with potentials
+0.4V,+0.8V,and + 1.2V for 50min.

Se-7

[ Redox polymer modified gald nanoparticles

de-7 S

G Ja-7 - J
Y
n
b
5 2e7
T
T
Te-7 S
D T T T T T T T
0.0 02 0.4 0. 0.8 10 1.2 1.4 1.5

Faotential of Electrodeposition (V)

Figure 3.8. Charge calculated from the electrodes subjecteHRD of RP 1 modified gold
nanoparticles after application of different eled&position potentials using CE 1. Electrolyte :
0.1M PBS pH 7.0 at a scan rate of 100 mV. s

It can be observed that in the case of electrodéposising CE 1, the charge increased
with increasing applied potential and that at + \{.there is a maximum charge with
well defined redox peaks. Above the potential +\I,Zharge decreased which might

be due to the loss of redox activity and insulaffect due to the formation of non-
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homogenous films which is supported by the loseedbx behaviour.As expected, the
deposition of the particles followed Equation 3With increase in the deposition
potentials, there is a linear increase in the ahafg higher potentials, there might be a
loss of the redox activity and there might be fatiora of clusters due to the limited

time available for the particles which might dam#ége properties of the thin films.

Figure 3.9 presents the charge under the redoxspebkhe CVs obtained from the
electrodes subjected to EPD with RP 1 modified Anaparticles at various times by
applying potentials + 0.8 V and + 1.2 V. From thgure, it can be observed that the
increase in the charge with time is lower at +\0.&hen compared with that at +
1.2 V. With + 1.2 V, the increase in the depositiends to follow the linear behaviour.
This demonstrates that + 1.2 V is an more suitabltential for electrodeposition and

for the formation of thin films when compared withwer potentials.

4.00E-07

@0y
3.80E-07 {[B12Y

—

3.00E-07 A 1
2.50E-07 A

2.00E-07 A [

Charge {C}

1.50E-07 - \

——
——

1.00E-0F L

5.00E-08

0.00E+00 ’% —

10min 20min 30min 40min S0min
Time of EPD

Figure 3.9. Charge calculated from the electrodes subjecteERD of RP 1 modified gold
nanoparticles after application of different timefselectrodeposition with CE 1. Electrolyte :
0.1M PBS pH 7.0 at a scan rate of 100 mV. épplied potentials : + 0.8 V and + 1.2 V

The effect of potential and time on the electrodepon of RP 1 modified Au
nanoparticles when using CE2 was studied. Figut® 8hows the charge obtained
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by integrating the redox peaks of the CVs takemmfrine electrodes modified at
potentials + 0.4 V, + 0.8 V, + 1.2 V and + 1.6 & f50min. In Figure 3.10, as
expected, the charge density increased with inereathe applied potential and at +
0.8 V there is a maximum charge density with welfided redox peaks. Above this
potential the charge tends to decrease. This Igledrows that larger counter
electrodes might change the equipotential fielce lidistribution leading to the
formation of more homogenous films avoiding thegemrece of edge effects caused
by the smaller counter electrodes. Above + 0.8 & ¢harge decreased which might
be due to the insulation effect due to the highsasition. Higher potentials might
damage the redox polymer or there might be insutatiue to the deposition of a

high number of particles.

e-7

1 RP1 modified Au nanoparticles

de-7 —(
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Figure 3.10.Charge calculated from the electrodes subjectdePD of RP 1 modified gold

nanoparticles after application of different eledgposition potentials using CE 2.
Electrolyte: 0.1M PBS pH 7.0 at a scan rate of0 #/ s™.
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Figure 3.11 illustrates the charge calculated ftbmintegration of the redox peaks
obtained from the modified electrodes at differémes of deposition. From this
figure it can be observed that with increase indize of the counter electrode, at a
potential of 0.8 V there is a linear deposition,ievhis an interesting behaviour
when compared with the CE 1. At higher potentiakof.2 V, the charge from the
redox peaks increased linearly at initial times d@hd increase is higher when
compared with that at + 0.8 V. This might be dudhe faster electrodeposition of
the particles at + 1.2 V. With further increasetle time of deposition, the linear
tendency was absent in the case of +1.2 V and lbla@ge became stable which
might be due to a saturation deposition of theiplag. With + 0.8 V deposition
potential, the increase in the charge is lineahwitne when compared with the +
1.2 V and at longer time periods, the increasénenadharge was higher than that at +
1.2V.
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Figure 3.11.Charge under redox peaks obtained from the eléetsnbjected to EPD of RP
1 modified Au nanoparticles on the gold electrogeapplying a potential of + 0.8 V and
+ 1.2 V for different time periods using CE 2.
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Figure 3.12 shows the comparison between the chastggned from the electrodes
modified at + 1.2 V using CE 1 and CE 2. With CEtf&re is a maximum charge
due to the deposition of the RP 1 modified Au naartples.
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Figure 3.12 .Comparison of the charge calculated from the sdelets modified with redox
polymer modified gold nanoparticles by applyingottedeposition potential + 1.2 V for 50
min using two different counter electrodes (1) 4 rheounter electrode and (2) 16 nfm

counter electrode.

This proves that the increase in the counter edéetrsurface area is having a
significant effect on the deposition of the redmtypner modified Au nanoparticles.

This may mean that with increase in the size ofctnenter electrode, there might be
more homogenous distribution of equipotential fieheks, which makes the particles

being deposited in a more homogenous way.

These results are corroborated by a basic studiieotlectrochemical behaviour of
the deposited redox species. In Figure 3.13 aaiit lose seen that when CE 1 was
used, the deposited redox film shows a marked aszein the peak-to-peak
separation with increasing scan rate, indicativea gfrocess that might be counter-
ion diffusion limited, however when CE 2 was usttte peak-to-peak separation of

the deposited redox film is almost constant witarscate, which proves that there is
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faster electron transfer when a larger countertedde is used during EPD of the
particles, a fact probably explained by a more hgemmus deposit. As shown in
Figure. 3.13 b, the relationship between the paakeat (i,) and the scan rate)(

shows a linear dependence, an indication of a sesfmund redox species in both

cases.
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Figure 3.13 Scan rate dependence of the peak-to-peak Sepak&p (a) and peak current density
ip (b) of the RP1-Au films obtained at +0.8 V witE 1 & CE 2 at several scan rates. Applied
potential: +0.8V for 50min, Electrolyte: 0.1M PBH .0

3.4.4. Electrodeposition of enzyme-modified Au narmarticles

Similar results were observed with enzyme modiffad nanoparticles. Here in an
interesting effect was observed which suggestscdetectron transfer from enzyme-
modified nanoparticles and a siginificant electtoecarea effect on the response of the
enzyme electrodes made by electrodeposition. FlemFigure 3.13, GOX modified
5nm gold nanoparticles deposited electrode displaypair of redox peaks at — 480 mV
for E pcand — 412 mV for B, at a scan rate of 100 mV swith a peak to peak
separation of + 76 mV.

84



UNIVERSITAT ROVIRA I VIRGILI

ELECTROCHEMICALLY CONTROLLED PATTERNING FOR BIOSENSOR ARRAYS.
Srujan Kumar Dondapati

ISBN: 978-84-690-8289-8 / D.L: T.1761-2007
Chapter 3. Electrodeposition ofdiimnalised Au nanoparticles

5e-b
(Bl S0 m zen !
() 100 mv cec
0 J(gz00my sec
)]
o EeE
S
T
£ c)
o -18-5
2e-5 S
-2p-5 T T T T T T
-02 0.7 1k -0& -0.4 0.3 -0.2 -0

Fatential { 4]

Figure 3.14 Cyclic voltammogram showing the 5nm Au / GOX e¢tedeposited electrode.
Electrolyte : 0.1M PBS pH 5.5.

Curent response to glucose from the electrodes. thén case, where the gold
electrode was deposited with 20nm gold nanopagichedified with GOX, there
was a max response of around 1.1 pA €mand for the electrode deposited with
5nm gold nanoparticle modified electrode, the resgofrom the modified electrode
was around 4.5 pA cm® This clearly demonstrates that with the smaller
nanoparticle size of 5nm, the response to glucoas higher than the electrode
modified with 20nm nanoparticle. Deposition of dimasized particle leads to a

greater surface area, which might further enhaheead¢sponse to glucose.
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Figure 3.15 . Plot of electrocatalytic current at + 0.6 V ( v&/AgCl ) at different glucose
concentrations with (a) 5nm Au colloid - GOX depedielectrode.(b) 20nm gold colloid - GOX
deposited electrode. Electrolyte : 0.1M PBS at @H 7

Similar effect was observed with HRP-modified Aunpparticles as seen in Figure
3.15. Amperometric response for different concerdrs of peroxide was shown in
the figure 3.15 and there was an increase in thdeateon current with increasing
concentrations of peroxide. Figure 3.15 shows tloe pf steady state current vs.
peroxide concentration. There was a current respafsaround 9 pA cn¥ at a
concentration of around 3mM.B,. If we notice the controls there was a large
difference from the experimental electrode. Frdma &bove results, we confirmed
that the catalytic current was mainly due to theck electron transfer from the HRP
molecules to the bulk electrode. Since Au nanopladiare distributed through out
the electrode surface they allow efficient electtmimnelling and can assist the

electron transfer between the redox protein andthik electrode surface.
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Figure 3.16 Plot of electrocatalytic current at + 0.1 V (#g/AgCl) for HRP-Au colloid conjugate
deposited electrode at different concentrationmeabxide. Electrolyte : 0.1M PBS pH 7.0.

3.5. Conclusions

Electrodeposition principles were tested with tlystems at hand comparing the

observed behaviour to the Hamacker theory of EPD.

v" BSA modified Au nanoparticles demonstrated the @ftd potential, time of
deposition, size of the counter electrode, intextetele distance on the EPD.

v Redox polymer modified Au nanoparticles demonsttatbe effect of
potential, time of deposition as well the effectamfunter electrode size on
the EPD.

v" Finally enzyme modified Au nanoparticles demonstatthe effect of
particle size on the response as well as the aicgibn of the sensor signal

in the presence of Au nanoparticles
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3.6.Abbrevations

SEM - Scanning Electron Microscopy

TMB - 3,3,5,5-tetramethyl-benzidine

HRP — Horse Radish Peroxidase

GOX — Glucose oxidase

H,O, — Hydrogen Peroxidase

NaH,PO, — Sodium Hydrogen Phosphate

a-Dig-HRP — Anti-digoxigenin horse radish peroxidase

CV - Cyclic voltammetry
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Chapter 4. Selective immobilisation of biofunctioalised Au

nanoparticles through selective electrodeposition

4.1. Abstract

The aim of this chapter is to demonstrate selectelectrodeposition of
biofunctionalised gold nanoparticles for the counstion of at least two
electrochemical biosensors in close proximity gag@of of principle for patterning
of electrochemical biosensors. In order to acheivis, two different enzymes
glucose oxidase (GOX) and horse radish peroxidadeP) were used as a model
biomolecules to modifiy gold nanoparticles in adeypy-layer approach. To make
the electrodeposition more selective, electrochamiesorption of self-assembled
thiol monolayers (SAMs) of triethylene glycol-thtoc acid (TEG-TA) esters
present on IDE arrays and further electrodeposibbrihe biofunctionalised gold
nanoparticles on these selectively exposed eleetsunifaces was attempted with a
20 pm resolution. Electrochemical impedance spectrogc@plS) and cyclic
voltammetry (CV) were used to verify the changestlom electrode surface due to
the electrochemical desorption which proved that technique can be used for the
selective modification of the IDE array. Suspensiof Au nanoparticles modified
with redox polymer and enzymes (GOX, HRP) were useclectrodeposition onto
the IDE array. A potential of — 1.2 V (vs. Ag / &9 for 1 h helped to desorp the
thiol SAMs completely. Modified Au nanoparticles mee electrodeposited
selectively on a gold IDE array by applying + 1.2(Ws. Ag/Ag CI ) for 30 min.
The selective nature of the modified IDE array waesified by measuring the
amperometric response after injecting the glucosk @eroxidase. Both the sensors
responded selectively for glucose and peroxide wess than 5 % non-specific
response. When the nanoparticles were modifiedrealiy with RP higher currents
were obtained without loss of selectivity.

4.2. Introduction

Biosensors based on an enzyme as a highly spextalytic recognition element,
coupled with electrochemical (amperometric or pttemetric) transduction of
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the recognition event, provide a basis for congingc biosensors, biomedical
devices and enzymatic bioreactors. Small sampleswoption by the analytical
system is a must in medical applications and metsinomonitoring in cell cultures.
One way to reduce the sample volume is miniatuopabf the device; the other
possibility is integration of several sensors incammon shared measurement
chamber. It is obvious that best results will betaoied by combining both
strategies. Compared to parallel single-analyteyasssmultianalyte protein assays
are important new analytical methods as they altove to simplify the working
procedure, to increase the test throughput, retlueeost per test, and improve test
efficiency [1-13]. Technically demanding applicat® such as the detection of
multiple analytes in vivo require a high density widividual analyte-sensing
electrodes, required for miniaturization, which rtie=lves contain large
concentrations of enzyme molecules necessary toigeohigh signal levels. In
addition, the fabrication of the sensors mustibgke, reliable, reproducible, and at
spatially distinct, readily addressable regionsaodiscrete portion of a surface for
designing an electrochemical biosensor. Biosengeeldpment with a priority on
spatial orientation and assembly on the nanoscate thus become an important
issue. The area of biomolecule patterning for rankilyte biosensing devices where
different biomolecules need to be patterned onstrae substrate appears especially
challenging. The ability to realize such multi-faiomal platforms reliably will
define the capacity to progress in both the undeding of basic biological and
chemical phenomena and the related technologigaicapions.

Two-dimensional arrays of proteins on surfaces amated at micron-level by
several arraying techniques. Commonly used prgpaitterning techniques include
microcontact printing [14,15], conventional photbbgraphy [16-22], and
photochemistry [23]. Each has its advantages ahdrant limitations. Microcontact
printing is simple, inexpensive, and effective; lewer, fails in controlling positions
and dimensions of patterned proteins, and the inilised proteins are nonuniform
due to the deformation of elastomeric stamps aepahg masks. Photolithography
creates protein patterns on substrates by usingniclaé linkers to conjugate
proteins. The major problem for patterning the $tdies with photolithography is
high cost need for access to clean rooms, the a@sinvolved in the process

which can denature protein activity. Photochempeterning is based on the
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selective activation of chemically labile specigmn UV irradiation to bind target
proteins. The major drawback is UV irradiation ceaduce the enzyme activity.
Nanoscale particles offer a variety of interestprgperties, and there is growing
interest in their assembly into higher ordereddtrces that can be used in a variety
of biosensor applications. Metal and semiconduatanocrystals have tunable
properties (e.g., optical, electronic, and magnetitat depend on particle size,
interparticle spacing, and higher order structi4-32]. Nanoparticles can display
four unique advantages over macroelectrodes whesd usr electroanalysis:
enhancement of mass transport, catalysis, highctefte surface area and control
over electrode microenvironment. Despic and Paeldiist time introduced the
electrophoretic deposition technique for the defmsi of Au nanoparticles on
electrode surface [33]. Since then, this technijas been used for the creation of
biosensors by modifying the Au nanoparticles widdax enzymes and later
electrophoretically depositing them on the eleatradirfaces. Crumbliss et al has
developed biosensors for peroxide, glucose andhwamtbased on this technique
[34]. Some fundamental studies of electrodepositbrglucose oxidase have also
been reported [35].

Electrodeposition of redox polymers and glucosedage has been reported with
excellent catalytic activity based on crosslinkingThough in these studies,
electrodeposition was used for creating single wulke biosensors, this technique
has not been used to address and immobilize thesermomodules to specific
locations of an array for the development of biesenarrays. For the first time,
selective electrodeposition of oligonucleotide nfiedi Au nanoparticles on an IDE
array for the detection of hybridization event ceessfully using electrochemistry
by differentiating the mutated DNA from the compéntary DNA has been
reported [36,37]. An electrochemical desorptiorchteque combined with
microcontact printing has been used for releadegpatterned cells to the desorbed
surfaces [38]. Recently the electrodesorption tephe has been used for the
controlled removal of proteins from electrode soe® thus controlling the
bioelectrointerfaces. Thus the electrochemical g#smn technique has been
selected for the patterning of proteins in thisptba

Multi-analyte biosensors have an increasingly inbgatr application in the field of
medical diagnostics, especially in low-cost selfecdevices. For this application to
be feasible, there is a need to develop simpli§ederic fabrication methods. When
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the same principle is used for manufacturing armdection, it is possible to
integrate features in the devices that have sicguifi cost lowering effects. A
general method was sought that would selectivelynatnilize proteins with absolute
control over orientation and density and that doetsrequire synthetic modification
or purification before immobilization. In this gbier, the technical advantage of the
electrodeposition technique has been demonstratea¢dnstructing the biosensor
array.

In order to realize this, Au nanoparticles were fified with the redox polymer
followed by an enzyme molecule ( HRP, GOX). Lates modified particles were
electrodeposited to specific locations of an IDEagrpatterned with electrodes
using the well known electrodesorption techniqueecEochemical characterisation
of the interdigitated array after electrodepositwas done with cyclic voltammetry.
Specific response from each enzyme was measured the electrodes of the
interdigitated array by injecting substrates. Withs, the generic ability of the
electrophoretic deposition technique for the defiogiof different biomolecules has
been proved.

Also Multifunctional gold nanoparticles were prepdr by modifying gold
nanoparticles with redox polymer followed by GOXaag with redox polymer to
produce Au / RP 2 / GOX / RP 2 particles. Later stheparticles were
electrodeposited by just controlling the EPD potEst Though this strategy has not
been demonstrated on the IDE array, the technidahmtage of this method has
been proven on Au microelectrodes. The proteinsiamobilised with absolute

control over density and selectivity.

4.3. Experimental

4.3.1. Materials

Glucose oxidase (GOX) was purchased from Biozymeds. Horseradish
peroxidase (HRP) was purchased from Sigma—Aldrigpain. Thioctic acid was
purchased from Acros Organics, Belgium. NBB, from Aldrich. Glucose and
hydrogen peroxide was purchased from Sigma-Aldr&bain and used as received.
All other compounds were purchased from Sigma-Ahklrand used as received.
Triethylene glycol was purchased from Sigma-AldriSpain. Aqueous solutions
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were prepared with Milli Q water (Milli Q system, iNlpore). Thicotic esters of

triethylene glycol was synthesized as explainethensection 5.3.3.1.

4.3.2. Instrumentation

Electrochemical measurements were carried out usingAutolab PGSTAT10
electrochemical analysis system running GPE managénsoftware from Eco
Chemie with a conventional three-electrode cell. XgiAgCI electrode (BAS, UK)

was used as reference electrode and platinum asterolAll solutions were made
with purified distilled water obtained from a MH{) water system. Interdigitated
Array was purchased from ABtech Scientific, Incigiifmond, VA). 0.5mm & 50m

gold wire ( Advent, Oxford , UK) was resin-seal@dercaprex M 42, PRESI,

France ) within a glass capillary and used as &ingrelectrode.

4.3.2.1. Interdigitated microelectrodes

Indium-tin-oxide (ITO) coated interdigitated goldiaroelectrodes (IMEsS) were
obtained from ABtech Scientific, Inc. (Richmond, YArhe IME had 50 electrode
pairs with 20um of electrode width and space, and the lengttheffinger electrode
was 4,985um. Before use, the IMEs were cleaned with acetalephol, and

deionised water, and then were dried with a streaimtrogen.

4.3.3. Methodology

4.3.3.1. Patterning of enzymes by site-selective eelfrodeposition through

electrochemical desorption of thioctic acid esters

Before performing the enzyme patterning on the I&iay, electrodesorption at
— 1.2 V (vs.Ag/AgCl) was verified with TEG-TA esteimmobilised on the gold
electrode using the electrochemical impedance spsmipy. After verification of
the electrochemical desorption methodology, Auapanticles modified with redox
polymer and enzymes (GOX, HRP ) were used for #iective electrodeposition on

an IDE rray .
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In order to demonstrate the electrochemical degorpif the self assembled TEG-
thioctic esters on the gold electrode at cathodmtemtials, electrochemical
impedance spectroscopy was used as a method #oactlrization of the changes
on the electrode surface. Electrochemical impedapeetroscopy (EIS) was used to
characterize the changes in the charge transfestaese (R) offered due to the
electrochemical desorptionefRthe semicircle diameter at higher frequenciethn
Nyquist plot of impedance spectroscopy, controls thterfacial electron transfer
rate of the redox probe between the solution ardellectrode. Experiments were
conducted using a three electrode system in theepee of 0.1 M phosphate
buffered saline at pH 7.0 as a supporting electeotpntaining 10 mM K[Fe (CN)

s] and 10 mM K [Fe (CN)g] as a redox probe at the formal potential of thetem,
E° = 0.227 V, using AC amplitude of 0.005 V. Impedanmeasurements were
performed in the frequency range from 6l4 to 100 MHz. Initially gold electrode
was incubated with 0.1 M TEG-TA esters dissolvedethanol for 2 h. Later the
TEG modified gold electrodes was washed with ethéoltowed by distilled water
and dried with argon. Next the SAM modified elede was characterized by
impedance spectroscopy. Later a negative poteatial — 1.2 V ( vs. Ag/AgCl )
was applied for 15, 30, 45 & 60 min for desorbinge tthioctic SAMSs.
Electrochemical impedance spectroscopy was usedotator the electrode surface

after each time step of electrodesorption.

4.3.3.1.1. Selective electrodeposition of gold ngmarticles modified with enzyme

and redox polymer on an interdigitated array

In order to perform these experiments, HRP / RFAu/nanoparticles as well as
GOX / RP 2 / Au nanoparticles prepared as decribeithe 2.3.4.3 were used for
the experiments.Scheme 4.1 shows the stepwisectdlom process of the Au / RP1
/ enzyme particles. First the IDE array was cleamectrochemically in the
presence of 0.5M $60, scanning from — 0.2 V to 1.6 V at a scan rate @ tnV

sec¢' untill a constant cyclic voltammogram characterstif a cleaned Au is
obtained. Next the IDE array was immobilised witiM TEG-TA esters dissolved
in ethanol for 2 h for forming the self-assemblednolayers. Later the IDE array
was cleaned with ethanol followed by distilled wad@d dried with argon. Next the
first set of electrodes ( IDE 1) was applied a pttd of — 1.2 V (vs.Ag/AgCl) for
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1h to desorp the TEG-TA esters. Later the IDE aisaywashed with distilled water
and dried with argon. Next 5@ of the HRP / RP1 / Au particles ( 2 x't(articles
mL ) solution was placed on the IDE array and the ID®as connected to the
potentiOstat and applied a potential of + 1.2 \6(A&g/AgCl ) for 30 min.

After electrodeposition, IDE array was washed wdihtilled water and dried with
argon. Next the IDE 2 was connected to the potstdioand applied a potential of
— 1.2 V (vs. Ag/AgCl ) for 1 h to desorp the TEG-BAMs from the gold surface.
After washing, 50uL of GOX / RP 2 / Au particles ( 2 x Ybparticles mL™ )
solution was placed on the IDE array and appligebtential of + 1.2 V (vs. Ag /
AgCl) for 30 min to the IDE 2. After electrodepasit, IDE array was washed with
distilled water and dried with nitrogen.
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Scheme 4.1Scheme of the selective electrodeposition of eezymedox polymer modified Au

nanopatrticles on an interdigitated array.
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4.3.3.1.2. Electrochemical Characterisation of thtDE array

After electrodeposition of HRP / RP1 /Au particlesm the IDE 1 , cyclic
voltammogram of the IDE array was taken scanniognfOV to 0.6V at a scan rate
of 100 mV set to characterise the quasireversible behaviouhefredox polymer
due to the specific deposition on the IDE 1 and-specific deposition on the IDE
2. After electrodesorption of the TEG-TA esterenfrthe IDE 2, CV was taken
again to check the behaviour of the electrode serfar comparison with the CV
before desorption. Finally after electrodepositainthe GOX / RP 2 / Au particles
on the IDE 1, CV was taken to characterize thesgaaersible behaviour of the RP
2 due to the specific deposition on the IDE 2 a#l a® non-specific deposition on
the IDE 1 where HRP modified particles were depmabidlready. The charge under
the redox peaks was calculated in order to estirttadepercentage of non-specific
adsorption.

4.3.3.1.3. Amperometric measurements of the IDE aay

After modifying the IDE array with HRP deposited dhe IDE 1 and GOX
deposited on the IDE 2, amperometric measuremente waken first for the HRP
using chronoamperometry at a potential of OV(vs/A&Cl) by injecting hydrogen
peroxide into the cell while stirring to check strbge specific response from the
IDE 1. Next amperometric measuremnets were takentfe GOX by injecting
glucose into the cell with continous stirring apatential of +0.5V (vs. Ag/AgCl)
under nitrogen to check the substrate specificaese from the IDE 2. Response
due to the non-specific adsorption was estimatethfthe current produced by the
IDE array.

4.3.3.2. Controlled electrodeposition of layer-byadyer modified Au nanopatrticles

with redox polymer and emzyme and redox polymer.

In this strategy, multifunctional gold nanopartglprepared by modifying particles
layer-by-layer with redox polymer (RP 2) followeg OX and again with redox
polymer ( RP 2) as explained in the 2.3.4.3. Thesdified Au nanoparticles were

used for electrodeposition to create glucose seriBdferent optimisation steps
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were presented and finally these particles wereteldeposited on a microelectrode

to prove the technical advantage of this methodpfog creating microarray.

4.3.3.2.1. Electrochemical conditions

The RP 2 / GOX / RP 2 modified Au nanoparticles everlectrodeposited by
applying potential using a two electrode systemhviAt as a counter electrode and
Au as working electrode and maintaining a distantdmm in between the two
electrodes as shown in the scheme 4.2. After eldeposition, the electrodes were
washed and dried under argon. For current measumsmieom the modified
electrodes for glucose, a constant potential of4-\0 was applied to the deposited
electrode to measure the amperometric responsetalube electro-oxidation of
H,O, produced enzymatically. The base line was allow@dtabilize in a blank
buffer solution of working pH. Aliquotes of the glose stock solution in PBS were
added to the electrochemical cell, under constéinirg and the correspondence
increase in the current was recorded. These ststdg-background current values,
from which the baseline was substracted, were tsaabnstruct calibration graphs.
After electrodeposition, characterisation of thedmied electrodes was carried out
by cyclic voltammetry in 0.1 M pH 7.0 PBS solutiossanning from 0V to + 0.6V
at a scan rate of 100mV sé&cto check the quasi-reversible behaviour of the RP

functionality present on the deposited particles.
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DC voltage

CE

RP2/GOx/RP2
modified Au
nanoparticle

Scheme 4.2.Schematic representation of the electrodepositioku nanoparticles modified layer-
by-layer with RP 2 followed by GOX and finally wiRkP 2

4.3.3.2.2. Influence of electrodeposition potentian the glucose response

Effect of electrodeposition potential on the glueesssponse was studied in order to
optimise the best potential which provides a starld maximum glucose response
from the Au/ RP2/ GOX / RP 2 deposited electsodn this study, the Au/RP 2/
GOX / RP 2 particles were electrodeposited on tlhieekectrodes by applying four
different potentials 0 V, + 0.8 V, + 1.2 V & + 18 for 15 min using the
electrodeposition coniditions as explained abovepl&kation of 0 V  potential
served as a control for this experiments. After ification and washing, electrodes
were characterized by cyclic voltammogram and tflacose response was
measured from the modified electrodes by usingctiveitions explained above.
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4.3.3.2.3. Influence of time on the glucose respans

In order to see the effect of electrodepositionetimn the glucose response,
experiments were conducted to electrodeposit RPFGDX / RP 2 modified Au
nanoparticles on electrode by applying an optimizedic potential optimized
from the 4.2.4.4 for 15min, 30min and 60min.

4.3.3.2.4. Influence of outer redox layering on thglucose response

In order to see the difference in the glucose raespofrom the biosensor after
electrodeposition of the modified gold nanoparscheith and without the outer
redox polymer layer, experiments were done by ebdeleposition of GOX / RP2 /
Au as well as RP2 / GOX / RP2 / Au nanoparticlesddferent electrode surfaces
by applying + 1.2 V for 30 min on both the eleckes. After washing, response to

glucose was measured from the modified electrodes.

4.3.3.2.5. Influence of type of potential on the gtose response

In this experiment, two different potentials + M2and — 1.2 V were applied for 15
min in order to study the effect of negative andsipive potentials on the
electrodeposition and on the glucose responser Aéshing , glucose response was

measured from the modified electrodes.

4.3.3.2.6. Influence of electrode geometry on glue® response

Glucose response was measured from the electrodleswo different geometries
electrodeposited with RP 2 / GOX / RP 2 modified Wanoparticles for 15 minutes
at + 1.2 V in order to study the the effect of mtarisation of electrode surface on
the glucose response. In this case electrode withgeometries 5@m and 0.5mm

were used for study.
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4.4. Results & Discussion

In this chapter an effort is made to prove the ithélsat using EPD , an enzyme
biosensor can be manufactured as proof of prinégeléhe construction of multianalyte

sensors. In the first part, techniques to imprdwe gelectivity of directed depositions
are discussed while in the second, methods to aatieind modulate the response of

enzymatic amperometric sensors made through EPBisgessed.

4.4.1. Patterning of enzymes by site-selective el@deposition

In principle, one would expect closely spaced etetds could be selectively modified
by direct EPD at different electrode sites. Howeiwgtial experiments showed that
electrodes on which modification was not intendeerevmodified by non-specific
adsorption of colloidal nanoparticles. In ordemt@id this, a protection technique was
developed that was summarised in scheme 4.1. $bdion describes the application
of this technique for the selective immobilisatibp EPD of nanobiomodules that
show selective response to two different substraf@sst the efficiency of the
electrochemical desorption of the protective TE®dtic esters from the electrode
surface is demonstrated. Figure 4.1 are the Nyquists of EIS performed with
electrode exposed at different times of electroge®n of the TEG-TA esters. The
EIS is done in the presence of Fe(gMihd it can be seen that in the beginning they
demonstrate high charge transfer resistance gsheeSAMs act as insulators to the
ferro/ferri redox couple reaction. Figure 4.1 addmws that after 30min no significant
decrease in the charge transfer resistance iswaiband the behaviour is almost the
same as blank Au electrode. These results demonsivat electrochemical desorption
effectively removes the TEG-TA SAMs and therefarean be used to improve the

selectivity of directed EPD when the two-enzymesses are created.
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Figure 4.1. Electrodesorption of TEG-thioctic acid
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— 1.2 V (vs. Ag/AgCl) for (1) 15mir2) 30min (3) 45min, 60min

in the

presence of 0.1M PBS pH 7.0 containingl0 mMA€(CN)] and 10 mM K[Fe(CN)] a)
EO = 0.227 V and frequency range 0.1Hz to 100m&inplitude 5mV

The proof of principle that EPD can be used asraayeng method for multianalyte

enzyme biosensor was undertaken on an IDE arrayg usionanomodules modified
with two different enzymes ( HRP and GOX) and twifedent polymers ( RP 1 with
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Eoof 0.312 V and RP 2 with Eof 0.18 V respectively) to facilitate the deteatiof
non-specific phenomenon. The IDE array was firstdifited with the TEG-thioctic
esters as decribed in the experimental sectioriirgtt the IDE 1 was deprotected and
the whole array was exposed to a solution of RiP/1/ HRP nanomodules. Potential
of + 1.2 V for 30min was applied to IDE 1.

Figure 4.2 shows CVs taken from the IDE array atfter electrodeposition of the Au
7 RP 1 / HRP nanopatrticles. It can be observedt DB 1 showed well-defined
redox peaks of the @5/ Os* couple with a formal potential of + 312.5 mV. Ehu
the Au/ RP 1/ HRP nanoparticles were electrodepdsuccessfully on the IDE 1.
However, CVs from the IDE 2 also showed quasi-reNde redox peaks
characteristic of RP1 which presumably is due ® nbn-specific deposition of the
HRP / RP1 / Au particles. The peaks are not weflngel from the IDE 2 when
compared to the IDE 1 and peak currents were lowldre charge under the redox
peaks was used to estimate the non-specific adearpt the HRP / RP 1 modified
Au nanoparticles on the IDE 2 compared to the IDEMAd it was estimated that a

non-specific adsorption of 34% was present on Bie 2.

However , after applying a negative potential ofL..2 V (vs. Ag / AgCl) for 1h, the
redox peaks characteristic to the osmium polymsapipeared completely from the
IDE 2 and the behaviour became almost the sambaif the blank IDE 2. This
clearly proves that the electrochemical desorptodnthe thiols is successful in
removing the non-specific adsorption. This showse tladvantage of the

electrochemical desorption technique
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Figure 4.2.Cyclic voltammograms of the IDE array after thec@#odeposition of 50L of Au/RP1
/ HRP particles ( 2 x 18 particles mL™) on the IDE 1. Applied potential : + 1.2 V for 80n ,
Supporting electrolyte : 0.1M PBS pH 7.0, Scanra@mV s™.
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Figure 4.3. Cyclic voltammograms of the IDE array after theatfodeposition of 5QIL of
Au / RP2 / GOX particles ( 2 x 18 particles mL™ ) on the IDE 2. Applied potential : +
1.2 V (vs. Ag / AgCl ) for 30 min. Supporting etealyte : 0.1M PBS pH 7.0, Scan rate:
50 mvV s™

Subsequently, the IDE array was exposed to a solutif Au / RP 2 / GOX
nanoparticles and the same EPD conditions as ®HRP electrodes were applied
for IDE 2. Figure 4.3 shows the corresponding C\after the electrochemical
deposition of the Au / RP 2 / GOX particles on tb& 2. The well-defined redox
peaks characteristic to RP 2 with a redox poterdfal+ 181.5 mV at IDE 2. This
clearly shows that the IDE 2 was effectively moelifiby the GOX / RP 2 /Au
nanoparticles. However , CVs from the IDE 1 displdyeaks corresponding to the
RP 2 as well as the redox peaks correspondingedrth 1. This shows that there is
still non-specific adsorption on the IDE 1. Intajon of the charge under the redox
peaks showed that the non-specific adsorptionaarad 12.3 %.

The presence of non-specifically adsorbed nanapestiis only part of the non-
specific phenomenon. The most important piece dada if these nanomodules
give a significant non-specific amperometric resggmnTo quantify this, the IDE

array was probed. Figure 4.4 displays the typitshdy-state catalytic response with
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successive additions of ;B, solution to the electrochemical cell at an applied
potential of OV. With increase in the peroxide centation, there is an increase in
the reduction current from the IDE 1.

0 (b)
(a) Response from |DE 1
(b) Response from |DE 2
-5e-7
<
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Figure 4.4. Typical steady-state current response of thednissr electrodeposited with
the Au / RP 1 / HRP particles on the IDE 1 for sssive injection of kD, into stirring
PBS. Applied potential : OV, supporting electrolyt®.1M PBS pH 7.0. Inset : Calibration
plot of the currents produced due to the incraasisO, concentrations from the IDE array
after immobilization of Au/ RP 1/ HRP on the IOE

The response from the IDE 2 was minimal. The irsdetws the calibration curve
of the array for HO,. From the inset of figure 4.5, it can be seern theexample at
3mM H,O,, there was a response of @8 cm? from the IDE 1 whereas from the
IDE 2 the current response due to the peroxideSa8 cm?. Thus the non-specific
response to the 4@, from the IDE 2 is about 2.5% when compared torégsponse

from the IDE 1. It is therefore obvious that thesdeption scheme gurantees
selectivity during patterning.
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In order however to ascertain that EPD is efficieag patterning method, it should
be secured that the IDE 1 modified with Au / RPHRP nanoparticles do not
respond in the presence of glucose. Figure 4.5 shbe response of the IDE array
to different concentrations of glucose.There isirarease in the oxidation current
response from the IDE 2. Although there is a respoinom the IDE 1 due to the
glucose injections, this response is minimal whemgared to the IDE 2. When
currents are plotted against concentration (inggaré 4.5), at 80mM glucose, there
was a response of 0.8 mA @nfrom the IDE 2 whereas as the response from IDE 1
is 0.04 mA cnf. Thus the response to glucose produced from thespecific
adsorption of the GOX / RP 2 / Au nanoparticlestioa already HRP / RP 1 / Au
nanoparticles electrodeposited IDE 1 is around 5%.

From the figure 4.3 about 12 % of non-specific agson of Au / RP 2 / GOX
nanoparticles was observed on IDE 1, however thlg pesulted to about 5% non-
specific response.This means although nanopartetespresent, the enzyme they
contain is not efficiently “wired” to the eleadde. This IDE array can obviously

be used with acceptable reliability to measure #immeously the two analytes.
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Figure 4.5. Typical steady-state current response of the bieseelectrodeposited with the
Au / COPOs / GOX particles on the IDE 2 for sucoessnjection of glucose into stirring
PBS. Inset : Calibration plot of the currents proeldl due to the increasing glucose
concentrations from the IDE array after immobilinatof Au/ RP 2 / GOX on the IDE 2 .
Applied potential : + 0.4V (vs. Ag / AgCl), supporg electrolyte: 0.1M PBS pH 7.0.

4.4.2. Optimisation of electrode construction andransduction

In the previous section the proof of concept otgraing with EPD was demonstrated.
The EPD parameters used were those optimised pieahad ( +1.2V for 30min with a

larger counter electrode ) . In this section, dorefvas made to further optimise these
conditions in order to achieve higher current deéesi The first parameter to be
examined was the magnitude of the electric fieldrdu EPD. Figure 4.6 shows the
effect of the applied EPD potential on the resgltelectrocatalytic current from the
modified electrodes. It can be observed that ¢hextrodeposition potential has a
profound effect on the glucose dependent catabitents. It appears that this effect
follows a step function with threshold between &8l 1.2V. At the deposition potential

of + 0.8 V, the response to glucose wasp27cm? and the response at + 1.2 V is
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225pA cm % At +1.6V the response was around 1@%cm % However if we try to
calculate the apprant,Kapp and the hax app for each EPD potential. We obtain the

following results.
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Figure 4.6. Steady-state amperometric responses to the gluéase the electrode
deposited with RP2/GOX/RP2/Au nanoparticles by gy different electrodeposition
potentials. Applied Potential for amperometric rspe: + 0.4V (vs Ag / Ag Cl ) ;
supporting electrolyte: 2mL of 0.1M PBS pH 7.0 hwtirring.

It is not necessary to explain these results. Tgmaeent Imax is proportional to the
“wired” enzyme amount deposited, while theyKapp ia an indicator of the
combined kinetic / mass transport resistance ferséinsor. Increased mass transport

resistance would increase the value of, &pp giving also kax corresponding to

o AN

lower * wired enzyme than there really is onethmodified electrode. The
electrodes made by the application of +1.6 V f®®DEshowed the lower Kapp
values but also lower hax than those exposed to + 1.2V during EPD. This
observations contradicts the microscopic findings chapter 3 ( that showed
clustering and therefore the possibility of sevemensified mass transport
limitations). From the data at hand, it can onlyspeculated that the response from

+ 1.6 V exposed electrodes comes from those mdirtee nanoparticles that from
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thin deposits, while the clustered parts are esslgntdisconnected from the
electrode. It was therefore that + 1.2 V was thenogl EPD potential.

EPD potential (V) | max @pp ( A cm 2) | Ky app (MM)
0 0 0
+0.8 44.6 37.9
+1.2 225 23.08
+ 1.6 194 5.7

Table 4.1 .Kinetic parameters hax ( maximum current ) and JKapp ( Michaelis Menten
constant ) from the glucose sensors made by EPRPo2/ GOX / RP 2 / Au nanoparticles by

applying different potentials. Electrodepositioor £5min.
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Figure 4.7. (a) Current produced during the electrodeposition of RP GOX / RP 2
modified Au nanoparticles by applying electrodepiosi potentials OV (curve a), + 0.4 V
(curve b), + 0.8 V (curve c¢) and +1.2V (curve d) i&min.( b) Currents produced for +1.2

V( curve e) and +1.6 V ( curve f) for 15min.
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Another explanation however for the observatiorthiat at the applied potential,
electrode reactions might denature the enzyme tllyrex indirectly or affect the
redox behaviour of the polymer. Some additionahdatt the issue of the influence
of EPD on the response can be obtained by mongadhe current obtained during
EPD in real time. This current may not result spldfom the mass of
electrodeposited particles but also from parastectrode reactions. However it is
clear from Figure 4.7 that a marked change in beha is observed between 0.8
and + 1.2 V. At + 1.2 V the current increased Ingavith time as expected by
equation 3.5. However at + 0.8 V, there is whatkkdike a diffusion dependent
decay. As discussed in chapter 3, one has to remethat these hybrid particles
have both anionic and cationic character. It sirdfare likely that a threshold
potential is necessary to provide enough electetkenforce for deposition. On the
other hand comparison of the response at + 1.2 & 4#ai.6 V shows that in the
latter case, after an initial Hamacker like behavia decrease in deposition rate is
observed. This might be due to the clustering #medincreased resistivity of the

clustered substrates which decrease the electrepb@fficiency of the electrode.

The second parameter to be examined was the timeP&f. From equation 3.5,
increased time should result to higher nanopartitiass deposited and higher
response. Figure 4.8 shows the response to glultose the electrodes modified
with Au colloids modified with RP 2 / GOX / RP 2 different times of deposition).
At 60mM glucose, the maximum response was arouril6aA cm ~2 at 15min of
deposition. After increase in the time of electnpagtion from 15min to 30min, the

glucose response increases to 3BA5cm 2

Finally after 60min of
electrodeposition, the glucose response isp20&m 2, which is 61.3 % of the
response found from 30min to EPD. This explanatan be supplemented by the
information obtained from the electrodepositionB8A modified Au nanoparticles
at different times of deposition ( Figure 3.3). Taqwerent decrease observed at 1h of
electrodeposition in Figure 4.8 probably is a residlthe loss of enzyme activity
suffered from exposure to low local pH conditioms &n extended time, or loss of
redox functionality of the polymer (at higher padti@h ligand substitution is

formed).
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Figure 4.8. Steady-state amperometric responses of the IBosemwith different

electrodeposition at +1.2V for 15, 30, 60min to twadation of glucose in stirring PBS.
Applied Potential for amperometric response: + 0.4 Ag / Ag Cl ) ; supporting
electrolyte: 2mL of 0.1M PBS pH 7.0 with stirring.

The results in figure 4.9 seem to support this sdcexplanation: the effect of
electrodeposition time on the redox functionality the modified is shown.
Electrodes deposited at + 1.2 V showed well defirestbx peaks in voltammograms
obtained after 15, 30 and 60min deposition. CV slatand 30min taken after
electrodeposition of the modified gold nanoparscleshowed the oxidation and
reduction peaks at + 0.24 V & + 0.19 V charactersti the redox polymer with a
redox potential of + 0.21 V. However electrodebjsated to EPD for 60min lost

some definition in their redox behaviour.
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Figure 4.9. Cyclic voltammogram of the electrodes depositeditierent deposition times
(15,30 and 60min) with gold nanoparticles modifiedh-L with RP 2 and GOX and RP 2.
Electrodeposition conditions : + 1.2 V for 15, 38da60 min, Scan rate : 100 m V séc
Supporting electrolyte : 2mL of 0.1M PBS pH 7.0.

Finally the nature of colloidal nanoparticles wdtered in the hope of observing
higher currents. It was thought that by includinges redox polymer layer, electron
transfer would be faster and therefore current diessare higher. Unfortunately,
due to the precipitation, this second layer of regolymer could not be added to
the HRP-modified electrodes. For this reason intwbHows only GOX-modified
nanoparticles were used. From Figure 4.10, thetrelde with particles having the
outer redox polymer layer produced a current respasf 158A cm? whereas the
electrodes without the outer redox polymer produaeclrrent response of {8A
cm? at 50mM glucose concentration. Amperometric mezm@nts showed that the
redox polymer on the outer surface of the modifgald nanoparticles almost

doubled the glucose response when compared to pdhtgcles without the outer
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redox layer. Several phenomena were consideredibatihg factors for this greater
amperometric response observed from gold nanopesticontaining two redox

polymer layers.
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Figure 4.10. Typical steady state chroanoamperometric respafs¢éhe biosensor on
successive injections of glucose from the electsonedified with Au/ RP 2/ GOX / RP 2
& Au / RP 2 / GOX. Inset : currents ploted agaitis¢ concentration of glucose. Applied
Potential for amperometric response: + 0.4V (vs/A@ Cl ) ; supporting electrolyte: 2mL
of 0.1M PBS pH 7.0 with stirring.

Presence of an extra redox polymer layer may erehahe electron transfer
between the enzyme and the electrode and also betwle adjacent particles
showing a better response at the electrode. Finglly also thought that an outer
redox polymer layer stabilises the glucose oxidasewell as protecting it from a
loss of the activity due to the direct contact wiltle electrode surface. As expected
from the behaviour of the microelectrodes, whenOan& diameter gold electrode
was used instead of a 0.5mm electrodethe currestincaeased eight fold ( 0.3 mA

cm? to 2.3 mA cni?, results not shown)
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Figure 4.11 Calibration curve of the currents produced frdre biosensor on successive
injections of glucose from the electrodes modifigth Au/ RP 2/ GOX/RP 2 & Au/ RP
2 | GOX. Applied Potential for amperometric respens 0.4V (vs Ag / Ag Cl ) ;
supporting electrolyte: 2mL of 0.1M PBS pH 7.0 lwdtirring.

When the outer layer is redox polymer, it was obedrin chapter 2 that the zeta
potential is positive. Despite the fact that EPDsveehieved with positive applied
potentials, intuition and theory dictate that a aiege EPD could result to higher
efficiency. For this reason potentials of + 1.2 a- 1.2 V were applied for 30 min

using the same number of particles in solution.
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Figure 4.12. Typical steady state chroanoamperometric resparfs¢he biosensor on
successive injections of glucose from the electsadedified with Au/ RP 2/ GOX / RP 2
by the application of electrodeposition potentiah@.2 V and — 1.2 V for 15 min. Applied
Potential for amperometric response: + 0.4V (vs/Ag Cl ) ; supporting electrolyte: 2mL
of 0.1M PBS pH 7.0 with stirring.

From Figure 4.12, at 50mM glucose with + 1.2 \krdhwas a response of 1A
cm 2 to the glucose where as the electrodes subjedt&®PB at — 1.2 V produced

only 2.36 A cm 2

which is of 1.54 % of the response produced frdm t
electrodes deposited with + 1.2 V. This shows aswised in chapter 3, the gold
core of the nanoparticles plays a major role durielgctrodeposition and

stabilization.

That the deposition of the nanoparticles with ateotedox Ipolymer layer is selective
could not be shown with the use of second enzymetHis reason the magnitude of the
non-specific phenomenon was quantified versus actrelde shone EPD potential was
applied. Figure 4.13 shows the chronoamperometgpanse from the electrodes
modified with Au colloid / RP 2 / GOX / RP 2 patés at two different potentials.
Intially when the electrodes are deposited with tiedified particles by applying a

potential of O V for 30 min, the response to gledsom the electrodes after
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modification is completely absent. On the sametedde after applying a potential of +
1.2 V for 30 min with the same number of modifieartirles, there was a stable and
quick response to different concentrations of ghecdrhis clearly demonstrates that at
0V, the response to glucose was completely abskictvelearly proves that this type of
particles can also be used for producing closedgsg multienzyme sensors.

1.6e-d

— 1.2 Tar S30min
14p-4 4 — % for 30min
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Figure 4.13. Typical steady state chroanoamperometric resparfs¢he biosensor on
successive injections of glucose from the sametrelde modified with Au/ RP 2 / GOX /
RP 2 by applying 0 V for 30 min first followed by &2V for 30 min. Applied Potential for
amperometric response: + 0.4V (vs Ag / Ag Cl ) pporting electrolyte: 2mL  of 0.1M
PBS pH 7.0 with stirring.

4.5. Conclusions

In this work a novel method for fabrication of aobensor array based on the
combination of electrodesorption of TEG-TA estersd aelectrodeposition of
enzyme functionalised redox polymer modified Au oparticles. The Au
nanoparticles modified with redox polymer and enegmwere successfully
electrodepoisted on the microelectrodes. In addlitidosely spaced sensors with
different enzymes exhibited faster and specificpogse with minimal non-

specificity. The osmium complex in the resultingzeme/redox polymer / Au
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nanoparticle modified films effectively mediatesetlelectron transfer from the
enzymes to the substrate. The advantage of ththadelogy is that it is very
simple, with good catalytic response and could jpglieable to other biomolecules
like antibodies, oligonucleotides. Au nanopartcieere modified initially with
redox polymer followed by the enzymes in a layesldyer approach. The main
advantage of using electrodesorption techniquénas it can be used for removing
the already non-specifically adsorbed particlesanfrthe electrode surface, which
makes this approach suitable for creating the sfatiebiosensor array. Using the
redox polymer on the Au nanoparticles outer laydsoaresulted in better
electrocatalytic response due to electrical wiriigenzymes. The in situ deposition
of these generic nanomodules in microsystems cgobsible as far as such devices
are equipped with microelectrodes with the corresiimg contacts. The overall
advantage of this technique is that the describethad uses the same technique
(electrochemistry) to both manufacture the mulasw®ic platform and detect the
(bio) recognition event. With both arraying and s@w@&ment by electrochemical

methods, overall fabrication costs should be minedi

4.6. Abbrevations

Au - gold

GOX - Glucose oxidase

HRP - Horse radish peroxidase
RP 1- redox POs

RP 2 — Redox Co polymer
TEG — Triethylene glycol

TA- Thioctic acid
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Chapter 5. Site-directed immobilisation of proteins through
electrochemical deprotection on electroactive seHdssembled

monolayers

5.1.Abstract

Self-assembled monolayers were obtained on goldrelées using thioctic esters of
benzo [1,3] dioxinol. These SAMs present a grougt tban be electroactivated
selectively and was used for the directed, reagestl covalent patterning of
proteins. The advantage of this moiety is thatlioves electroactivation at low
potentials increasing selectivity and reliability. this study, the efficiency of this
patterning system is examined. Cyclic voltammet®y) was used to confirm the
electroactive nature of SAM modified electrodespwimg fast and complete
electrochemical deprotection with one scan. Theym®s glucose oxidase (GOX)
and horseradish peroxidase (HRP) were patterneth@rSAM-modified electrode
through Schiffs base formation after electrochemaprotection, confirming the
selective nature of the electroactive substratep&mmetric response was measured
after the GOX immobilisation showing high selectivesponse. Real time
monitoring is shown by immobilisation of HRP on t8&M modified surface using
electrochemical surface plasmon resonance (ESPRgr aklectrochemical
deprotection, again showing high selective respavisen compared to the protected

control.

5.2. Introduction

The controlled patterning of biomolecules (proteamsoligonucleotides) or cells on
solid substrates is a crucial step in the successtwication of defined arrayfer the

fabrication of biosensors, biochips, or intelligémplants and hybrid materials?.

Reliable and selective patterning is required toiece the reliability, sensitivity and
reproducibility that are required for such devic&epending on the application,
selective patterning needs to achieve varied résoldimits. Several methods for
the patterning of proteins onto solid surfaces hawsen reported such as

microcontact printing, photolithography, pin or indeposition, and surface
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chemistry [3,4]. The use of electrochemistry (eleel fields or selective surface
activation) as an alternative provides the advamtagemploying the final devices in
the format that it will be used and a method (eleatiemistry) that is the same that
iIs employed many times for transduction and actumafb-7]. In previous chapters it
was shown that using bio/nanomodules and eledeld fis driving force relatively
interference-free arrays can be constructed [AGgrnative methods for paterning
include those of deprotection or activation of preied immobilisation spots such
as photodeprotectiof'® or acid/base treatment!, but the limitations in the
quantification of the deprotection and the complesatments associated, that can
imply severe changes in the physico-chemical comast inducing degradation of
the biomolecules, make the electrochemical a maie@lsdle deprotection/activation
method. In this sense, the use of protecting grdapspecific binding sites that can
be subsequently deprotected electrochemically eararbployed for patterning [12-
14]. Such methods have been developed for thenpaty of biomolecules, offering
new frontiers for the design of advanced intelligematerials [15-17]. Dynamic
SAM presenting ligands that can be switched fromirsrt (where the ligand is
protected) to an active state (where the ligandeigrotected or activated and ready
for the binding of a specific biomolecule) has be#sveloped for the selective
immobilisation of biomolecules [12]. These substgabffer real time control over
the presentation of ligands to attach biomolecuédl®wing the modulation of the
ligand activity and biomolecule immobilisation. Thatilisation of different
potentials to induce the protection/deprotectionspécific binding sites of SAMs
has been reported as an efficient method to tuaebthding biomolecules [12-14].
In this chapter for the first time is described wnamic electroactive substrate
presenting benzo [1,3] dioxinol SAM for the selgetipatterning of biomolecules.
The strategy for the selective patterning of biomeoles using the self-assembled
monolayers presenting the electroactive substatdustrated in scheme 5.1. The
advantage of this moiety is the lower activationtgmvial that allows for more
selectivity and avoids the possible desorption diols. In addition, the
electroactivation creates an aldehyde group thimwal the direct coupling with
amines on biomolecules without the need to add rotbeupling reagents,

presumably increasing also the efficiency of paiiag.
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Scheme 5.1.Schematic representation of the generation of dfdehyde group by
electrochemical deprotection/activation of SAM aining thioctic esters presenting
benzol,3 dioxinol substrate and subsequent covaleopling of aldehyde with amine

containing enzymes.

This efficiency and selectivity are studied by ESRfclic voltammetry using

glucose oxidase and horseradish peroxidase, aglalmgstem.
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5.3. Experimental

5.3.1. Materials

Thioctic acid (Acros Organics, Spain) was used Iimiaely as received.
Triethylene glycol (Acros Organics, Spain) was draver drierite for one week and
distilled under vacuum (114°C/0.1 mm Hg) beforengsiChloroform was distilled
from calcium chloride. Dichloromethane was drieddstillation from phosphorous
pentoxide. Chromium oxide (Sigma-Aldrich, Spain)sadried over FOs; pyridine

was distilled over KOH prior to use. Glucose oxield&0X) was purchased from
Biozymes, UK. All other compounds were purchasexmfiSigma-Aldrich and used
as received. Glucose and HRP were purchased frgm&Aldrich and used as

received.

5.3.2. Instrumentation

Electrochemical experiments were performed using AWTOLAB PGSTAT10

potentiostat (Eco Chemie, Netherlands) in a corigeat three-electrode cell. A
Ag/AgCl electrode (BAS, UK) was used as referenleeteode and platinum wire as
counter. 0.5 mm diameter gold wire (Advent, Oxftrd) was resin-sealed
(Mecaprex M42, PRESI, France) within a glass capjlland used as working
electrode. All solutions were made with purifiedstidled water obtained from a
Milli-Q water system. ESPR measurements were cdroeit with a ESPRIT

instrument (Eco Chemie, NetherlandSH NMR spectra were recorded using
standard conditions on a Varian Gemini 300 speottem Flash chromatography

was performed using silica gel 60 (230-400 mesh).
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5.3.3. Methods

5.3.3.1. Synthesis of electroactive thioctic aciders

Th steps for the synthesis of the electroactivessake are shown in scheme 5.2.

MDH HO o oo Do
+

=35 u]

MDWDWDWDH a

5—% u]

3

MDWDWD%D @)

5—3 u]

’ LD
Q/\/\”/DWD%D\JLD &
0

-3
Scheme 5. 2Steps for the synthesis of benzo (1,3) dioxinadtic ester

Compound 1[15]. Triethylene glycol (12 g, 0.08 matlicyclohexylcarbodiimide
(4.94, 0.024 mol) and 4,4-dimethylaminopyridine2@®4, 0.002 mol) were added to
a solution of thioctic acid (4.12 g, 0.02 mol) ihlaroform (50 mL). After 24 h at
room temperature chloroform was removed under reduyressure and the mixture
extracted with diethyl ether. The organic solutwwas washed with brine, dried over
MgSO, and concentrated. Flash chromatography with THkhe (1:1) afforded
3.27 g of pure yellow oil. Yield: 37 %.

1H NMR (400 MHz, CDCI3)54.24-4.28 (t, 1H, J=2.22 Hz), 3.59-3.75 (m, 12H),
3.51-3.61 (m, 1H), 3.15-3.19 (m, 2H), 2.42-2.60 (th)), 2.37-2.40 (t, 2H), 1.92-
1.95 (m, 1H), 1.67-1.74 (m, 4H), 1.49-1.55 (m, 2H).

Compound 2. Pyridine (4.21 g, 0.054 mol) in dicbloethane (15 mL) was added
dropwise to a suspension formed by chromium oxidéq g, 0.026 mol) and
dichloromethane (20 mL). The mixture was kept unaeyon at room temperature

and protected from light for 90 min. Then, a saluatiof ester (1.5 g, 4.6 mmol) in
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dichloromethane (25 mL) was added dropwise for 1& and 90 min later the
mixture was filtered very slowly through glass wodhe mixture was concentrated,

dissolved in ethanal, filtered through celite amshcentrated again. Yield: 57%

'H NMR (400 MHz, CDC})  9.75 (t, 1H), 3.49-3.76 (m, 11H), 3.15-3.19 (m,)2H
2.42-2.60 (m, 1H), 2.37-2.40 (t, 2H), 1.92-1.95 (bi), 1.67-1.74 (m, 4H), 1.49-
1.55 (m, 2H).

Compound 3. 2-hydroxybenzyl alcohol (0.194 g, 1@ot) and aldehyde compound
(0.49 g, 1.5 mmol) were refluxed in anhydrous dioxa(5 mL), concentrated
sulphuric acid (15QuL) and anhydrous magnesium sulphate (0.5 g) for. 3He
mixture was filtered and concentrated. The produat selectively isolated from
hexane:acetone (1:2). Yield: 26%

'H NMR (400 MHz, CDC}) §.7.20 (d, 1H), 7.00 (d, 1H), 6.8@d, 2H), 4.65 (s,
2H), 3.59-3.75 (m, 11H), 3.51-3.61 (m, 1H), 3.14B(m, 2H), 2.42-2.61 (m, 1H),
2.37-2.40 (t, 2H), 1.92-1.95 (m, 1H), 1.67-1.74 @Hl), 1.49-1.55 (m, 2H).

5.3.3.2. Preparation of the electrode

0.5mm gold disk electrodes were successively petishith 6, 3, 1, 0.5 and O{m
diamond paste (Buehler) and sonicated in wated forin after each polishing step.
Later the electrode was electrochemically cleangddanning from —0.2 to +1.8 V
(vs. Ag/AgCl) at a scan rate of 0.2 V& a 2 M HSQ, solution until a constant
cleaned gold voltammogram was obtained [18]. Nbgt ¢lectrode was rinsed with
distilled water and dried with nitrogen. Self asdémd monolayers were prepared by
incubating the gold electrode with ethanolic sauos of the thioctic acid esters
presenting benzo [1,3] dioxinol f@a. 12 h . Finally the electrodes were rinsed with

ethanol and dried with nitrogen.
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5.3.3.3. Characterisation of the benzo 1,3 dioxinohodified electrode

Electrochemical characterisation of the modifiedcélode was done by performing
cyclic voltammetry in 10 mM phosphate buffered salivith 150 mM NaCl pH 7.0,
scanning from +0.4 V to +1.0 V (vs. Ag/AgCl) atate of 0.1 V &.

5.3.3.4. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) wasl s characterize the changes
in the charge transfer resistance ¢(Roffered due to the electrochemical
deprotection. B, the semicircle diameter at higher frequenciesh Nyquist plot
of impedance spectroscopy, controls the interfaeiaictron transfer rate of the
redox probe between the solution and the electré&d@eriments were conducted
using a three electrode system in the presenceldd phosphate buffered saline at
pH 7.0 as a supporting electrolyte containing 10nk¥Fe(CN)] and 10mM
K4 Fe(CN)] as a redox probe at the formal potential of thstem, E = 0.227V,
using AC amplitude of 0.005V. Impedance measuremevdre performed in the
frequency range from OHz to 100MHz. Experiments were also conducted using
three electrode system in the presence of 0.1M gitede buffered saline at pH 7.0
as a supporting electrolyte containing 10mM RugN# as a redox probe at the
formal potential of the system,’E= -0.225V, using AC amplitude of 0.005V.
Impedance measurements were performed in the fregueange from 0.Hz to
100MHz.

Finally EIS was used to demonstrate the electraghi®m of thioctic acid esters
self-assembled on gold electrode at +0.8V(vs Ag/B@dter 15 and 30min. Initially
EIS of the blank Au electrode was taken in the @negs of 0.1M phosphate buffered
saline at pH 7.0 as a supporting electrolyte comgi 10mM K;[Fe(CN)] and
10mM Ky[Fe(CN)] as a redox probe at the formal potential of tgetam, E =
0.208 V, using AC amplitude of 0.005V. For thisgald electrode was incubated
with 1mM TEG-thioctic acid esters dissolved in etbkafor 2hr. Later the Au
electrode was washed with ethanol and dried undgrna After washing, electrodes
were kept in 0.1M PBS pH 7.0 and a potential oBVO(vs.Ag/AgCl) for 15 and

30min. After each potential step EIS was taken to
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see the changes in the charge transfer resistaRgg ¢ffered due to the

electrochemical desorption.
5.3.3.5. Electrochemical surface plasmon resonan@@SPR) measurements

In order to determine the efficiency and selecyivof patterning of proteins on the
activated SAMs the electrochemical surface plasmesonance (ESPR) technique
was used so that efficiency of patterning and fiomcof the immobilized proteins
could be studied separately. The modified benz®][Hioxinol electrode was
activated as the SPR measurement was taken byiagpty0.7 V (vs. Ag/AgCl) for
120 s. Next a pH 7.0, 0.01M PBS solution with OM3NaCl was used to wash the
activated electrode surface in a flow setup, uatdonstant baseline was observed
which is the starting point in Figure5.7. Next therseradish peroxidase (HRP, 10
ng mL ™) dissolved in 0.01 M pH 7.0 PBS was left in comtaith the electrode for
a period of 300 s, after which it was washed witlsimilar PBS solution until
reaching a new value of resonance angle. The diffe@ between the initial and
final values is indicative of the immobilisation 6fRP on the electrochemically-
activated electrode. To quantify the non-specifdsa@ption control experiments
were performed exposing the non-activated electredgface to similar HRP

concentration followed by the same washing steps.
5.4. Results and discussion

5.4.1. Electrochemical activation of SAMs

As shown in figure 5.1, an irreversible anodic paedund + 0.6 V was observed during
the first scan, which rapidly disappeared in subsat scans, behaviour indicative of
fast, nearly complete, (93% after the first scae\adenced by integration of the charge

passed) ( 98.5% after the second scan) activatienthree scans.
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Figure 5.1. Cyclic voltammetry of benzo 1,3 dioxinol functidis®d SAMs in 10 mM
phosphate buffered with 0.15 M NaCl pH 7.0 at 0.&"

The progressively decreasing electrochemical dgtighows the electroinactive
nature of the created aldehyde groups as expeEtather cyclic voltammograms
were performed to the aldehyde-presenting SAM meditlectrode confirming the

lack of any electrochemical activity.
5.4.2. Electrochemical anodic desorption of TEG-thuctic acid esters

Figure 5.1 shows that electrochemical activationhef dioxinol moiety can occur at
the interval 0.6 to 0.7 V (Ag/AgCl). As mentionedilternative chemistries have
appeared in the literature to bring about the saaffect, but applying higher
potentials. To demonstrate the advantage of thehadeused here, TEG-thioctic

acid esters were used as SAM models to demongtrateat these higher potentials
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siginificant desorption of thiol-based SAMs occuttherefore diminishing the
presentation of active ligands to the solution.

Figure 5.2 shows the electrochemical impedancetspsmpy characterisaion of the
electrodesorption at such higher potentials of Tli®Betic acid esters immobilized
on the gold electrode surface. It is shown thagre is semi-circle formation in the
case of gold electrodes modified with TEG-thioatisters which is presumably be
due to the charge transfer resistance offered bythioctic ester monolayers self

assembled on the gold electrode.
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Figure 5.2.Nyquist plot Impedance response in 0.1M pH 7.0 iBtBe presence of 10 mM
K3[Fe(CN)] and 10 mM K[Fe(CN)]. Conditions: i = 0.205 V and frequency range 0.1Hz to
100mHz., amplitude 5mV .

After 15 min of applying the potential + 0.8 V (#g/AgCl), there is a decrease Iin
the semi circle formation which was presumably doe¢he removal of the SAMs

from the gold electrode surface. The impedance \aebais the same as that of the
blank gold electrode. This clearly shows the pdssiddvantage of using lower
potentials for electrochemical deprotection as eéhegin electrodesorption at higher
potentials while working with gold electrode, whietas demonstrated from the

above experiments.
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5.4.3. Electrochemical properties of modified eleobdes

SAM formation and the effects of SAM and activation the electrochemical
behavior of the electrodes could be observed andliesd with impedance

spectroscopy and cyclic voltammetry of a solutitecgoactive species.
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Figure 5.3. Nyquist plot Impedance response in 0.1M pH 7.0 ABShe presence of
10 mM Ks[Fe(CN)] and 10 mM K[Fe(CN)] a) E; = 0.227 V and frequency range 0.1Hz
to 100 mHz. b) 0.05 V'5 (a) Blank electrode, (b) non activated and (¢jvated

As observed in Figure 5.3(a) and 5.4(a) the bagetedde showed the facile kinetics
behavior of the reversible Fe(CRf couple with an almost imperceptible
semicircle formation in the Nyquist plot and revbks cyclic voltammetry.

However, after the formation of the electroactivdMsbefore activation (plot b in
both Figures) the behavior of the system changetsiderably: the peak-to peak
separation of the CV did not change significanthyt the peak height decreased

dramatically.
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Figure 5.4. Cyclic voltammetry response in 0.1M pH 7.0 PBSthie presence of 10 mM
Ks[Fe(CN)] and 10 mM K[Fe(CN)] at 0.05 V &. (a) blank electrode, (b) non activated

and (c) activated

The Nyquist plot showed a considerable increagéendiameter of the semicircle at
the high frequency range indicative of a higher rgkatransfer resistance. The
behavior of the system changed further when the 3&r was activated (plot c in

both Figures): the diameter of the semicircle iasedl making impossible to
perceive a linear part even at the lowest frequeratyge in the Nyquist plot, and

cyclic voltammetry indicated a further attenuatiohthe peak current. To explain
these observations it is postulated that the cjogehcked SAM acts as a
“passivator” of the electrode.

However, the structure presented to the solutidrat(tof benzodioxinol) is not

perfectly packed and allows some partition of thecioactive species. It is also
possible that this structure causes a slight reasma&ffect which disappears after
activation. However, after activation it is postelad that the free aldehyde groups
are rapidly reacting with water forming carboxykcids that present an anionic
surface to solution. In addition, the Fe(GNYy couple can oxidize the aldehyde
group to an acidic group. This further inhibits tlpermeation of the anionic

ferri/ferro cyanide couple, a fact that demonssatself as a further attenuation of
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the peak height in cyclic voltammetry and as anaappt increase of charge transfer
resistance.

To further probe the physiochemical properties lod SAM-modified electrodes
Ru(NHs)s" (a cationic species ) was used to repeat the saperiments After
electrochemical deprotection by activation thecglen transfer increases which is
due to the removal of aromatic benzene rings froendlectrode surface. Figure 5.5
shows the cyclic voltammogram of the changes ooguon the gold electrode
surface due to the electrochemical deprotection.oAserved in Figure 5.5, the
blank Au electrode displayed redox peaks at -0X46d -0.166 V with a peak to
peak separation of 80 mV. After immobilization ofiet thioctic acid esters
presenting 1,3 dioxinol on the gold electrode, pleak currents decrease with peak
potentials -0.240V and —0.160V .
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Figure 5. 5.Cyclic voltammetry response of the changes omgythe electrode in 0.1M pH 7.0
PBS in the presence of 10 mM Ru(lj§!, scan rate 50 mV séet

This might be due to the change in the electrodtase due to the formation of self
assembled monolayer of the electroactive substratally after the electroactivation,
there is a slight increase in the peak currents,detinitely not the drastic decrease

observed in Figure 5.4 with Fe(CRf. These results clearly demonstrates that the
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electron transfer of Ru(N$s* couple showed distinctly different behaviour frone
ferri/ferro cyanide couple after electroactivatierem the above observations, it seems
that the electrostatic effect indeed was the cafisthe change in behavior by using
ruthenium hexaamine in solution, instead of thedganide couple.

It therefore remained to examine if this apparesdgivation inhibited the electron
transfer from species immobilised on the activag@&M and therefore in close
proximity to the surface, because such an evenyualould render the patterning

methods useless for electrochemical biosensors.

5.4.4. Patterning efficiency verification through srface plasmon resonance

measurements

Figure 5.6 shows the SPR monitoring of HRP immahiion on the
electroactivated 1,3 benzene dioxinol self assedthigleld electrodes. The shift of
SPR angle is used to evaluate the amount of the HRnobilized successfully on

the modified gold electrode surface.
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Figure 5.6. ESPR measurement of the HRP immobilisation ontedactive SAM modified
electrode after and before electrochemical actiwvatil0 mM pH 7.0 PBS with 0.15 M
NaCl and 1fig mL™* HRP.
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The amount of HRP immobilized on the activatedae was calculated to be 1.9
ng mm? using the manufacturer’s approximation that abb2® nf of resonance

angle change correspond to 1 ng fmf protein on the surface. In surface
modification experiments, there is always the pafsy that non-specific forces

develop leading to non-specific adsorption of pirtge

The measured change in resonance angle allows gtimation of non-specific

adsorption of the HRP and was estimated to be tab®% . From the value of

about 50 M that was measured for the specific phenomenaag wvalculated that

the amount of HRP non-specifically immobilized @sponds to significantly lower

than monolayer surface coverage (about*®ol cnmi?). It is therefore concluded

that although it is not possible to avoid totallgnaspecific adsorption, the method
can be used for patterning selectively proteins oorglectrodes through

electrochemical activation of the benzodioxinol S&M

5.4.5. Functionality of patterned proteins

In order to verify the functionality of the pattewh proteins glucose oxidase (GOX)
was used as the model protein since its functibnabuld be verified by measuring
H,O, production directly amperometrically.

For this reason GOX was patterned on gold electddea setup similar to that
described previously for HRP, on electrodes actigaby applying + 0.7 V (vs.
Ag/AgCl) for 120 s, followed by incubation in a, 1@ mL* GOX solution in pH
7.0 0.01 M PBS solution with 0.15 M NaCl for a petiof 30 minutes. 0.02M
Sodium borohydride was added after activation fa&r teduction of the Schiff base.
The electrodes were then rinsed with distilled waaed ried with argon. The
response to glucose was measured in 0.1 M PBS, pHamperometrically by
applying 0.7 V vs. Ag/AgCI. Control experiments tmantify the amperometric
response due to the non-specific adsorption of G@Bte made using the non-
activated SAM-modified electrodes. The results@mpared in Figure 5.7. Figures
5.7 a) and 5.7 b) show the amperometric respongguttbse of activated and non-
activated electrodes. There was an average cumnergase of 0.01%A per
10 mM of glucose added for the specifically actedhtand modified electrode,
whereas only 7 % of this response was observed @@Xx was applied on the non-

activated electrodes.
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Some preliminary experiments (results not shown)rew@erformed using a
diffusional mediator in solution (osmium bypyridjnéo transduce the electrons
from the oxidation of glucose at + 0.5 V vs Ag/AgChe results showed a tenfold
amplification of the currents recorded, making moacgiceable the current increase
in the presence of glucose and decreased the velagsponse from the non
specifically modified electrode.
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Figure 5.7. Amperometric response of electrodes exposed to GOX1 M pH 7.0 PBS, at
a at 0.7 V vs Ag/AgCl showing the response 0, 16 20 mM concentrations of glucose on

a) activated electrode b) non-activated electrode

These results taken together demonstrate that dtterped proteins are functional
after immobilization and that the observed “passord of the surface due to the
SAM does not prohibit the collection of currentrfrdhe immobilised protein layer.
In Figure 5.8 the results of ESPR and amperomedetection are compared,
clarifying the effect of non-specific phenomena abserved with the two

techniques.
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It can be seen that SPR shows an about 20% norifispg adsorbed protein on
the non-activated electrodes, whereas only abo& bd non-specific current is
observed in the amperometric response to glucobes difference is significant
within experimental error and might be due to trectfthat non-specifically
adsorbed protein is less efficient in transferr@lgctrons due to orientation or other
phenomena. Still, it is obvious that this patteghimethod could not be used for

extensive arrays, but it might be suitable for 8ab@lyte devices.
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Figure 5.8. (a) Comparison of amperometric response due tecgeé patterning vs. non-
specific adsorption of GOX. (b) Comparison of HR&tprned vs. HRP non-specifically
adsorbed as evidenced by ESPR. Data taken frontésdu7 and 5.8 respectively.

For this reason, further optimisation to avoid tfem-specific adsorption of proteins

IS necessary.

5.5. Conclusions

It was described in this chapter that the siteade@e immobilisation of proteins by
electrochemical activation of acetal-contaning SAMsanother possible selective
protein patterning method.. Thioctic esters prasgnbenzo (1,3) dioxinol were

synthesized and characterized successfully. It Wasd that electrochemical
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activation is fast and can be achieved at relagivel electrochemical potentials.
The active SAMs provide a reagentless method fdtepaing proteins but non-
specific adsorption is significant. However, we ibeé that by optimising the
system to avoid the non-specific phenomena eithegtically or by verifying their

source the technique can be used to produce lowbaumultianalyte sensor arrays

or fuel cells with insitu modification and micro submicrometric resolution.

5.6. Abbrevations

CV - cyclic voltammetry

ESPR - electrochemical surface plasmon resonance
EIS - electrochemical impedance spectroscopy
GOX - glucose oxidase

HRP - horse radish peroxidase

PBS - phophate buffered saline

SAM - self assembled monolayer

TEG - triethylene glycol
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Chapter 6 : Selective Electrodeposition of Viologe Functionalised

Biomolecules

6.1. Abstract

The aim of this chapter is to prove the principlieyet another electrochemical
patterning of proteins on individually addressablectrodes. In this case, the proof
of principle did not include two different enzyméeerodes but only a modified
electrode and a control to assess non-specific gghenon. This method consists
selectively depositing enzymes using N-methyl-d-€arboxy pentyl)-4,4'-
bipyridinium as an immolization vehicle. Initially,4’-bipyridyl caroboxylic acid
derivative was synthesized and characterised elgwémically. Cyclic voltammetry
of the carboxylic acid derivative of the 4,4,-biinium showed an active
electrochemical signal. Later the carboxylic acidndtionality was used for
attaching HRP through carbodiimide chemistry. HRBnjogated viologen
derivative was characterised by UV-Vis spectroscagywell as electrochemistry
successfully.  Next the HRP was deposited by usthg carboxylic acid
functionalised viologen derivative as an immobiigi vehicle. Two different
approaches were used in this experiment. In tis¢ $irategy, HRP was immobilised
in two steps with initial electrodeposition of caylic acid viologen derivative
followed by the immobilization of the HRP. In thec®nd strategy, HRP was
deposited in a single step by electrodepositing H&Rjugated 4,4’-bipyridyl
derivative on the electrode surface. Both the apphes showed a good selectivity
with the single step deposition method showing carmtiely higher selectivity.
Electrochemical quartz crystal microbalance (EQGMperiments were used to see
the deposition behaviour of the HRP functionaliséalogen derivative at different
potentials and proved that at a potential of — OMB%vs. Ag/AgCl), there is a
maximum deposition with higher selectivity.

6.2 . Introduction

New methods for protein immobilization should haexeral characteristics to make
them well suited to the preparation of protein gsrfil-7]. First, the substrates that

are used for immobilization must be inert to thensyecific adsorption of protein.
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Inert substrates are necessary to prevent denmtoirat immobilised proteins and
unwanted adsorption of proteins in assays (whi@uddeto both false positive and
negative responses in assays and large backgrdgndls that limit sensitivity).
Secondly, the reactions that covalently link thetpin to the substrates should be
selective, so the need to rigorously purify thetemo is avoided and the protein is
immobilised in a defined orientation. Thirdly, theaction should be rapid so that
only small amounts of protein are necessary, arad fimoblems associated with
solvent evaporation are minimized. Fourthly, thethmd should provide control
over the density of immobilised protein, to easeristinteractions of neighboring
proteins and to ensure that the amount of immaddliprotein is reproducible.
Finally, the resulting substrate should be compatibith several of the important
detection technologies used in reading protein oaimays, fluorescence, surface
plasmon resonance (SPR) and mass spectrometry.

Recently electrochemical deposition of Au particlesctionalised bipyridinium
adical cation has been used for biocatalytic i@pfibns[8]. The electroswitchable
and the biocatalytic/electrochemical switchableeifdcial properties of a 4,4'-
bipyridinium monolayer associated with a Au surface described. N-methyl-N’-
(carboxyalkyl)-4,4’-bipyridinium has been self asg#ed on the gold electrode and
used for coupling proteins towards the applicatiaf electrochemical
biosensors[9,10]. Based on the free radical linkilmg the electrode surface,
biomolecules were immobilised on the electrode aef by reduction of the
diazonium salts where the biomolecule is conjugdtedhe aniline molecule and
further these aniline drivatives were diazonatimedorm diazonium derivatives[11-
12]. Later these diazonium derivatives are reducedryl free radical. Consecutive
and reversible reductions of bipyridinium dicatiotts the corresponding radical
cation and neutral species has been shown with esattion having different redox
potentials [13]. Electrochromic properties of N,Nlisubstituted-4,4’-bipyridinium
dications have been studied with the reductionha&f tlication of viologens to a
highly colored cation radical [14].

Two different approaches were used for the seledtivnobilization of HRP on the
Au electrode using carboxylic acid functionalised'4bipyridinium derivative for
optimizing the best immobilization strategy whictoguces a selective response. In
the first approach shown in scheme 6.2, two-stemolinlization was used for
patterning of HRP. In this case, 4,4’-bipyridiniugarivative was intially deposited
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on the Au electrode followed by HRP immobilizationthe second step. The second
approach is a single step immobilization procedaseshown in the scheme 6.3,
where HRP was conjugated initially to the carboxyéicid functionalised 4,4'-

bipyridinium derivative and later electrodeposited a single step on the Au

electrode.

6.3. Experimental

6.3.1. Instrumentation

Electrochemical experiments were performed using AWITOLAB PGSTAT10
potentiostat (Eco Chemie, Netherlands) in a corigeat three-electrode cell. A
Ag/AgCI electrode (BAS) was used as reference sdeet and platinum wire as
counter electrode. 0.5 mm diameter gold wire (Adysvas resin-sealed (Mecaprex
M42, PRESI, France) within a glass capillary anédusis working electrode. All
solutions were made with purified distilled watetained from a milli-Q water
system.'H NMR spectra were recorded using standard comnwition a Varian
Gemini 300 spectrometer. Flash chromatography ves®pned using silica gel 60
(230-400 mesh). Electrochemical Quartz Crystal W#halance (EQCM)
measurements were conducted with a CHI 440 eleotroecal workstation (CH
Instruments, Austin,. TX). The quartz crystal wardielectrode has a fundamental
frequency of 7.995 MHz and is coated with thindgblms on both sides.

6.3.2. Reagents

4,4’-bipyridyl, iodomethane, DMF, diethyl ether antethyl 5-bromovalerate were
purchased from Sigma-Aldrich, Spain and were usedeaeived. Freshly distilled
benzene over Sodium was used. Horse Radish Pesaxif(ltdRP) was purchased
from Sigma-Aldrich, Spain. 3,3',5,5’-Tetramethylrdine liquid substrate (TMB)

(TO440) was purchased from sigma-adrich,spain. Agseesoltuions were prepared
with Milli Q water (Milli Q system, Millipore). All other chemicals were of

analytical grade.

141



UNIVERSITAT ROVIRA I VIRGILI
ELECTROCHEMICALLY CONTROLLED PATTERNING FOR BIOSENSOR ARRAYS.
Srujan Kumar Dondapati

ISBN:

978-84-690-8289-8 / D.L: T.1761-2007

Chapter 6 : Selective Electrodeposition of Viologeanctionalised Biomolecules

6.3.3. Preparation of the electrode

Gold disk electrodes were successively polishech vt 3, 1, 0.5 and 0.m
diamond paste (Buehler) and sonicated in wated forin after each polishing step.
Later the electrode was electrochemically cleangddanning from —-0.2 to 1.8 V
(vs. Ag/AgCl) at a scan rate of 0.1 V& a 0.5 M HSO, EQCM crystal was
cleaned electrochemically.

6.3.4. Synthesis of 4,4’-bipyridinium derivatives

Steps for the synthesis of carboxylic acid funcaiised 4,4’-bipyridinium
derivative was shown in scheme 6.1. The synthesislves in total three steps. In
the first step, 4,4’-bipyridyl was quarternizedtvmethyl iodide to form N-methyl-
4-(4’-pyridyl)pyridinium iodide derivative.

In the second step, N-methyl-4-(4’-pyridyl)pyridimn iodide derivative was
quarternized on the other side with and methyl &avalerate. Finally in the third
step, hydrolysis of methyl valerate derivative oiméthyl-4-(4’-pyridyl)pyridinium
iodide gives us a carboxylic acid functionalised’ dipyridinium derivative.

7\
W),

a)

+!{\
\/ W

b}, c)

m—g—?a 7\ \ — CH—CH;—CH—CH—COOH (2

Scheme 6.1Steps in synthesis of a) CH3I, benzene, room Teatye, 48h; b) methyl 5-
bromovalerate, DMF, 110°C, 20h; c)® 16 % HCI
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6.3.4.1. N-methyl-4-(4’-pyridyl)pyridinium iodide (1).

lodomethane (0.710 g, 5 mmol) was added to a swiuf 4,4’-bipyridyl (0.950 g, 6
mmol) in benzene (10 mL). The mixture was left && h at room temperature. The
orange precipitate was filtered, washed with die#ther and dried under vacuum

to afford the pure pyridinium iodide (yield: 88 %).

H NMR (400 MHz, DMSO-g) 39.16 (d, 2H), 8.85 (d, 2H), 8.04 (d, 2H), 4.41 (s,
3H).

3C NMR (400 MHz, DMSO-g) $148.55 (1C, arom.), 144.09 (1C, arom.), 138.75
(2C, arom.), 122.89 (1C, arom.), 119.82 (1C, arpm5.60 (GH3).

6.3.4.2. N-methyl-N'-go-carboxypentyl)-4,4'-bipyridinium salt' (2).

N-methyl-4-(4’-pyridyl)pyridinium  iodide (0.298g, mmol) and methyl
5-bromovalerate (0.293 g, 1.5 mmol) in DMF (5 mL¢n& heated to 110 °C for 20
h. After cooling to room temperature the mixtureswitered and washed with small
volumes of DMF followed by diethyl ether. Finallpe product was hydrolised in
16% aqueous HCI solution. The solution was evagadrand the orange product was
dried. Yield (98%).

'H NMR (400 MHz, DMSO-g) 59.48 (d, 2H), 9.36 (d, 2H), 8.86 (dd, 4H), 4.77 (t,
2H), 4.50 (s, 3H), 2.34 (t, 2H), 2.06-2.02 (m, 28)55-1.55 (m, 2H).

13C NMR (400 MHz, DMSO-¢) 5174.02 (-G®OH), 148.55 (1C, arom.), 148.11
(1C, arom.), 146.62 (2C, arom.), 145.80 (2C, arprh26.60 (2C, arom.), 126.11
(2C, arom.), 60.45 (-8,-N), 47.99 (G3-N), 32.87 (-GH,-CH,-N), 30.15 (-G,-
COOH), 20.86 (-El,-CH,-COOH)

6.3.5. Electrochemical Characterisation of 4,4’-bigridinium carboxylic acid
Electrochemical characterization of the N-methyHdb-carboxypentyl)-4,4'-

bipyridinium was done by cyclic voltammetry in thesence of the compound
dissolved in 0.1M phosphate buffered saline (PR&nseing from - 0.3V to-0.9V
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(vs.Ag/AgCl) at scan rates 0.1, 0.3, 0.5, 1, 2 \¢’se The redox behaviour of the

derivative was studies at different scan rates.

6.3.6. Conjugation of HRP to 4,4’-bipyridinium carboxylic acid

In order to conjugate HRP to the 4,4’-bipyridiniwcarboxylic acid derivative, EDC
carbodiimide coupling was used for linking primamsine groups of the HRP and
carboxylic acid functionality of the viologen desiwe. 5 mg mL* of the methyl
4,4’-bipyridinium carboxylic acid was dissolved thh1M PBS pH 7.0. To this
solution, 0.1 M EDC + 5 mM sulfo-NHS was addedrgjavith 20mg mL™ HRP
and left to react for 30min. After reaction, thextmire was purified using G-25
sephadex column with 0.1M PBS pH 7.0. Finally HRnhctionalised 4,4'-
bipyridinium carboxylic acid was separated.

6.3.7. UV-Visible spectroscopy and electrochemicatharacterization of HRP
functionalised 4,4’-bipyridinium carboxylic acid

UV-Visible spectroscopy was used to characterime HRP conjugated derivative
to observe the characteristic peaks of 4,4-bgipium at 260nm as well as the
heme peak of HRP at 405nm. Electrochemical chanaeateon of the HRP
functionalised 4,4’-bipyridinium derivative was doy cyclic voltammetry in the
presence of the compound dissolved in 0.1M phosgphmiffered saline (PBS)
scanning from — 0.3V to — 0.9 V (vs.Ag/AgCl) at saates 0.1, 0.3, 0.5, 1, 2 V Sec
to check whether the HRP functionalised derivatiggins the characterstic redox

properties.

6.3.8. Selectivity of HRP immobilization on Au eletrodes

Selectivity of carboxylic acid functionalised viglen derivative immobilised Au
electrode surfaces was studied by electroactivat@@ieaned gold electrodes were
kept in 2mg mL™ viologen derivative and applied a potential of8®.V (vs.
Ag/AgCl) for 10min. In continuation, the electrod&s washed and incubated with
EDC (2M) + NHS (0.05M) dissolved in 0.01M HEPES feunfpH 7.5 mixture for 20
min. Subsequently the electrode was washed andbated with different
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concentrations of HRP ( 1mg mt, 0.1mg mL™?, 10 uyg mL ) in 0.1 M PBS
pH 7.0 for 10min to optimise the best concentratiamch gives a high specific

response.

i —""""coon
e
=" cooH EDC + HHS

"'-_J'I\'-_,r'/\\_f"\ GDDH

Scheme 6.2Double step immobilisation of HRP functionalisedlegen derivative.

Colorimetric substrate TMB was added and incubatier washing the electrodes
for two min. Finally absorption measurements wea&et at 650nm. Control
experiments were performed on the Au electrode Kegping the viologen

derivative for 10min by applying OV potential.

In the second approach, 1@ mL™ of the HRP funtionalised viologen derivative

electrodeposited by applying a potential of - OMB8ss.Ag/AgCl) for 10 min.

V2+—"""""cooH "
V2r—"""""cooH %i%f
e
V2+—"""""cooH T
5 ~

y2e "

uﬂiﬂ_f\/“u”\cxﬂ“

CON
GUN

w
COOH M
u@i_gﬁuﬁwf\

1124__J\g”\/“k

Scheme 6.3Single step immobilisation of HRP on the gold élede.
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Control experiments were performed on the Au etet# by keeping the HRP-
viologen derivative for 10min by applying OV potexit .

6.3.9. Electrochemical Quartz Crystal Microbalanc EQCM ) studies

EQCM studies were used to monitor the real timenglkea on the electrode surface
at different potentials. 4mL of the 0.1M PBS pH Zdntaning 10g mL* of HRP
functionalised viologen derivative was placed ba EQCM crystal and a potential
of — 0.85 V (vs.Ag/ AgCl) was applied for 10 mirrelguency change was monitored
during this deposition period. The control expenmrmeavas performed with the
electrode poised at 0OV (vs. Ag / AgCl ) in ordersee the frequency change due
to the non-specific adsorption. Next in order tmnior the changes on the
electrode surface within the same solution, firgtodential of - 0.85 V(vs.Ag/AgCl)
was applied for 10 min. Next within the same santi a potential of

- 0.4 V( vs. Ag/AgCl) was applied for 10 min. Tipstential step experiments were
repeated for total two times. Subsequently to t@wmes cell, a positive potential of
+ 0.1 V ( vs. Ag / AgCl) was applied for 10min tdveck whether the positive
potential can produce different frequency chang&en compared to the above
mentioned potentials.

6.4. Results and Discussion

6.4.1. Characterisation of electroactivable immobisation vehicles

Figure 6.1 shows cyclic voltammetry in the presengk N-methyl-N’-(w-
carboxypentyl)-4,4’-bipyridinium . Two consecutivend reversible one-electron
redox waves are observed. The first redox wavén@sacterstic of the reduction of
dicationic viologen ( V**) to radical cation ( V ). The second redox wave is
characterstic of reduction of radical cation ("V) to neutral species ( ¥). The
reduction of bipyridinium cations to a monocatiged radical ( V'~ ) produced a

violet coloured film on the electrode surface irading the adhesion of the radical
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Figure 6.1. Cyclic voltammogram of the carboxylic acid functadised viologen derivative
recorded . Background electrolyte solution composedphosphate buffer 0.1M, pH 7.0,
under argon. Scan rate 1V’s, working electrode area ( 16 nf), Reference electrode :
Ag / AgCl.

cation viologen derivative. Since the free radicale attached to the electrode
surface, subsequent experiments were performedwindow more positive than
— 0.85 V for electrodeposition to make sure thet free radical cation is not
reduced completely to neutral species. Figuresb@vs the cyclic voltammograms
in the presence of N-methyl-N'-wfcarboxypentyl)-4,4’-bipyridinium at different
scan rates. It displayed electrochemical behavigpical to the 4,4’-bipyridinium
units with a quasi-reversible one electron reductyy ** to V **") behaviour
showing well formed redox peaks with a redox pasmf — 0.68 V and peak to
peak seperation of 100 mV. This clearly demonssratee electrochemical
funtionality of the N-methyl-N’- ¢-carboxypentyl)-4,4’-bipyridinium derivative,
and is also indicative that the functionalisatioaswsuccessful since its CV shows a
better peak definition and a substantial peak slwifbipared to the starting material.
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Figure 6.2. Cyclic voltammogram of the gold electrode in thregence of carboxylic acid
functionalised viologen derivative disoolved ingsiphate buffer 0.1M, pH 7.0, under

argon recorded at different scan rates. Workingtedele area : 4 mr

Figure 6.3 shows the UV-Visible spectroscopic cherazation of HRP
functionalised N-methyl-N’-@-carboxypentyl)-4,4’-bipyridinium. The charactecst
heme peak at 405nm and the N-methyl-Nés-darboxypentyl)-4,4’-bipyridinium
characterstic peak at 260nm can be simultaneousgroed in the purified product.

These peaks correspond to the peak of viologe@trd and HRP peak at 405nm.
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Figure 6.3. UV-Vis spectroscopy of HRP-conjugated 4,4’-bipynidm derivative.
Electrolyte: 0.1M PBS pH 7.0, concentrations : digyridyl carboxylic acid (2Ag mL ™),
HRP (500pg mL ™).

Figure 6.4 shows the electrochemical behaviourhef HRP functionalised the N-
methyl-N’- (w-carboxypentyl)-4,4’-bipyridinium. The cyclic voltamogram of the
HRP—functionalised viologen derivative displayedeattochemical behaviour
typical of the 4,4’- bipyridinium product, with wlelormed redox peaks indicative
of the quasi-reversible one electron reductionafpgen]®™) E° = - 0.68V, peak-to-
peak separatiodE = 105mV (at a potential san rate of 1 V' similar to the
values obtained for the starting material. Thereftihe 4,4,’-bipyridinium after

conjugation to HRP retains its electrochemical tiomality.
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Figure 6.4. Cyclic voltammogram of the gold electrode in thegence of HRP conjugated
viologen derivative dissolved in phosphate buffetNd, pH 7.0, under argon recorded at

different scan rates. Working electrode area 4 mm

6.4.2. Directed electrode modification of 4,4’-bipydinium carboxylic acid and

HRP patterning

The first method for the directed HRP patterningaswto selectively modifiy
electrodes with the 4,4’-bipyridyl carboxylic acidnd molecule reacting it
afterwards with HRP through EDC activation. Sinbe NHS ester of carboxylic
acid can be deactivated by water different conegimins of HRP were used to
obtain the most efficient surface modification wittninimum non-specific
adsorption. The amount of HRP immobilised was fegaluated by a colourimetric

assay.

Figure 6.5 shows the colourimetric response obthinafter immobilization of
different concentrations of HRP on the N-methyl-Ne-carboxypentyl)-4,4'-
bipyridinium modified gold electrode after applimm ofat — 0.85 V and

0 V ( control ) . The absorbance values obtainmednfthe electrodes showed that

15C
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with decreasing concentration of HRP from 1mg mlto 10 pg mL ™, there is a
decrease in the non-specific absorbance with higpecific response . Thus HRP

concentration of 1ig mL ~* was chosen for further studies.

1.6

. 055
1.4 1 IRY

1.2 4
1.0 1 iL
0.8

0.6 -+ =

Absorbance [ 650nm)

0.4

0.o T T T
1 0.1 0.01

Zoncentration of enzymelmg mL '1)

Figure 6.5. Absorbance at 650nm from the colourimetric reactad the electrode immobilised with
different concentrations of HRP on 4,4,’- bipyme modified Au electrode at - 0.85 V for 10min.
and OV as control for 10min. Woriking electrodmld electrodes ( 4mf.

The same colourimetric method was used to assesspttential forbipyridine
carboxylate immobilisationFigure 6.6 shows the colourimetric response obthine
after HRP immobilization on the N-methyl-Nt{carboxypentyl)-4,4’-bipyridinium
electromodified gold electrode after applicationdifferent potentials. The response
is higher from the electrodes modified at a potntf —0.85V (vs. Ag/AgCl).
Electrodes modified with the viologen derivative(at (vs. Ag / AgCl) showed a
non-specific response of 35%. This shows some 8edéecapability for the
immobilisation of HRP. From the Figure 6.5, it che observed that by applying a
potential of — 0.4 V (vs. Ag/AgCI), there is a dease in the absorbance and is
about 60% of that obtained from the electrodes Medliat — 0.85 V. At — 0.85 V
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(vs. Ag/AgCl), the V** is reduced to \V*". The formation of free redical helps in
the attachment of the viologen derivative to the éectrode and this explains the
higher efficiency of immobilisation at that potealtiAt - 0.4 V (vs. Ag/AgCl), the
free radical contaning viologen derivative % is oxidized back to \** which
makes the viologen derivative desorb from the gdé&ttrode surface.

14
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Absarbance (B50nm )

0.4 H

i
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0y -0.85Y -04y

Faotential for electrodepaosition
Figure 6.6. Colourimetric response of the electrode immadgisvith HRP on 4,4, bipyridine
modified Au electrode at - 0.85 V and later apmgy- 0.4 V for 10min. Colorimetric detection was
performed after 10min incubation with TMB and theloced product is detected at 650nm.

Elecctrodeposition conditions : - 0.85V for 10miexperiment ) and OV for 10min ( blank ).

The second method of selective HRP patterning &ebitlis two step process for the
directed immobilisation of HRP by using directlyettHRP-viologen derivative in
solution. Figure 6.7 compares the two methods byctilourimetric assay of electrodes
modified with HRP-4,4’-bipyridinium as shown inetlscheme 6.3 using a single step.
As shown in the figure the abosorbance from thetelde modified by applying
potential of —0.85V showed a higher value when camag to the control. Electrodes
deposited by applying OV produced an absorbancgevaf around 15% of the value
produced by the experiment. These results demaasthe advantage of one step

deposition when compared to the two step procedure.
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Figure 6.7. Colourimetric assay response of the electrodedified by HRP with and without

conjugating to the carboxylic acid functionalised/-bipyridinium prior to the immobilization on the
electrode. Colorimetric detectionwas performedrdf@min incubation with TMB and the colored
product is detected at 650nm. Elecctrodepositiowlitions : - 0.85V for 10min ( experiment ) and
0V for 10min ( blank).

6.4.3. EQCM measurement of the HRP-4,4’-bipyridinium deposition

The selectivity of the modification technique cae berified by independent
methods. One of them is EQCM that combines the ipih$g of electrochemical
manipulation with microgravimetric detection. Figu6.8 shows the frequency
changes on the quartz crystal during the depasatfddRP functionalised viologen
derivative at — 0.85 V, - 0.4 V and OV for 10 mihcan be noticed that at — 0.85 V,
the frequency change is higher and the amount afsnaposited calculated from
the frequency variation was 10.43. At — 0.4 V the amount of mass deposited is
4.85ng. At OV , the amount of mass deposited was caledléo be 1.96)g. From
these observations it can be demonstrated alththmglconversion of free radical to
dication by applying a potential of — 0.4 V carsdp the viologen biomolecules,

the non-specificity of adsorption to the Au surfa@anot be minimised completely.
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Figure 6.8.Frequency variation during the immobilization dRPl functionalised viologen derivative
dissolved in 0.1M PBS pH 7.0 by applying differguttentials. Conditions:(a) Electrodeposition
potentials — 0.85 V ( vs Ag/AgCI) for 10 min (b4 V ( Ag/AgCl ) for 10 min and (c) + 0.1V for

10min. Surface area of the quartz crystal 0.196 . dFectrolyte : 0.1M PBS pH 7.0 under argon.

Figure 6.9 shows the frequency changes on the rebiet surface due to
electrochemical deposition and dissolution of thpybdinium radical cation by
switching the potentials from — 0.85 V to — 0.4avid vise versa on the same
substrate. It can be observed that upon redudidnpyridinium-HRP conjugate at
— 0.85 V the frequency change is around — 10 Hporlapplication of the — 0.4 V
potential that oxidizes the bipyridinium radicatioa attached to the quartz crystal,
there is an increase in the frequency. This mightlbe to the desorption caused by
the conversion of a free radical which is formed &85 V to a positive charge.
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Figure 6.9. Variation in the frequency of the quartz crystaldified with HRP functionalised 4,4-
bipyridyl molecules with switching the potenti@onditions : Electrodeposition potential s — Ov85
('vs Ag/AgCI) for 10 min followed by - 0.4 V ( AgGCl ) for 10 min and finally + 0.1V for 10min.
Surface area of the quartz crystal 0.196 )cHlectrolyte : 0.1M PBS pH 7.0 under argon.

For the second round of reduction potential, thergecrease in the frequency again
although the value did not reach the original valgaally when a potential of

+ 0.1 V was applied to the electrodes, the ineeeia the frequency is more than
the frequency observed with — 0.4 V. This clegitpves that although there is a
desorption at —0.4 V, at more positive potenti&is hon-specific adsorption can be

minimised.

6.5.Conclusions

This study has demonstrated a novel way of elebgmically controlled patterning
of biomolecules using 4,4-bipyridinium as an imntigkation vehicle. HRP was
immobilised on the electrode surface by taking adage of the free radical metallic
bonding. Selectivity was demonstrated by the cofoatric detection of the
immobilised HRP on the electrode surface. Stillréhés significant non-specific
adsorption with this technique which could be opgiea by improving the

electrochemical desorption from electrodes thahas desired to be modified. An
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interesting observation is that reversible switchof the dication to a free radical is

possible permiting real time modification of suraftinctionalities.

6.6.Abbrevations

EQCM — Electrochemical quartz crystal microbalance
HRP — Horse radish peroxidase

PBS-Phosphate buffered saline

TMB - 3,3’,5,5’-Tetramethyl benzidine liquid subate
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Chapter 7. Selective Microscale Protein Patterning through

Photolithography

7.1. Abstract

A novel method for patterning proteins on microscalimensions has been
developed. This produced an interference and dadksfree dual electrode
amperometric biosensor integrated with a polyetdgte multilayer spacing for
monitoring glucose and sarcosine simultaneouslyingysa novel biocompatible
resist process, two different redox enzymes gluamddase (GOX) and sarcosine
oxidase (SOX) were patterned in successive litholgia steps to cover the
appropriate areas of the corresponding electrades iinterdigitated (IDE) array. In
the first experiment, one side of the biocompatiphotoresist over the first set of
electrodes of the interdigitated array (IDE 1xswopened and deposited first
enzyme along with redox polymer. Before depositthg second enzyme on the
other set of electrodes (IDE 2), self depositedyel@ctrolyte multilayer spacing
done by layer-by-layer approach using cationic pumlyl pyridine (PVP) and
anionic polystyrene sulfonate (PSS) on the IDE Xk waed as a blocking step in
order to reduce the non-specific adsorption frommgbacond enzyme. Finally using a
flat exposure, the biocompatible resist is remofrech the IDE 2 in order to deposit
the second enzyme second enzyme along with reddymgo. When tested
electrochemically, glucose and sarcosine sensongbied analyte sensitivities of
1.5pA cni?, 1uA cm? respectively. Moreover there was no cross-talleriierence
between each other and the redox enzymes werefbd successfully.

7.2. Introduction

There is an increasing demand of multianalyte senslevices having potential
applications in biomedical, biotechnological, intied and environmental fields.
Multianalyte protein assays are important new aedy methods as they allow one
to simplify the working procedure, to increase thst throughput, reduce the cost
per test, and improve test efficiency as comparegdrallel single-analyte assays
[1-13]. Various assay formats have been designeteatize multianalyte assays.

The most successful assay is a sensing systemimngila microfabricated substrate
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with dimensions in the micrometer to millimetre ganin which many biofuntional
molecules are integrated in their individual addess using a technique
photolithography. Photolithography is the prockgsvhich microelectrodes can be
fabricated on the wafers with complex and arbitrsingpes and sizes with excellent
reproducibility. Modern photolithography technique®ermit the production of
transducer arrays with very small dimensions, oftethe same range as those of
microelectrodes [14-20]. One of the most prominexamples of this type of
electrode is an interdigitated microelectrode array

Interdigitated array (IDA) electrodes have beenduas highly sensitive detectors
because of their inherent features, such as langeents, high sensitivity, and rapid
current rise to a steady state [21-32]. IDA corssief many parallel bands of
electrodes, each separated by a small insulatipg ga

The area of biomolecule patterning for multianalyi®msensing devices where
different biomolecules need to be patterned onstrae substrate appears especially
challenging. A good spatial control during enzymepasition step is strictly
necessary; each enzyme has to be precisely depasit¢he surface of the relevant
sensor (e.g. an amperometric transducer), avoidiixgng that can compromise the
biosensor specificity. Apart from this, the enzymeds to retain the activity. Wired
enzyme electrode has been widely used as the métinqutoducing stable glucose
currents by using cationic osmium redox polymemctbstatically linked to the
anionic glucose oxidase [33]. However, both thedgtand application of proteins
have been challenged by the inherent difficultissogiated with positioning these
tiny objects.

With the development of microelectrodes and enzydeposition techniques
possessing improved special control, the possgybilif producing miniatured
multianalyte sensors combining closely spaced emzgmtroelectrodes is becoming
feasible. Until now such devices typically contalrgensing elements separated by
distances greater than the diffusion layer of sl@lukeactants, the individual
microelectrodes behaved independently of each odimer displayed only a little
reciprocal influence. However as the separatiotadise decreases, this is no longer
the case since diffusion layers overlap. This phegmon can lead to a number of
effects such as shielding, recycling and cross talk

Cross talk occurs when there are freely diffusimgcies detectable at adjacent
(enzyme) microelectrodes [34-40]. The simplest aafseross talk originates when
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the enzymatic reactions produce a common detectgdeies, e.g., #D, in the case

of oxidase enzymes. The,B, generated at one microsensor can diffuse to a
neighbouring array element causing a signal evarghdhe corresponding element
is not present. In order to avoid this problem fatént approaches have been
developed like using of interference- suppressingyme layers (eg., containing
catalase to decompose®}), electrolysis of the interference-causing compmbai

band electrodes placed between the individual serjdd].

A primary enabling technology is the ability to pigely immobilize biomolecules

in well-defined patterns while retaining their i functionality. Towards

achieving this goal, in this chapter, first a meatblmgy for the enzyme

immobilization has been optimized on the macroetetd by depositing the cationic
osmium redox polymer and enzyme. Next, during tepasition of two enzymes on
the IDE array, there is a problem of the non-spee@tisorption while patterning the
second enzyme on the IDE 2. It should be noteddbang the immobilization of

enzymes + redox polymer, the deposition mixtureleced over the both sets of
electrodes in the IDE and the second enzyme camhespecifically adsorbed over
the first enzyme already immobilized on the IDE ddacan produce an unwanted
response. In order to avoid this, the response tduthe non-specific adsorption
should be blocked. To simulate the above problaat tve can find during the
enzymes immobilization on the patterned photolittapdic array, different reagents
were tried for blocking the non-specific responsenf the second enzyme. The
main objective of these blocking experiments isstfito avoid the non-specific
adsorption of the second enzyme or second evdmerktis non-specific adsorption
the response produced by this should be minimifext. this, we measured in a
single electrode the response from the electroder ammobilization of the first

layer of one enzyme and later the response from dhme electrode after
immobilization of the second layer of the anothezyame over the first enzyme, and
we tested different blockings between two layergmiymes to avoid the unwanted
response from the second enzyme. The best soltdrathis problem was found by
optimizing the blocking step. Later the optimizedimmobilization procedure

combined with the blocking step was applied on IDE array. Next the biosensor
response of the modified IDE was tested by injertine substrates to check the
cross-talk. Finally this chapter described an ii@e&mnce and cross-talk free dual
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electrode amperometric biosensor integrated withoaking agent for simultaneous
monitoring of glucose and sarcosine. The integratexdice showed high sensitivity,
wide linear ranges of response, total absence a$setalk effects, and complete
suppression of electroactive interferences. Ifdheent densities remain high along
with the absence of cross talk, the possibilitciating a sensor that is competitive

with current market technology will be obtained.

7.3. Experimental

7.3.1. Materials

The enzymes glucose oxidase (EC 1.1.3.4, GOX, 26@y}) from Aspergillus
Niger and sarcosine oxidase (EC 1.5.3.1, SOX, 200"rfigm recombinan€.Coli
were purchased from Biozyme laboratories, UK. Gésosarcosine, polyvinyl
pyridine (PVP), thioctic acid, N-succinimidyl estelithio dithiopropionic acid
(DTSP), 3-mercapto-1-propane-sulfonic acid (MPSAgswpurchased from Sigma
Chemical Co (St.Louis, MO, USA). The poly (styresglfonic acid) (PSS) (MW
70000, Polyscience) was used as received. The gindytc redox polymer, poly
[(vinyl pyridine) Os (bpy), Cl] was synthesized according to a procedure desdri
previously [42]. The positively charged polyeledyte was prepared by partial
guarternization of PVP with bromoethylamine and Has same structure as redox
polymer except that no Os redox centres are prgd@ht Aqueous solutions were
prepared with Milli Q water (Milli Q system, Millipre, Japan). All other chemicals
are of analytical grade. The glucose stock solutisas at least allowed to

mutarotate for at least 24h before use.

7.3.2. Instrumentation

Electrochemical measurements were monitored usmgAatolab bipotentiostate

PGSTAT10 electrochemical analysis system and GPBRagement software from
Eco Chemie. MG 1410 mask aligner from SET Frariayrel WS-400B spin

coater for coating the photoresist, 4-inch siliconmafer was used for

photolithography. An Ag / AgCl as reference eled#cand platinum as a counter
electrode were used for all the experiments.
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For optimisation studies, gold electrodes were areg by cutting a 2mm diameter
gold wire and soldering electrically with copperr&viLater this soldered gold wire
was kept in hollow cylindrical tubes. Resin of Catwunting resin mercapes MA2
(100 w/w)) and Hardener Mercapex MA2 (12 w/w) waspared in order to fix the
gold wires inside the tubes. Gold wires were irsgrinto the hollow cylindrical
tubes. Resin prepared was poured into the tubededintb stand overnight at room
temperature in order to firmly fix the gold wired.ater the gold wire sealed tubes
were polished on sand paper to remove any resaclagt to it and later polished
with 3grades of alumina and left for sonication & min. All the gold electrodes
were cleaned electrochemically by scanning from2-\0to 1.8 V (vs. Ag /AgCl) at
a scan rate of 0.2 V'sin a 0.5 M HSO;, solution until a constant cleaned gold
voltammogram was obtained. Next the electrode nvesed with distilled water and
dried with nitrogen.

7.3.3. Methodology
7.3.3.1. Optimisation of protein patterning methodon macroelectrodes

In order to optimize an immobilization strategy tthmoduces a stable and better
analytical response, different methods were tt@dnmobilize GOX and SOX on
the gold electrodes. Along with the enzyme, osmreaiox polymer as shown in the
figure 7.1 was used for the immobilization to hdoedter electron transfer capability
and to have better analytical response. For alkttperiments, 4@ containing 2000

U ml-1 GOX & 10 mg mif' redox polymer was used for the immobilization.

In the first method, GOX was modified by introdugisulfhydryl groups on the
native structure using N-Succinimidyl-S-acetylthietate (SATA) [44]. Later the
electrodes were incubated with a mixture containB@X + redox polymer on the
gold electrode. After incubation, electrodes weraskhed with distilled water and
dried with argon. The objective of this immobilikat strategy is to attach the
proteins by taking advantage of strong gold-thio¢mistry.

In the second method, self-assembled monolayerfarased by modifying the gold

electrode with 0.1 M thioctic acid dissolved in lethanol and water for 1h. Later
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the modified electrodes were incubated with 0.6 Mig(3-Dimethylaminopropyl)-

N'-ethylcarbodiimide (EDC) for 30min to activateethcarboxyl groups of the
thioctic acid followed by the immobilization of aixture containing GOX and
redox polymer for 2h. After modification, electradevere washed with distilled
water and dried with argon. The objective of txperiment is form an amide bond
between the activated carboxyl groups and primaminas of the protein as well as
the enzyme [45-48].

In the third method, self-assembled monolayer veaséd on the gold electrode by
incubating with @ of 0.25 M 3-mercapto-1-propane-sulfonic acid (M Sor 1h.
Later the electrode was washed with distilled wated incubated with a mixture
containing GOX and redox polymer for 2h. After miachtion with enzyme-redox
mixture, electrode was washed with distilled waserd dried under argon. The
objective of this experiment is to immobilize thationic osmium polymer on the

negatively charged MPSA surface of the electro®44].

In the fourth method, enzyme-polymer mixture wasmiobilized by covalent
linkage on Di N-succinimidyl ester dithio-dithiogmnic acid (DTSP) SAMs
formed on gold electrode. In this case, self-assedhimonolayer was formed by
incubating the gold electrode with 20mM of DTSP fbin. After washing, the
electrodes were incubated with a mixture containB@X and redox polymer for
2h. After modifying with enzyme-redox mixture, elemxle was washed with
distilled water and dried under argon [52-54].

Finally, GOX was immobilized by direct adsorptioh a mixture containing GOX
and redox polymer for 2h on the gold electrodeeAfhodifying with enzyme-redox
mixture, electrode was washed with distilled wated dried under argon.

All the above experiments were also repeated bystguting the GOX with the
second enzyme SOX with the same activity. Afterhemmdification, amperometric
response of the enzyme-modified electrodes was umedsby injecting their
respective substrates.
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Figure 7.1. Structure of osmium redox polymer used in theepaitig of enzymes.

7.3.3.2.0ptimisation of non-specific response

For all the following experiments, f0 containing 2000 U m!* enzyme & 10 mg

ml * redox polymer was used for the immobilization.

In the first experiment, Au electrode was incubateith GOX + redox polymer
mixture for 2h. After incubation, electrode was Wwad with distilled water, and
later the modified Au electrode was incubated W8BX + redox polymer for 2h.
Amperometric measurements were taken by injectingcase and sarcosine

separately.

In the second experiment, electrode was incubatiéd @OX + redox polymer for
2h. After washing with distilled water, the modiieAu electrode was incubated
with 200Mm Triton X-100 as a blocking agent for [55,56]. Next after washing
the electrode, the modified electrode was incubatgd SOX + redox polymer for
2h. Amperometric measurements were taken by imjgctilucose and sarcosine

separately.

In the third experiment, electrode was incubatethydOX + redox polymer for 2h.
After washing with distilled water, the modified Aglectrode was incubated with
1% BSA as a blocking agent for 1h [57,58]. Nexteafivashing the electrode, the

165



UNIVERSITAT ROVIRA I VIRGILI
ELECTROCHEMICALLY CONTROLLED PATTERNING FOR BIOSENSOR ARRAYS.
Srujan Kumar Dondapati

ISBN:

978-84-690-8289-8 / D.L: T.1761-2007

Chapt. Selective Microscale Protein Patterning tgfoBhotolithography

modified electrode was incubated with SOX + redokymer for 2h. Amperometric

measurements were taken by injecting glucose amdsiae separately.

In the fourth experiment, electrode was incubateth \6OX + redox polymer for
2h. After washing with distilled water, the moddieAu electrode was incubated
with 10% BSA as a blocking agent for 1h. Next afteashing the electrode, the
modified electrode was incubated with SOX + redokymer for 2h. Amperometric

measurements were taken by injecting glucose amdsiae separately.

In the fifth experiment, electrode was incubatethwsOX + redox polymer for 2h.
After washing with distilled water, the modified Aalectrode was incubated with
100mM milk as a blocking agent for 1h [59-61]. Nefter washing the electrode,
the modified electrode was incubated with SOX + osedpolymer for 2h.

Amperometric measurements were taken by injectingcage and sarcosine

separately.

Finally, electrode was incubated with GOX + redmtymer for 2h. After washing
with distilled water, the modified Au electrode wasubated with self-deposited
multilayers by sequential deposition of differertlyelectrolytes [43]. Initially the
modified electrodes were adsorbed with 50 mg &f anionic polyelectrolyte
polystyrene sulfonic acid (PSS) for 30min followley the adsorption of 20 mg™L
of cationic quaterised polyelectrolyte PVP for 1hoAlternative steps of PSS and
PVP adsorption was repeated in order to make $artethere is formation of at least
three layers of each. All the polyelectrolytes wealissolved in pure water. The
concentrations of the polyelectrolyte solutions eveglatively high in order to make
sure that a maximum number of charged groups reegosed to the solution, and
thus, the surface charge was effectively reversa@tie idea behind the
polyelectrolyte adsorption step is to make suré tha second enzyme is far enough
so that it do not produce any non-specific respoméext after washing the
electrode, the modified electrode was incubatedh 8OX + redox polymer for 2h.
Amperometric measurements were taken by injectilgcage and sarcosine
separately.

All the experiments were repeated by reversinggheyme positions with SOX +

redox polymer first followed by GOX + redox polymer
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7.3.3.3. Patterning of proteins on interdigitated gay

The gold IDE array consisted of two sets of 50 wetectrodes with 20um gapwidth
and bandwidth (Figure 7.2).

Figure 7.2 Gold interdigitated electrodes array image. hEaet of electrodes consists 50

microelectrodes with a width of 20um and a distdetereen electrodes of 20um.

Gold electrode arrays were left uncut as a wafelay®er of a special biocompatible
photoresist as developed by NSCR Demokritos was spated for 30 seconds at
7000 RPM on top of the wafer.

The general lithographic scheme used for the pattgrof proteins with a resist
based process was shown in scheme 7.1[62,63]. Tdyes dollowed during the
process are
o The coating of the radiation sensitive biocompatildhotoresist on the
substrate
o The exposure of selected areas of the coating eordidiation of 320nm
wavelength
o Dissolution of the exposed areas with a selecteéthlse developer 1mM of

tetramethylammonium hydroxide (TMAH).
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o The deposition of the first protein on the substraut also probably on the
surface of the remaining radiation sensitive phesdcst.

o The exposure of the remaining resist areas to tiadiaf 320nm wavelength

o The removal of these exposed areas with a suitdeleloper 1mM of
tetramethylammonium hydroxide (TMAH).

o The deposition of the second protein on the sutestd the remaining
radiation sensitive photoresist

o The exposure of the remaining resist areas to tiadiaf 320nm wavelength
and the removal of these exposed areas with abdei@eveloper 1ImM of
tetramethylamonium hydroxide (TMAH).

1

Photoresist coating

T

—— 1 First expose

. ] g g9 3 5 u L
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|
- & % ®» 4 = & = -
. s |
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S ey
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' —— Final biochip
Scheme 7.1 Lithographic scheme for the patterning of pratein

Figure 7.3 shows the bienzyme patterning of ingtdied array using
photolithography with two enzymes (GOX, SOX) immiatgd on different sets of
electrodes. As shown in the scheme 7.1, IDE 1 wa®®ed to UV light at 320nm
and later developed with 1mM of tetramethylammoniubyadroxide (TMAH). This

left the IDE 1 unprotected while the IDE 2 remaingbtected by the polymer.
Initially the IDE 1 was incubated with 40 puL of 2D mL* of GOX and 10 mg

mL* of RP mixture dissolved in milliQ water for 2h. #te end of this period, the
electrode was carefully rinsed with distilled waterd dried with argon. Before

removing the photoresist from the IDE 2, we usell deposited polyelectrolyte
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multilayer as a blocking step in order to reduce tion-specific adsorption from the
SOX over GOX as described above. After blockinghwitte polyelectrolytes, IDE
array was washed with distilled water and driedhwargon. Later the IDE 2 was
exposed to UV-light at 320nm and developed with LwiVfMAH. The IDE 2 were
incubated with 40 pL of 2000 U miLof SOX and 10 mg mt of RP mixture
dissolved in milliQ water for 2h.. This producedldielectrode arrays fabricated
with two different redox enzymes. This experimeraswalso repeated with SOX on
the IDE 1 and GOX on the IDE 2.

o
O T @
e N W =
S EFo o
‘I;';F"’—__'_{ L""-'-F""_;u e

F ;f :._

P oheledrobie
Buititayers

Au electrode

Au ekecirode

Figure 7. 3.Scheme of patterning of enzymes (GOX, SOX) ondets of electrodes within the IDA

electrodes

7.3.3.4. Electrochemical characterization of the IB array

Cyclic voltammogram of IDE array was performed ascan rate of 30mV set

from 0 to 600mV (vs Ag / AgCl) in the presence @fL M PBS pH 7 to
characterize the RP adsorption during differenpstef the protein fabrication on
IDE array. This gives the information regarding thlectrochemical behaviour of
the immobilization of redox polymer + enzymes oe IDE array. All experiments

were performed at room temperature {Z5.
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7.3.3.5. Amperometric measurements of modified ID&rray

Amperometric measurements of the modified electsodere performed at + 500
mV potential vs Ag/AgCI in unstirred solutions. Alhe measurements were
performed at 2% C. Several additions of the substrate were madeordter to
check the substrate specific response, initially tiassponse to glucose was checked
from the IDE in order to make sure that the enzy®&@X was functional even after
the self-deposition of polyelectrolyte multilayesa the IDE 1. Later, the response
to sarcosine was checked from the IDE after the omfization of SOX + redox
polymer on the IDE 2. Finally simultaneous resgmio sarcosine and glucose was
monitored from the IDE in the same cell by injegtisarcosine initially followed by

glucose for cross-talk assessment.

7.4. Results and Discussion

7.4.1. Optimisation of enzyme immobilization stratgy

Sensor response for the glucose and sarcosinetfireralectrodes immobilized with
GOX and SOX using different immobilization strategiwas shown in the table7.1.
Among all the strategies, as shown in the table in.the case of direct adsorption
of the enzymes (GOX, SOX), there was a stable mspdrom both enzymes with
higher currents. In the case of first strategy,hwite thiolation of GOX & SOX
there was a stable response for glucose from th¥ @Odified electrodes where as
the response for sarcosine from the SOX modifiedtebde was completely absent.

This might be due to the loss of SOX enzyme agtiwibhile modification.
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Imtnohilization strategy Response to GOX (pA e Responseto 30X (pa cm?)
Thinlation of the enzymes 6.3 Mo Response
Thioctic and SAMs 38 Mo response

J-mercapto-1 propane-

aulfonic acid (MPSA) SAMs 47 1.59
D1 Ne-succinimidyl ester
dithio dithiopropionic acid 1477 0,95
(DTSF) BAMs
Direct adsorption of th

rect adsorption of the 2071 .

redox enzymes

Table 7.1 Summary of biosensor response using differeategfies for the immaobilization of the

GOX + redox polymer & SOX + redox polymer on thédgelectrode

In the case of Au electrodes self assembled wiibctit acid, there was complete
absence of sarcosine response from the SOX mod#iedtrodes where as the
response for the glucose was very less from the GaXified electrodes. This
might be due to the lack of perfect covalent linkdgetween the redox polymer-

enzyme mixture and the thioctic acid surface.

In the third strategy, where the Au electrodes vwaslé-assembled with MPSA, there
is a stable but less response from both the enzywdified electrodes to their

respective substrates. In this case, since the thetloxidases are negative at the pH
7, there might be an electrostatic repulsion betwd#® enzymes and the negative

charged MPSA surface.

With DTSP SAMs on the Au electrodes, the responss Wigher in the case of
GOX and the response is low and unstable with SOXble 7.1 shows the
electrocatalytic response of the GOX and SOX meditlecctrodes in the presence
of glucose ans sarcosine. Finally direct adsorptstrategy was chosen for the
patterning of enzymes. GOX with RP was immobilizedthe IDE 1 and SOX with
the same polymer was patterned on the IDE 2 bydmpatible photolithography.
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Figure 7.4. (a) Dependence of the steady-state-D-glucose ytatabxidation current
density on electrode potential for a GOX / redoypwer immobilised on electrode through
direct adsorption in 100 mM PBS buffer of pH 7.@n8M glucose at 2 mV s-1; (b)
Dependence of the steady-state-D-sarcosine catalyttation current density on electrode
potential for a SOX / redox polymer immobilised electrode through direct adsorption in
100 mM PBS buffer of pH 7.0, 50 mM sarcosine at\2 sit.

7.4.2. Optimisation of non-specific respee

From the figure 7.5, the current response obtafned the electrodes modified with
GOX + redox polymer followed by a spacer and fipaillith SOX + redox polymer
showed that polyelectrolyte spacing gave the bewt specific response when
compared to other blocking agents as spacers.dfiist case, where the electrodes
were immobilized with GOX followed by second layar SOX without spacer, the
response for the glucose was stable but there 26% unwanted response for
sarcosine.

In the case of triton X-100 as a spacer, there hsige unwanted response from the
electrode. This might be due to the detergent eatir triton X-100 that might
remove some of the GOX attached to the electrodmguvashing.

In the case of 1% BSA there is huge decrease incthieent response from the
glucose electrode and also there is presence ohmt®ed sarcosine response from
the same electrode. With increase in the conceotraif BSA from 1% to 10%,
there is complete absence of current response tinenglucose electrode. So BSA as
a spcaer was avoided due to its complete blockihghai only the unwanted

response for sarcosine but also the response ticogeé.
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Figure 7.5 Current response to the glucose and sarcosinetfie electrodes immaobilised in the
order GOX + redox polymer / spacer / SOX + reddyrper using different types of blocking agents

as spacers

With milk as an agent for preventing unwanted reseo there is a stable response
from the GOX modified electrode for glucose and 46Paunwanted response from

sarcosine.

But in the case of polyelectrolyte layers as spatiee response from the GOX

modified electrodes was stable and specific witmgplete absence of unwanted

response from the sarcosine.
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Figure 7.6. Current response to the glucose and sarcosinetfrerslectrodes immobilized in the
order SOX + redox polymer / spacer / GOX + reddyrmer using different types of blocking agents

as spacers

The current response from the electrodes modifieth 8OX + redox polymer
followed by a spacer and finally with GOX + redowlymer was shown in the
figure 7.6. Among all the spacers used as bloclkiggnts, polyelectrolyte spacing
gave the best, specific and selective responsarosine. This clearly shows that
self-assembled polyelectrolyte multilayering as lacking step in between the
wanted enzyme and the unwanted enzyme can be osexperiments for avoiding

for avoiding the cross talk.

7.4.3. Electrochemical characterisation of the moéled IDE array after GOX +

RP immobilization on the IDE 1

Figure 7.7 shows the cyclic voltammogram obtainexdnf the IDE array after the
immobilization of GOX + RP on the IDE1. The CV dfet IDE 1 showed a quasi-
reversible behaviour with a well-defined anodic awdthodic redox peaks
characteristic of the surface confined redox polyate + 275mV & + 190mV with

a redox potential of + 227.5mV. There was a noesgponse from the IDE 2. This

demonstrated successfull deposition of the reddyxmper on the IDE 1.
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Figure 7.7. Voltammetric response of the IDE array after GOXretox polymer mixture
immobilized on the IDE 1 (redox CV), before the esyre of photoresist polymer on the IDE 2
(noisy).
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Figure 7.8.Chronoamperometric response of IDE array afteddpmsition of GOX + redox polymer
followed by polyelectrolyte multilayer on the IDEBhd before exposure of the photoresist on the IDE

2 at +500mV (vs. Ag/ Ag Cl) in 0.1M phosphatefbupH 7 during successive injection of glucose.

17¢



UNIVERSITAT ROVIRA I VIRGILI

ELECTROCHEMICALLY CONTROLLED PATTERNING FOR BIOSENSOR ARRAYS.
Srujan Kumar Dondapati

ISBN: 978-84-690-8289-8 / D.L: T.1761-2007

Chapt. Selective Microscale Protein Patterning tgfoBhotolithography

From the figure 7.8, there was a stable oxidationrent response with glucose
injection from the IDE 1 and the response from D& 2 was completely absent.
This clearly demonstrated that GOX immobilized @onith redox polymer was
stable and responded to the glucose very well vdsetiee response from the IDE 2
was completely absent which indicates that biocdmjfeapolymer was functional
and is able to protect the IDE 2 from the unwamesponse due to the non-specific

adsorption of the GOX + redox polymer mixture.

7.4.4. Electrochemical characterization of the IDEafter polyelectrolyte self-
assembling on the IDE 1

After the immobilization of GOX + redox polymer dhe IDE 1 followed by the

self-assembling of PE multilayer and before expgsire photoresist on the IDE 2,

Te-7

() IDE 1 with G Ox

(b} IDE 2 with B0 | aa7

L.

ky

—
1

[
o
~4
1

Current [ A}
Respanse from IDE 2

T
|
r-J
i
-

Current [A)
Respanse from 1DE 1
oo
i

Ha-T

a 500 1000 1500 200 2510
Time | saconds )
Figure 7.9.Chronoamperometric response of IDE array afted#ip®sition of SOX + redox polymer

followed UV-Vis exposure on the IDE 2 at + 500m\$ &g / Ag Cl) in 0.1M phospate buffer pH 7
during successive injection of glucose.

amperometric response was taken from the IDE talchike functionality of the

GOX immobilized on the IDE 1. From the figure 7v@ith each injection of glucose
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into the cell, there is an increasing oxidationreat response from the IDE 1 where
GOX was immobilized and the response from the ID& completely absent.
Anodic currents were plotted against the glucoseceatration and from the figure
7.10; there was a current response maximum of ar@a3 pA crf with 60mM
glucose from the IDE 1 where GOX was immobilizedd ghe response from the
IDE 2 was completely absent. This clearly demonsgrahat the GOX has retained
its activity even after blocking with the polyelealyte multilayer on the IDE 1.

4
& |DE 1 with GOx
# |DE 2with S0
L]
3 -
-
&
-
g 2
=
= -
5
£ 1 -
0 »
0 -
IR A
* * *
'1 T T T T
0 20 40 B0 an 100

Glucose (mh)

Figure 7.10. Steady state response for glucose from the IDEr gdblyelectrolyte multilayer

formation over the IDE 1 after GOX + redox polymakture immobilization

The oxidase catalyzed reaction scheme with Os sitethe redox polymer serving

as electron relays between enzyme and electrod@cgumay be expressed as

follows
b-D-glucose + GOX(FAD) — » gluconolactone + GOX ( FADH)
GOX (FADH,) + 2M? —> GOXAP) + 2M*

Where GOX (FAD) and GOX (FADH, represent the oxidized and reduced forms,
respectively of the enzyme’s cofactor — flavin adendinucleotide (FAD) and M
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2M *  — 2M?* + 26

represents an Os redox site of the polymer in iislived (2%) and reduced ()
forms. Electrons are thus transferred from theyeme to the redox polymer,
shuttled between the redox sites in a self-exchaegetion until being transferred
to an electrode surface that is poised positivihefpolymer.

As a result, a current that is proportional to s$tdie concentration is created. As
seen from the reaction mechanism presented ab@&resoss incorporating redox
polymers such as those used here should be lesnhdept on oxygen than those
based on hydrogen peroxide oxidation. This fadmigortant for in vivo application

of a sensor, since oxygen concentration in tissuevary.

7.4.5. Electrochemical Characterization of the IDEarray after SOX + redox
polymer immobilization on the IDE 2

Figure 7.11 shows the cyclic voltammogram of thé IBrray after immobilization
of the SOX + redox polymer on the IDE 2.

Ba-? 12e-6
{a} IDE 1 with 30w
() IDE 2410 500 L i DeB
Ga-7 -
- BO0e-7
— e
Ll 4e-7 S LLl
O - EOe7 O
2e ze
EE 267 S - 40e? EE
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== ==
= Fa0e? O 8
o O A i
tr rr
- 00
-7 4
-2 Da-?
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Figure 7.11.Cyclic voltammetry of the IDE array after the egpre of the photoresist polymer and
SOX + RP mixture immobilization on the IDE 2 (black
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CV showed a quasi-reversible behaviour characterdt the redox polymer from
the both the sets of electrodes. This clearly ddngd IDE array is successfully
immobilized with the two enzymes. The redox pealesreot well defined in the case
of IDE 1, which might be due to the polyelectrolytailtilayering over the IDE 1.

From these above experiments it was clear that thetlenzymes were immobilized
successfully on the IDE array

S arcosine sensor was characterized independentlyaking the amperometric
measurements from both the sets of electrodeseofDE array with the addition of
the sarcosine after the immobilization of SOX alavith redox polymer on the IDE
2. From the figure 7.12, there was an oxidationrentr response maximum of

around 2pA crif with 20 mM sarcosine from the IDE 2 with completiesence of
response from the IDE 1.

Je7 3527
fa] IDE 1 with G0x
[b] IDE 2 with S0x
1a7 F3.0e7
= b

-— [l |
LLI 2527 Ll
O 187 - =0
< E =
— g -z
= \ —_— A
Tm 0 A = W
tc 5=
= 0 ] (=]
= =1
o F15e7 R
¥ 1e7 - 1

- 1.0e7

Ae7 A
T T T T T T T f0e3
m 400 B00 200 1000 1200 1400 1600

Time{ seconds )

Figure 7.12. Chronoamperometric response of IDE array afterdiygosition of SOX + redox
polymer followed UV-Vis exposure on the IDE 2 ab@0mV (vs. Ag / Ag Cl) in 0.1M phosphate
buffer pH 7 during successive injection of saraesin
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7.4.6. Protein patterning with SOX + redox polymeron the IDE 1 and GOX +
redox polymer on the IDE 2

In this experiment, IDE array was deposited withXS©redox polymer on the IDE
1 and GOX + redox polymer on the IDE 2. Amperontetneasurements were taken

from both the IDE array to check the substrate gjgecurrent response.

7.4.6.1. Amperometric response from the IDE arrayafter immobization of the

enzymes
25a-T 3eT
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Figure 7.13 Chronoamperometric response of IDE array modifitd SOX + redox polymer on the

IDE 1 and GOX + redox polymer on the IDE 2 at +800(vs Ag / Ag CI) in 0.1M phosphate buffer
pH 7 during successive injection of sarcosine.
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Figure 7.14.Chronoamperometric response of IDE array modifigld SOX + redox polymer on the
IDE 1 and GOX + redox polymer on the IDE 2 at +fB®0( vs Ag / Ag Cl) in 0.1M phospate buffer
pH 7 during successive injection of glucose.

From the figure 7.13, there was increase in theaon current response with the
addition of sarcosine from the IDE 1 where SOX wamobilised initially followed
by blocking with polyelectrolyte multilayers andethresponse was almost absent
from the IDE 2 where GOX was immobilized. This slowhat the SOX is
functional after polyelectrolyte layering & afterX immobilization on the IDE 2.
From the figure 7.14, when amperometric responsasmements were taken for
glucose from the IDE array, there was an increasiigation current response from
the IDE 2 where GOX was immobilized and the respofiem the IDE 1 was
absent.

This clearly shows that the unwanted response flucoge from the SOX
immobilized IDE 1 after the protein patterning dmetIDE array was completely
absent. Finally layer-by-layer approach of poly#lelytes has proven to be an

excellent cross talk and interference reducing meth
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7.4.7. Assessment of cross talk

Finally amperometric response was measured fromiREearray immobilized with
GOX + redox polymer on IDE 1 and SOX + redox polyme IDE 2 by injecting
sarcosine and glucose simultaneously one aftethanetithin the same buffer to see
whether there is any cross talk. From the figurg5y.initially experiment was
started with the addition of sarcosine and aftenes@dditions, glucose was injected
into the same cell. Response was measured initiaitih sarcosine by injecting
different concentrations of sarcosine into the.ceéitbm the IDE 2 where SOX was
immobilized, there was an increase in the oxidatarrent response and finally a
maximum current response of around 1pA“am a concentration of around 10mM
sarsocine was detected and reached a steady stateonincrease in the current for
further addition of sarcosine and the response fitbm IDE 1 was completely
absent. Later when glucose was injected, there avasncrease in the oxidation
current response maximum of around 1.5pA%cah 40mM  glucose from the IDE 1
and response to glucose was completely absent tr@mIDE 2. These results
demonstrate that there is substrate specific resp&nom both the sets of electrodes
with complete absence of unwanted response. TBis @loves that polyelectrolyte
multilayering step has proven to be successful Wfar step in preventing the

unwanted response from both the electrodes.
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Figure 7.15 The signal independence of the sarcosine andggsensors within the IDE microarray

at + 500 mV (vs. Ag / Ag Cl) in 0.1M phosphate leafpH 7.0 during successive injection of
sarcosine followed by glucose.

There might be either of the following two reasdmshind this. Since the last
polyelectrolyte used in these experiments formimg polyelectrolyte multilayers is
quarternised PVP, which possess the dense posit@eges and if there is any non-
specific adsorption of the SOX with redox polymehigh also possess excess
positive charge there might be electrostatic rdpaldetween each other which
prevents the unwanted response.

The other reason might be that polyelectrolyte iayler is forming an insulating
layer and even though there is non-specific adsmpdf the SOX along with the
redox polymer, the response might be completelyvgmied due to insulating
properties of polyelectrolyte multilayers [43,64Even at higher substrate
concentrations the response was completely absentalthe substrate of the other
enzyme, indicating that the non-specific adsorptihich results in cross talk did

not occur and can be used for the fabrication oftiramalyte sensors.
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7.5. Conclusions

An interference and cross-talk free dual biosensas developed for simultaneous
monitoring of glucose and sarcosine. Among theedé&ht immobilization strategies
tried for the optimisation of the best method, diradsorption of enzymes along
with the redox polymer gave good results with vstgble currents when compared
to the other strategies. Among the different blagkiagents tried to reduce the
unwanted response from the second enzyme duringnizgme patterning on the
IDE array, polyelectrolyte mulitilayering as a bkatg step was successful and is
able to remove the unwanted response completelyen/fthe optimised system was
applied on photolithographically patterned micratdedes with 20um resolution,

there was a successfully detection of glucose ardosine simultaneously from

their respective electrodes. Both the sensors gawe good currents with out any
cross talk. So finally an optimised system integdaivith polyelectrolyte multilayer

spacing for avoiding cross-talk interference wasedi@ed, which makes a way for

multianalyte biosensing.

7.6. Abbrevations

GOX - Glucose Oxidase

SOX - Sarcosine Oxidase

PVP - Polyvinyl Pyridine

PSS - Polystyrene Sulfonate

DTSP - Di N-succinimidyl ester dithio-dithioprapiic acid
MPSA - 3-Mercapto-1-propane-sulfonic acid

SATA - N-Succinimidyl-S-acetylthioacetate

EDC - N-(3-Dimethylaminopropyl)-N’-ethylcarbodiiméd
IDE - Interdigitated electrode

IDE 1 - First set of electrodes

IDE 2 - Second set of electrodes

TMAH - Tetramethyl ammonium hydroxide

PBS - Phosphate Buffered Saline
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Chapter 8. Conclusions and Future work

In this thesis, different types of patterning methdor the selective immobilization
of enzymes for the construction of biosensor arnagse discussed. The first three
methods are electrochemically controlled pattermmeghods and the final method is
based on the photolithography. The most importardifigs from each chapter are
described.

Regarding patterning through selective electrodepason of biofunctionalized

biomolecules

Au nanoparticles of different diameters were sysibed and characterized

successfully by different methods.

Enzymes were conjugated to the gold colloids bygisihemical conjugation based
on gold-thiol dative bonding, electrostatic intdrans and also direct adsorption.
Stability of the biofunctionalized Au nanoparticlesas verified by zeta potential,

UV-Vis spectroscopy and optical methods.

Fundamental studies of the electrodeposition of rnoparticles modified with
BSA as a model protein were done to see the betawabdifferent parameters on
the electrodeposition. Fundamental studies with mé@ox polymer modified Au
nanoparticles were done to see the behaviour cfrel@éeposition changing different

parameters.

Electrocatalytic behaviour studyies of the redoxynes on the Au nanoparticle
modified electrodes showed the presence of directm®n transfer of the enzyme to
the electrode via Au nanoparticles without any rasati.

Selective patterning of enzymes was done on an I&Eay by selective

electrodeposition of enzyme modified Au nanopagscbn the gold electrode after
selective electrochemical desorbtion of thioctideesSAMs. Able to produce

substrate specific response with complete absehoerespecific response.
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Controlled electrodeposition of Au nanoparticlesdfied layer-by-layer with redox

polymer, gold nanoparticles followed by redox pogmmas been proved on the gold
electrode has been demonstrated successfully. Tedhmdvantage of using

microelectrodes for biosensor design over the nwleotrode has been

demonstrated.

Regarding patterning through electrochemical deproéction of electroactive self

assembled monolayers

Site directed immobilisation of proteins by eleciiemical activation of acetal-
contaning SAMs has been proved. Thioctic estersging benzo (1,3) dioxinol
were synthesized and characterized successfully.

It was found that electrochemical activation fore tlhleprotection of acetal to

aldehdye is fast and can be achieved at relatiloslyelectrochemical potentials.

The active SAMs provide a reagentless method fdtepang proteins with a
siginificant non-specific adsorption

Regarding patterning through electrochemical deposion of biofunctionalized 4,4-
bipyridyl

Carboxylic acid functionalised 4,4 bipyridyl haselmesynthesized and characterized
successfully by electrochemistry. 4,4 bipyridyligdative showed an excellent redox

chemistry.

HRP funtionalized 4,4 bipyridyl derivative was sgaesized and characterized

successfully with electrochemistry, UV-Vis spectropy.

Single step HRP functionalised 4,4 bipyridyl eled&position on the gold electrode
gave a good selective response when compared tddhkle step strategy where
carboxylic acid functionalised 4,4 bipyridyl wasetrodeposited first followed by

HRP immobilization.
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Regarding selective microscale protein patterning

Direct adsorption of redox enzymes along with regmtymer gave a better and
stable response to both glucose and sarcosinetliendOX and SOX modified Au

electrodes when compared to the different methddsimobilization of enzymes.

Polyelectrolyte multilayering as a spacer was sssftdé on macroeelectrodes to
prevent the cross talk due to non-specific adsomptiwvhen compared to other
spacers tried.

Both GOX and SOX were immobilized successfully an I®E array fabricated

through photolithography with complete absencerotstalk.

Summarizing all, four different selective pattemgpimethods were demonstrated for
the immobilization of enzymes. All the four methodsre able to pattern the
enzymes selectively. Although there needs a furiheestigations to be done in
order to make sure this patterning methods canslee for creation of multianalyte
biosensing devices, by improving generic capabititying with DNA, antibodies

and other biomolecules apart from enzymes but tbekvpresented here can be

taken as an advantage for improving.

Future Work- Extensions

Selective electrodeposition should be performedh\aittibodies, aptamers, peptides

and other biomolecules to prove the generic capglaf this technique.

Label free techniques like EQCM, ESPR should bedu® improve the versatility

of the electrodeposition technique.

Selective electrodeposition should be performedaomultianalyte array to prove the
technical advantage of this methodology. In ordemake this technique marketable,

analyte detection should be performed on the ratide array.
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Sensitivity of the analyte detection should be ioved by optimising the

electrodeposition conditions, using different naamtiple sizes, functionalities.

Though in this thesis multifunctional nanopartidiese been created by using layer-by-
layer approach through electrostatic interactioims, approach might no be suitable for
for the other biomolecules like antibodies, oligoleotides due to their random

orientation while adsorbing electrostatically. Effoshould be made in order to prepare

particles which can be used for functionalisingy Aiomolecule.

In the case of selective immobilisation using &hective substrates, the still present
non-specific adsorption should be avoided. Thishnige possible by using mixed

monolayers of TEG functionalised thiols along haglectroactive thiols.

Synthesis procedure of the electroactive subsshteild be optimised for obtaining
better quantity of the final product.

Efforts should be made in order to improve the agliy of the electrochemical
deprotection technique for the selective immoatlen different biomolecules like

DNA, antibodies, peptides, aptamers etc.

Signal amplification of the biomolecule detectiom ithe case of selective
immobilization of the viologen can be improved lund¢tionalizing gold nanopatrticles
with 4,4-bipyridinium and biomolecule. Later theseltifunctional viologen derivates

can be selectively deposited on the electrode seiida explained in this thesis.

Label free techniques like EQCM, ESPR should Hevaped to improve the versatility
of the viologen based seletive immobilization teghbe. Though in this thesis, some
efforts have been performed with the piezoeledgtection, the experimental set up

should be optimised.

Viologen based selective immobilization should bstéd with other biomolecules to

prove the technical advantage of creating multigeadbiosensor arrays.
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Though selective patterning of the biomoleculesamninterdigitated array through
photolithography have been demonstrated by usirlgefgztrolyte multilayers as a
blocking step, this might not be possible whilet@ating proteins on multiple array.
Efforts should be made in order to have a technwjoere it can improve the efficiency
as well as the reliability without disturbing thative functionality of the immobilised

biomolecule.
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