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- Bueno, al fin nos vamaddijo Frodo.
Cargaron los bultos sobre los hombros, tomaron los bastonddayaiohacia el oeste de Bolson
Cerrado.

- jAdios®dijo Frodo mirando el hueco oscuro y vacio de las ventanas. Agit6 la mano, y luego se
volvié; y (como siguiendo a Bilbo) corri6 detras de Peregrin, sendero abajo. Saltaron por la parte
menos elevada del cerco y fueron hacia los campos, entrando eculddasl como un susurro
en la hierb&
El sefior de los anillos
J. R. R. Tolkien
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Summary

The main goal of thisDoctoral Thesis i40 presentlternative approacheds the field of
DNA biosensors, designing and building new detection platforthat combine the
amplification and quantification of targetedDNA while overcomng some of thecurrent
limitations. In order to achievehis objective a variety oflifferent strategie®f effective solid
phase immobilisation strategiesd isothermal enzymati@amplification have beerexploredto
achievelower detection limitswith rapid and easy to execute assays

This work presemsta convenientrapid, simple, easy to integrate yet robbistsensig
detection platform that can bring new ideas for the integration of nucleic acid tests in point of
care devices through the use of lab on a chip solutibismately, the vision unddinin g this
work isto humbly contributeto the concept of decentraléion, allowingmolecular diagnostics
to move away from laboratorjggovidng bioanalytical informationin situ.

The Thesis has the following structure: first, thds anintroduction to the topicthat
describes the vision and the current trends in the field of molecular diagnostics, the role of
isothermalDNA amplification andbiosensors in tis framework the current state of the art and
the objectives of the thesi€hapters2-6 report the work perfoned to achieve the specific
objectives of thi®octoral Thesis: the use gblidphase recombinase polymerase amplification
strategyasa hybrid concepthat combinedDNA amplification anddetection the optimisation
of this ideathe detection of real saples, the exploiting of the surface chemistry and DNA to
overcome the limitations found, antthe use of ring resonators for the lafrele and reatime
monitoring of the RPA mechanisni he conclusions and the future prospects are finddliailed

at theend of the Thesis.






Resumen

El objetivo principal de esta Tesis Doctoral es presemtadistinto enfoque y alternativa
de los sensores de ADN para disefiar y fabricar un nuevo tipo de plataforma que combine la
amplificacion con la deteccion de ADN, a la vez que se superan algunas de las limitaciones
existentes en el campo. Para conseguir dicho objetivo, se presentan undesestrategias
distintas basadas en explotar nuevas estrategias de inmovilizacion en fase sélida y amplificacion
enzimética para conseguir mejores limites de deteccion mediante ensayos rapidos y faciles de
ejecutar.

El trabajo expuesto representa méto rapido, simple y facil de integrar a la vez aqse
una plataforma de biodeteccién que aporta nuevas ideas para la integracion de los ensayos de
ADN en dispositivos intervencién en el sitio de interés a través de soluciones miniaturizadas o
«j - mh, JafgaqgCl osc gqc¢c ncpqgqgesc cl dj rgk_ g
humilde contribucién en este concepto ligado a la descentralizacion, permitiendo que el campo
de diagnostico molecular se mueva fuera del laboratorio para proveer informzogimalitica
in situ.

La Tesis ha sido estructurada de la siguiente manera: primero, una intrdeuattema
de discusion que describe la actual vision y tendencias en el campo de los diagnosticos
moleculares, el rol que poseen las estrategias de aoagiifin isotermas de ADN y los
biosensores en general dentro del marco de trabajo descrito, el trabajo ya realizado y publicado
en dicho campo, y los objetivos de la Tesis. Los capitubdezcriben el trabajo realizado para
conseguir los objetivos que kan perseguido en la Tesis Doctoral: el uso de estrategias de
amplificacién con polimerasas y recombinasas en fases sélidas como concepto hibrido que
combina la amplificacion y la deteccién de ADN, la optimizacién de esta idea, la deteccién de
muestras rales, la explotacion de los limites de la quimica de superficie y del ADN para
bcg_ppmjj_p cqrp_rceg_q osc gsnj _I j_q jgkgr_ac
monitorizar la evolucion de dicho mecanismo sin marcadores y en tiempoFRiealmente, las

conclusiores ylas perspectivas de futuson descritas en detalle al final de la Tesis
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Chapterl

1.1 Introduction

This chapter presents a brief vision of future to understand the ongoing trends and
challenges in the field of molecular diagnostics, and how isotherBldA amplification
biosensors can contribute to this goal. A short introductionmtecular diagnostics and
scientific background dealing with nucleic acid tests is given. Biosensors are then presented as
an interesting solution in this specific frameworksalissing the principles involved in the
fabrication of integrated amplification and detection platforms. Then an extensive research of
the state of the art has been carried out to highlight the specific needsabetio be addressed.

And finally, the obgctives of the thesis are outlined.

111 A glanceto the future

« Gk _egl! _rgml gqg rfc dgpqgr qrlhemegtéd padeomc r g ml/
must always precede the matgria d ®Nhiam-W. Atkinson.

The quotefrom Atkinsonexemplifies why th gift of imagination, along witthe curiosity
for understandingnature is the flame that ignites the creative spirit wonderers Applied
scientistsieed to beamongthesekind of enlightenedspirits not only because thayeed toknow
basic science, Ut becauseit is their burden to envision the future and shape the reality
accordinglyto accomplishtheir dreams.The processof desigring the future, understanding
design aghe ultimate activity that translates an idea into reality, must be an unliméet of
imagination. It has been proved that hindering this process by limitatiadsconstraintalways
leads to poorer end resulo i is a very healthy exercise to wonder how the future will be, and
how weas scientistsan humbly contribute a little bit to change the world we live jadapting
it to our vision We shouldthus consider the future as a playgroufat our creativity full of
potentialand opportunitiesWhen we imagine how the future willinfold, it is eair to think in
terms of trend, ideas or concepisstead of technologies, to see whahappening right now in
our society, what motivates the ongoing transformations, identify the current needs and analyse

how we are approaching teenew problensto grasp the future.

1.1.2 Decentralisaibn of information

A majorongoingtrend is thedecentralisation of informatioat all of its levels, from data
acquisition, to processing and decision making. In the future we will tranditton bureaucratic
hierarchies to technology driven networks change thatas to deabn how information is
organised Bureaucratic hierarchies are the way the world is organised nowaday®s a

pyramidal systerm which the lower levels provide informatido the cusp, where decisions are
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made andthen thesedecisions flow back down to the lower levelsewthchanges armade
Although it is an effective wayf organisationit is not particularly efficient, due to the fact that
information need to flow through many levels until it is processed, a decisioedan this
information is taken and an action isarried out Currently, we live in an era of
intercommunication of information and more efficient ways of dealing with this information
flow process are appearing, thus changing the traditiorgdnisatioal approach. Thanks tthe
internet and smartphonesve can now live constantlysharing information in virtual
environments thaaire able trganiseservicesccordingly to our needs and criterigithout the
direct intervention of centralised organisat®rFor instance, if we look at how traditional
journalsgather, process, and disseminate news and information to an audience, we see the base
of the organisational pyramid composed by many journalists who gather that information and
report it to a team ofditors who decide what is worth to be published, then edit that information
and submit it to the publisher. It is a rather inefficient, slow and constrained process that is
centralised in one organism and therefore, the decision making is in most ofdhe sabject to
private policies and interests. Internet, however, has no centralised governance in either
technological implementation or policies for access and usage; thus each constituent network
sets its own policiesesulting inmost traditional comranications media, including telephony
and television, being reshaped or redefined byititernet, giving birth to new services such as
Internet telephony and Internet television. Newspaper, book, and other print publishing are
adapting to website technady, or are reshaped into blogging and web feeds. The entertainment
industry, including music, film, and gaming, was initially the fastest growing online segment.
The Internet has enabled and accelerated new forms of human interactions through instant
messging, Internet forums, and social networking. Online shopping has grown exponentially
both for major retailers and small artisans and traders. Budimbssiness and financial services
on the Internet affect supply chains across entire industfiee.old organisatiormodel of our
societyis expiring, and the change is affecting our world and society in the way we interact,
entertain, learn or make business, thus decentralisation sliofermation to be more free,
m- cwgl e rfc mul svateipterests.l ccbqg _|I b I mr npg

A similar processs tlat describedaboveis envisioned foobjects instead of people, in
order to builda global infrastructure networalled the internet of thingandthatis expected to
be a major trend in the futureThanks to miniaturisation, higher computing capabilities and
integration of sensors, regular objects can become smart objecsitonomous physical/digital

objects augmented with sensing, processing, and network capabilities. A nice exaagieaof

8 Doctoral Thesis®Jonathan Sabaté del Rio
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object is theselfdrivingcar® currentyn mnsj _pgqcb ~ w r f thatiScapabdej c 2 g
of driving passengers to a specific location completely autonomouslyraypdequiringa small
intervention from the passengers. The concept behind the internet of things is to allow these
smart objects to sense the environment, interpret what is occurimgmost importantly, to
intercommunicate with each other andxchange information with pgae ¥ Following the
example of the selfriven vehicle, the internet of things would allow one of these cafindoa
parking place immediatelyiacommunicatingwith smart parking places, sommunicate with

other cars in case there isnedicalemergencynside the vehicleso theotherscould move aside

to allowit to pass. The impact of such vision in reality is unknown, but apart from the benefits
that smart objects themselves can offéee Ibetter efficiency in terms of performance and
energetic consumption, usefulness and adaptability, safetty, many different business
opportunitieswill arise ashappened before with the adventtbi internet For instance, if we

had a vehicle fleetomposed by smart selfiven cars, it would not make sense to oweesonal

car anymore Considering that, 986 of aregulara _ p 2-tume ip gpehiin the parking, there
would be much more pofitablewaydo usea selfdriven caras acommonservicdike a taxi fleet,

thus using it 90 % of the timé\s this phenomena will grow in amplitude, we could start talking

not only about smart object, but smammes*® * smartmedicine*? smartinfrastructureg*?

smart citie¥? and ultimately, a smart worldHowever,before this vision can become a reality,
there are also important social,®mic and ethical implications that need to be addressed.
There is an open question regarding the privacy and ownership of the data, moreover confidence

in our environment will fade as nearly everythinguld be able to gather information from 8.

1.1.3 Personalised medicine througholecular diagnosis

In this contextof decentralisation of information at the level siart devices the
combination of nanotechnology, biotechnology and molecular biology togetigi
revolutionise the field ofiealth, wellness and healthcatteough decentralised and personalised
medicine!*® *1 The concept, which encompasses the use of risk algorithms, molecular
diagnostics, targeted therapies and pharmacogenomius, tai provide people with information
of their stable and dynamigenomic profile for an individualised therapy in orderfaxilitate
rapid and correchealthcare decisiondvolecular diagnosis describes a class of diagnostic tests
rf _r _ qgq c beqlth literatlycapagmoleéular level, detecting and measuring specific
genetic sequencesincluding genes and single nucleotide polymorphisn8SNP) or the
messenger RNA (mRNA)nd proteins they express that are related to specific diseases. Analysis

at molecular level could not onlyetecta specific diseasa a person but also predict ift is

Doctoral Thesis®JonatharSabaté del Rio 9
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predisposed talevelopit and which treatment is likely to be more effectii@evelopment

strategies for personadd medicine aims to impact the course of thisahse at six major points:
disease predisposition, screening, diagnosis, prognosis, pharmagenomics and moiigpuiieg (
1-1). Therefore, understanding of the undging molecular mechanisms in the genome through

molecular diagnosis is@itical step inthe early stages of disease evolution.

Death

Therapy

initiation

Symptom
onset

Clinical severity

Disease

onset 5 -
Predisposition

Health

Time (months-years)

Figure 1-1. Research, intervention and persoisall medicine opportunitiesat stagesf a hypothetical
disease.

1.2 Nucleic acid tests

The field of molecular diagnostics is represented primarily by the nucleic ack{AT).
A NAT is a molecular technique usetbr genotypingof human diseasesdetection and
identification ofinfections through a variety of diagnostic tests that asalje presence in a
sample of a particulanucleic acidsequence, gene expression, copy number, rearrangements of
chromosomes, mutations, €fé.

Nucleic acids are biopolymerf nucleotideformed ofthree componentsa pentose sugar
(ribosefor the ribonucleic acid (RNApr deoxyriboséor the deoxyribonucleic acid (DNA) a
phosphate group and one of the following nitrogenous baskenine A), guanine ), cytosine

(C), thymine (T), uracil (U) o hypoxanthine (H) Figure 1-2).
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Figure 1-2. Structure of a nucleotideX is-F g | B-tle®xyrikdse sugar) an®H in RNA (ribose
sugar), and natural nucleobases.

Different pairs of these bases, guan@ytosine and adeninthymine, exhibit affinity
through hydrogen bonding patterns in a process called Waisak basepairing
complementarity(Figure 1-3).

H

OIIIIIIIIIIIIH—N
N N——HumunQo /

( . A / _H............N A

R/ \N // }—N N—Hmmmmo N\R
\ /

O
A=T GIC

Figure 1-3. WatsorCrick basepairing complementarity.

Z’\

This phenomenaleads to the formation of supramolecular ssed6embly of nucleotides

from nucleic acid strands to form a discrete helical supermolecule duplex struct@r@rocess

known as hybridisatio(Figure 1-4).
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B) 5' A T > @ Phosphate

Sugar
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D G | — C 5| D pr— DOUble hydrogen bond
S d =—— Triple hydrogen bond

E

Figure 1-4. Hybridisation between two complementadDNA strands to form a duplex structure.

Nucleic acids ae essential in all known forms of life and hold the function of encoding,
transmitting and expressing genetic informatitilusbecoming an ideal and versatile tar¢fét.
Along with proteins, nucleic acids are amongst the most exciting biopolymers in science, not
only because of their major function in the process of life tiradr direct implication in modern
biology and medicine, but alstue tothe fact that as a buildg block it holds apotentialhuge
impact in the fieldsof nanotechnology, material science, molecular computing and bioanalysis.
Nucleic acids camalsobe usedfor biorecognition, in the field of bioanalysis of pathological
agentsincluding virus, bactea, fungi, genetically modified organisms, etc. It is of great
importance in forensics for parental testing, cadaver identification and criminal investigation.

Furthermore, n healthcareNAT are used fogenetic disease profiling and patient stratification.
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The number of achievements in the field of DNA and their implications in our knowledge
of life is vastTable 1-1), and research effort into the déepment of DNA diagnostic tools has

increase dramatically.

Table 1-1. Brief overview of important nucleiacid test milestones.
Year Milestone
1952 Electophoresis
1967 DNA ligase
1969 Fluorescencen situhybridisation
1970 Restrictionenzymes
Reversdranscriptase
1972 Cloning
1975 Southernblot
1977 DNA sequencing
1980 Restriction fragment length polymorphisrosncept
P-elementmediatedmanipulation of the fly genome
1982
Whole genomeshotgun
Restriction fragment length polymorphismesalisation
1983 . .
Polymerase chain reaction
1985 DNA fingerprinting
1987 YgastArtificiaI Chromosc_)ms
Sitedirectedmutagenesisf the mousegenome
1988 Chromatin Immunoprecipitation
1990 Basic Local AlignmenSearch Tool
1992 BacterialArtificial Chromosome
1995 Microarraytechnology
1998 Sequencingoy synthesis
Full-length complementaryDNA (cDNA) technologies
2002 Launch of UCSC GenomeBrowse
2003 DNA assemblyprograms
2004 Ensembl project. A exampleof a geneannotationtool
2005 HapMap _
Sequencingoy ligation/polonysequencing
2006 Genomewide mapsof DNA methylation

From the discovery of DNAy Friedrich Miescher in 1869 therediscoverpfK c | bcj 2 g
work ledin 1900to a betteunderstandingand definition of theheredityconcept®™ The role of
chromosomesn this processvasestablished in 1902 by Walter Sutton while observing the
segregation of chromosomes during meigdigndr f ¢ wemg b« q «gamotyppand q
«phenotype to differentiate between the genetic traits of an individual and its outward
appearancewvascoined by Wilhelm Johannsen in 1909 to describe the Mendelian unit of
heredity®® In 1941Ec mpec @c _bjc _|I b Cbu_pb IReadnoWlE g cvncp
showedthat genes act by regulating distinct chemieaéntsand proposed a direct link between
each geneand enzyme. In 1943 William Astbury obtada the first Xray diffraction pattern of
DNA revealing tley must have a periodic structurand finally,in 1953 the structure of DNA
waselucidated byFrancis H. Crick James DWatson Maurice Wilkins, Rosalind Franklin and

many other contributorsThree years later, Crick propasean explanation of the genetic
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information flow within a biological systerfieplicdion, transcription and translatiorig what is
considered theentral dogma of molecular biologglthoughthis postulatiorwas not published
until 197054 In 1966 Marshall Nirenberg figuitout how the genetic code allow nucleic acids
with 4 nucleotidesto determine the order of 20 kinds of amino acids in proteins. DNA
sequencingwvasdiscovered w Dpcbcpgali Q lecp2g epmsn _1|b
independently in 1975. In 198§2he GenBankwasformed, an open public database where
scientists begin submitting DNA sequence data. The polymerase chain readmnvented in
1983 by Kary Mullis, allowing researchergapidly produce billions of copies of specific DNA
sequencegevolutionisingthe field of DNA researchTheseachievemend, among many others,
resulted inthe launch of the human genome projetot 1990 a plan to sequence the whole
human genome,all 3.2 billion letters, in 15 yearslhe first full human chromosome was
sequenced in 1999, one year later @0of the uman genome was already sequenced with a
99.9% accuracy and finally in 2003 the whdhkeman genome was sequenced opening a new
era for unveihg and understanéhg all the information containedFinally, the recent findings
of how complex and important ihe noncodingDNA as regulatory neighbousill allow us to
understand human diseas# the level of the molecules that are involyedus dramatically
changng the practice of medicine by leading to the development of new drugs, as well as to
genetic testing tallow stratification foindividualised treatnents All these achievements hav
been possible thanks to molecular techniques, and the desire for reaching a further
understanding have also motivated the development of new ones. These techniquedsibave
contributed toa wide number of milestones in nucleic acid research historynfthe first
techniquesof electrophoresis to the recent genemide maps of DNA methylatiofi?

Working with nucleic acidsalsoallowsmore possibilitiesthan working with traditional
enzyme or antibody assays that must bertaki® account:

1 Nucleic acids are stable in ngphysiological conditions and solvents including
ethyleneglycol, methanol, formamidalimethyl sulfoxide(DMSO) or acetamide by
forming hydrogen bonds, opening more opportunities fanalysisin different
environmental conditions.

1 Chemical synthesis of nucleic acids yields high purity, reproducible batches and avoids
ethical problems related to animabsed produion.

1 Specific base sequences can be easily produced in the laboratory by the means of
enzymatic or soligphase chemical synthesis, and are widely commercially available.
Moreover, artificial nucleic acids with analogues in the backbone anald@‘t?@sthe

base$? ¢ as well as engineered brand new bases with specific gé&ramd labelling
by addition of a wide variety @iinctional groups allow nucleic acids to be adapted in
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order to meet particular needs and become a flexible tool whkintaining its
functionality.

1 There is a large pool of enzymatic tools available for manipulation of nucleic acids
including polymerases, ligases, telomerases, endonucleases, nicking enzymes, etc.

1 Their small size allowefficient immobilisation while offering reusability and lotgrm
stability.

121 Polymerase chain reaction

The field of DNA technologywas revolutionised by thdewelopment of a method fathe
amplification of low number of DNA copies from sampléhe polymerase chain reaction,
developed byary Mullis in 1983 provided a systenthat was able to exponentially amplify
desired DNA sequence regioirsa rapid andcosteffectivemanner. PCR permits amplification
of short sequences of nucleic acids even in samples containing only ngnatgities of nucleic
acids with a polymerase gnne,deoxyrib@e nucleoside triphosphat@NTPs) andtwo primers
that define the genetic region that will be amplifielolymerases are enzymes that catalyse the
polymerisation of a polynucleotide as a complementary form to a template strand. The final
product of this reaction is a double helix composed of the template and the newly synthesised
complementary polynucleotide. The #rmostable Tags an enzyme able to withstand eh
proteindenaturing conditions,/ze. high temperature. A primer is a shorttand that is
complementary to a specific sequence in the template chiinere are three basic steps in this
method EFigure 1-5). First, the originablouble stranded DNA (dsDNAnust be denatured, that
is, the strands of its helix must be unwound and separated by heatinga®®€C. The second
step (at about 50 to 5%) consists of primeannealingin which the primers bind to their
complementarysequences in thargyle strandedNA (ssDNA molecules. The third step is the
synthesis of a complementary nucleic acid stramediated by thepolymerase, at 72C, in a
process referred to as elongati@tarting from the3'-end of the primer, the polymerase read
the template strandinserting complementary nucleotideshat form phosphodiester bonds
between each bas&he productistwo new double helicegach composed of one of the original
strands plus its newly assembled complement. This cyate be repeated many times, the
amount of final product molecules being,avhere n is the number of cycles. As each cycle takes

1 min to 3 min, millions of copies of the original DNA can be generated in about 1 h.
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Denaturation Annealing Elongation

/l I 1 I :Fl ,
| : | 95°C - 60°C -

N .%E

Cyclic repetition

Figure 1-5. Schematic ofthe three steps in the polymerase chain reaction: melting, annealing and
elongation.

AreaHlime polymerase chain reactione. PCRamplification with simultaneous redime
detection of targetedNA molecule, is alsopossibleby using either a method based on
fluorescence detection of a nepecificfluorescent dyehat intercalatewith dsDNA during
amplification®¥ or asequencespecificfluorescerdabelledDNA probée® that permits detection

only afterhybridisation with its complementary sequence.

1.2.2 DNA Microarrays

In the human genome projectdDNA microarrays were extensively used for molecular
screening of genetic sequences with great success due to the fact that simultaneous, multiplex
and quantitative information could be achieved. Thesfuse of microarray technologsas early
in 1982 for screeningsequencesexpressedn a mousecolon tumour,'® but the field rapidly
experence huge growth during the following decadelicroarray technology consists of a
collection of microscopic DNAprobespots arranged on a solid surfatte probeseingsmal
fragments of DNA thatire complementary ta section of a specific gemic DNA sequence.
Probetarget hybridisation is usually detected and quantified using labelled targets to
determine relative abundance of nucleic acid sequences instimaple(Figure 1-6.A) or by an

indirect sandwich assay using a complementary labelled priéigeie 1-6.A).°" ¢

A) B)

\.

\\
Capture probe
Capture probe
Labelled target Target Labelled probe
Y

\
Figure 1-6. Microarray detection principle scheme usmg direct or sandwigte labelling A) Direct label

of the DNA targetB) Sandwichtype label, indirect labellingf an additional complementary probe to
the target.
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123 Point-of-care testing
The reason some of the NAT still represent a gold standard in molecular diagnosis after

many yearsn use is because they are robust, provide an effectodation in terms of
perfamance, are well standardised arate commercially available. However, as the wéwld
needs evolve to face new situations, it is evident that new scenarios reguetsalutionsand,
to a large extentraditional NAT techniquessannotmeet theserequirementd®® For instance,
there iscurrentlya huge demando provide rapid/n situand coseffective analytical sotions
in low-resourcescenarios; howevetraditional NAT are expensive, tirnsuming, requie
trained laboratory personndgboratory facilities and therefoezenot ideal for these scenarios.
The idea to move the analytical laboratarysituto provide faster analytical results, thus
facilitating rapid decision makings based on the general trend of decentralisafiégure 1-7),
and isincreasinglyfeasible idea through the advances in miniaturisation and microfluidics
presented in lalmn-chip solutions. Thespoint of care POC) devices need to be smart objects,
with the idea to make them sedfifficient andcapable of handling all the analytical process:

automaed samplepreparation analysisdata evaluation andeneraion of analytical results.

Miniaturisation

% Disposable
A) U;)

AUTOLAB @ HI Handheld

108606e8006

Transportable

enchtop

Figure 1-7. Decentalisation from transportablerl;;rztiuments teviivo monitoring.

We already have smartphone applications that measure heart%dtedy temperature, track
personal exercisehe quality of sleep, detect flu outbrealkand allow people to be aware and
monitor their health, decentralising and minimising the need for use of the healthicggf¥
However, tle sensors used in these devices are not yet able to provide biochemical information,
and this is the reason why telemediciisenot yet a realityCurrent lab-on-chip solutions allow

molecular diagnosis to be implemented in poiftcare deviceghanks tonanotechnology and
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biotechnology providing biochemical information from real sampleg, s/ifuand in realtime.
Although this decentralisation process of the analytical process is moving molecular diagnosis
instrumentation out of the laboratories intopablé’? or handheld devices?? bestrepresented

by the successful glucose metétthe commercial implementations are modeat best. Apart

from moral and dtical reasons we are still far from achieving/vobiosensing. Few biosensors

have been reported fan vivomonitoring”>"% including wearabl€® and tattoebased sensqré

® though most are only protgpes being implemented at a research stage, and there is a gap
between what we have successfully achieved and the real integration of these systems in the

market for wearable an vivodeviced® 2

1.2.4 Bio-microelectromechanical systems (BMEMS)

Bio-MEMs a _ | "c bcdglcb g ©©bctgacqg mp qwgrckg*
from micro/ nanoscale fabrication, that are used for processing, delivery, manipulation, analysis,
or constructionof g mj mega _j _ | hOthefterrhsganmpnly ased tgrefey o gic 2
MEMS include lab-on-achip (LOC) and micrototal analysis systemsTAS).®¥ The concept
is intimately framed into life sciencescluding the areas of diagnosti¢herapeutics, hybrid
biodevices bio-inspired materials, etc. The success of this concept in the area of diagnostics
relies largely on the effectiviategration of microfluidics, miniaturisation, electronié¥, and
biosensof®’ to generate seffufficient devices capable of extracting bioanalytical information
from real samplesA largenumber of applications have been presenfé& and the current state
of the art is slowly being introduced in the market as commercial products.

The enormous amount of genietinformation brought by extesive genome sequencing
has raised the need for simptapid, costeffectiveand highthroughput miniaturised and mass
producible analyttal devices tcaddresghe growing market of molecular diagnosti¢tbus
accomplishing tle basic critan for decentralisd DNA testingBiosensors are expected to play
an important role in the trend of decentralisation of molecular diagnostics by bridging the gap
existingbetween traditional NAT and the definitive integration of POC devices through LOC
soltions'® All in all, biosensors represent a new approach to molecular diagnastiney
provide an intrinsic miniaturisation over the traditional NASurpassg their drawbacksand
alloning easier, faster and cheaper results sthieeping high sensitivity and specificity of

detection(Table 1-2).
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Table 1-2. Comparison of the characteristics between traditional NAT biasensors.

NAT Biosensors

Time consuming Rapid, reatime detection
Expensive Costeffective
Laboratorymonitoring Portable {7 situmonitoring)
Trained laboratory personnel Simple use

High-tech equipment Simple apparatus

Extensive sample preparation Limited sample preparation
More organic solvent consumption Less organic solvent consumption
Commercial availability Limited commercial availability
Standarised Non-standarised

Sensitive Sensitive

Selective Selective

Reusable Reusable

1.3 Biosensors

Rf ¢c umpb qcl gmpentfre:*q uf glafr git@vepbrigmaedaround ¢ p
the 14" century. Therefore, a sensor is a device that is sensitive to input stimuli and can transform
that information into a useful output signal that is proportional to the magnitude of the &Jent.

I There are many different kinds of sensors based on the event they are able toradteing
temperature, pressure, sound, light, humidity, gases, motion, acceleration, displacement, etc

Chemical sensors are specific kswdf sensa that can provide information about the
(bio)chemical composition ofheir environment and transform that information into an output
signal that can be monitored and quantified. The information extracted from the output signal
may be qualitativee.g.if a specific kind of analyte is present or not; or quantitative, by giving
the concentration of the analyt&!

Chemical sensors haweminimum of two components: geceptorand atransducer The
receptor is a recognition elemewith specific sites that can interact selectively with the analyte,
(7.e.the target of interest that needs to be detectedjaAsducelis a device that converts one
form of energy to another form of enerdy. a biosensorthe transducer is an elemetiat
transforms a characteristic (bio)chemical event into an output signal that can be processed
(Figure 1-8).

! Signal

Analyte Bioreceptor  Transducer Signal processor

Figure 1-8. Schematic representation of the parts from a biosensor.
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A biosensor is described the International Union of Applied Chemisgr((UPAC) asis
a selcontained integrated device, which is capable of providing specific quantitative or semi
guantitative analytical information using a biological recognition element (biochemical
receptor) which is retained in direct spatial contadth a transduction elemert? Although a
more general and simpler definition might Be « @gmgc |l gmpqgq _pc afckga_ |
pcamel gr gml qwqgr ck sr gj ¢4 Tre biochemicgl meethanism a _ | k c é
includesthe use obiological materialike peptides oproteins, lipids, liposomesucleic acids,
whole celk, or evenmore complex systems likeplant or animal tissué®

Biosensors can be classified regarding the recognition pr8dess
1 Catalytic biosensors recognise, bind and chemically convert the analytaeaueasible

reaction, thus yielding a product.
1 Affinity biosensors rely on the reversilitgmation of a affinity complex between the

analyte and thdioreceptor®®

1 DNA biosensors (genosensois)based orthe hybridisation mechanisnbetween two
complementary DNA sequences as recognition mechanism.

Although this is a broad classification for biosensors, catalytic and affinity biosensors using
DNA as receptorg,e. DNAzymes and aptasensoespectively’”*® should notbe confused with
DNA biosensorgor genosensoysin this thesis we will focus &y on the description of
genosensorsT he solidphase recombinase polymaseamplificationdetectionprocess can be
regarded agcatalytic reaction due to the fact that the receptor (primers) and the analyte produce
an amplified producby on the surface of the transduday the use of enzymes

Research pblicationsrelated b DNA biosensors started growingthre late 1980s thanks
to the invention ofthe Polymerase Chain ReactioRCR) and has grown significantly during
the lasthree decadedue to the importancef and needor rapid, cheap and cosfffective gene

detection systems in molecular diagnosigy(ire 1-9).
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Figure 1-9. Number of papers published per year with the topic DNA biosensors.

Genosensors focus on the detectionalévantgenetic sequences vig/lridisationof the
targetwith a complementarysingle stranded DNA chairreceptor that is linked and in close
contact to the transduceto form a doublestranded DNA duplex by Watson and Crick base
pairs (Figure 1-10).1%%

DNA target with a
complementary region to
capture probe

Analyte

; DNA probe
v complementary

Recognition to sequence in
layer the target

Transducer \ 3 \ Signal transduction
Hybridisation and readout

Figure 1-10. Hybridisationin a DNA biosensor. The hybridisation occurs between seBNAtarget and
the complementargsDNA probe immobilised on a transducer. The hybridisation event is transduced and
the readout signal processed

It is important to clarify that, as mentioned by Stakenberg/,*? though the traditionh
definition of biosensors might include platforms like lateral flow strips or microarrays, these
cannot be consideredtrue biosensors in the sense that the receptor element ismmmiotimate
contact withthe transducer.

The theoretical foundations regding the quality parameters of biosensors used through

the thesis, like the limit of detection or the sensitivity, are described in detail iAppendix 4
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131 DNA immobilisation strategies

A large number ofrhmobilisation strategieBave been developetd anchor the single
stranded DNA probes on the surface of the transdu@argingfrom simple physiosorption to
Langmuir@Blodget films to direct andcovalent immobilgation of biomolecules on surfaces
using selassemblednonolayers or couplingo polymers.Each of these methods hakeir
advantageand disadvantages. For example, adsorptive coupling (physisorgistl) widely
used today in bioanalysis for microtitr platebased assays(Enzymelinked
ImmunosorbentOligonucleotideAssayE£LISAELONA) and forlateral flowstrips. Inboth test
formats, a regeneration of the immolsd component (antibodynolecules) is not necessary.
On the other hand, if a higher functional availabiliof the biomolecules isequired,together
with the possibility of regnerationand a low susceptibilityo nonspecific binding, as in the case
of biosensors and biochips, it is very likely that covalent attachment will gigddrior results
over physiorption. The main disadvantages of simple adsorpiimtiding limited accessibility
of the recognition sites of the biomolecul@er example due to interactions between the DNA
bases) and desorption processes, can largely be awdgitiectbvalent coupling methods.

The immobilisation step for the DNA probe is essentialachieve high sensitivity and
selectivitywhile minimising nonspediic adsorption,and achievingstabilityand uniformity of
immobilised probe layer.These monolayers form spontaneously by adsorption of suitable
components from a diluted solution diregtlonto a surface. The formatioof ordered and
orientated monomolecular layers by spontaneous adsorfitn a diluted solution is called
selfassemblingand the respective layers acalled seHassembled monolayerSAM) or self
organsed monolayersThe selection of the substrate for immokaliion depends on the intended
application. For example, SAMs are often used for the development of biosen#brs
electrochemical, piezoelectric, or optical detection. Glass and s#iea typical materials for
optical sensors, whereas gold is preferred for electrocheséceors because of its outstanding
inert properties. On the othdrand, only certain chemicals can be used to form-sadfaning

layers orthese substrates.

Formation of SAMs from thiocompounds on gold surfaces

A wellresearched and popular class of monolayers is based on the strong adswrption
thiols (R®SH), disuphides (R®S ®S ®R) and suphides (R®S ®R) onto metal surfaces.
Although thiols, disyphides, and sydhides stronty align with a number of different metals
including silver, platinum or copper, goli$ usually the substrate of choice because of its inert

properties and the formatioof a welldefined crystal structuré he absence of impurities and
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contaminantsfrom the gold substrate j@referable but not absolutely essentasthiols are able
to displacecontaminatingcompounds from the gold due to the high affinity of thalphur
groups to gold?

Thiols, suphides, and disuydhides are dissolved in a sufficiently pure solvent and then
applied oto the cleaned gold surfacAs a first step, the qlur donor atoms align strongly with
the gold (typicalbond energy 126 kJ nfd)i*®@ and initiate the setassembling process of the
alkyl thiols on the gold surface. The respective bond ketwthe syphur andthe gold is non
covalent. A novel structure is formed in which eachpsuwir atomis bonded cebrdinatively with

three gold atoms, resulting in a lattice spacofi@.4995 nm (as compared to an unmodified gold
lattice with a spacingf 0.2885nm). Thiol groups are deprotonad (RSH + Au  RS®AuU + €

+ H"),119 and for disuphides the 85 bond is cleaved during the process of adsorption. The
sulphur is in a spaybridised configuration, which islso the explanation for the tilting of the
thiol chains from the surface level Bg&4Q° (Figure 1-11).°? Furthermore, the axis of the alkyl
chains are twistetly approximately S&against the surface levél® ' In a second step, the tail
tail interactions (norbinding interactions suchas van der Waals, repellent, steric, and
electrostatic forces) between timeolecules are responsible for the parallel alignment of the
molecules on theyold surface. In doing so, the tail groups faararystalline film. Above all, van
der Waals forces between the methyl groups of the hydrocarbon ch@nesponsible for the
orientationand stabiléation of the monolayer.

The twostep mechanism fothe formation of SAMs described above is reflected by the
twophaseformation kinetics of monolayers: the diffusioantrolled adsorptions followed by
the slower crystaliation process. Desely packed monolayeisrm in less than one hour from a

diluted solution of alkane thioldut it can take several days until this monolayer reaches a well

S S S S § \

IS S S S§ 8 S S

orderedstate.

Figure 1-11. SAM tilting ofthiolatedchains on gold.

The terminal groups of the heterobifunctional thiol compounds are importamtthe

interaction of the monolayers with biomolecules. For this purpaesegral functionated thiols
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are used to couple biomolecules with thmonolaye, for example aming carboxy and

hydroxylterminated thiols. Afong as the terminal group®(g.-NH, -OH) are relatively small

(<5A0) 2 they have littleor noinfluence on theorientation of the monolayers.

In addition to uniform monolayers formed using a single thiol compound, mixed SAMs
are used for the immobaation of DNA probesn order toavoidknown disadvantages of uniform
monolayersWith this strategythe surface is more efficiently covered andn-specific binding
of biomoleculess reducedand the approacleanalsobe useful forcreating lateral spacing and
controlling DNA probe densityto direct theorientation of the probes during the immobilisation

or to suppress nospecific binding of analytes on the surfa&egure 1-12).

-4/

—

Figure 1-12. Schematic illustration of benefits from using mixed SAMs.

Silanisation

In general, the silaisdion of hydroxyterminated subtrates such as silica glass is an
effective methodwhich is used quite often for chemical modificatiai the substrate surface
forthe immobilisaion of biomolecules. Thenain focus for silaisaion procedures is once again

the use of selforgansing silanemonolayers. The properties of the monolayer dependthe
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chemical structure of the silasgion reagent, the density of silangtoupsavailable on the
surfaceand the physical surface structusa a nanoscale level.

The exact mechanism of silesgion depends on the reaction conditions.i$t generally
accepted that sildsaion in a liquid solution is a threstep proces$? In a first step, the
previously mentionedsilanes form silanetriols byydrolyss in the presence of wateon the
surface or in the solvent. Thesdanetriols #ach themselves by physiosorption via hydrogen
bonds onto thesubstrate surface. Subsequently, the silanol groups react with the free hydroxyl
groups on the surface according to a.3Baction mechanismKigure 1-13). Similar to thiol
SAMs, nonspecific interactions can be reduced by miximgplyethylene glycol REG)
terminated silanes into the monolayer.

OH

}—qu—Sli/\/\Y e

o
I
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| -HX -H,0 |

o

~
Figure 1-13. Scheme of the silanisation mechanism

1.3.2 DNA functionalisation strategies

In general,nucleic acid modificationoffer many functional groupthat are suitableor
coupling purposes. Using these moieti@sDNA probe can be coupled covalentlyia its
functional groups to SAMs by large number of suitable coupling compounds and reactions. A

selection ofuch procedures is given rable 1-3.

Table 1-3. Methods for covalent coupling

Anchor group Binding group Reaction

-COOH -NH Via carbodiimide
epoxide -NH>,, -SH, -OH Direct

-NH -NH Glutaraldehyde

acid hydrazide -CHO Direct

-COR NH> Reductive amination
-OH -NH With bromcyane
chloromethyl group -NH Direct

-Azide -Alkyne Huisgen cycloaddition

A coupling method quite oftenused is the binding between avidir(respectively
streptavidin) and biotin.Streptavidin and avidin have a vehygh affinity for biotin Kp
= 10" M). Therefore, this combination is a suitablmethod for thestable attachment of
biomolecules onto surfaces. Usualtize biological component is coupled to the small biotin

molecule, often viaa flexible spacé?™
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133 Transduction mechanisms

Once the target DNA has been captured onto genognsorsurface, a range of different
approaches can be used for trdosing the bioecognition eventElectrochemical and optical
transductionare by farthe most commonly usethechanisms in genosensors and offer a wide

variety of detection techniqueFi@ure 1-14).1** %

Bioreceptor Transducer Signal readout

Electrochemical
Amperometric
Conductimetric
Potentiometric

Optical
Fluorescence
Phosporescence
Polarisation
Rotation
Interference
Surface plasmon resonance
Total internal reflection fluorescence
Second harmonic generation

Hybridisation with
a complementary

probe attached to
the transducer

Hybridisation event
converted into a

computable signal
output

Figure 1-14. Transduction mechanisms typically employed in DNA biosensors

Electrochemical methodsitili ¢ various electrochemical responses to measure changes
in the electrical properties of the biological recognition element. Amperometric biosensors are
based on monitoring the current associated with oxidation or reduction oflectroactive
species involved in the recognition process. The current produceadeiarly proportional to the
concentration of the electroactive product, which in turn is proportional to the-el@ctroactive
enzyme substrat@ ransducers based on optical detection techniques have also been used in the
field of biosensors. These may emp linear optical phenomenon, including fluorescence,
phosphorescence, polarization, rotation, integiece, surface plasmon resonan&@PR), total
internal reflection fluorescence osecond harmonic generation. Advantages of optical

techniques involveéhe speed and reproducibility of the measurement.

1.34 Label vs labeHree methods

The majority of the monitoring methods fdrybridisation eventsequire the application
of a labelto detect the molecular recognitiobetween a ligand and its receptdhoughlabel
free strategies exist for both optical and electrochemical platfoifiisough techniques that
employ labels aréighly sensitive due to the analytical characteristics of the lapplied, the

concept of direct detection interactiomdfers potentiasimplicity (Table 1-4) due to the fact that
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the labelling steps involved in the indirect techniques impose additional tiamed cost
constraints, andan in some cases interfere with timelecular interaction by blocking a binding

site or leading to falseegative responses

Table 1-4. Compaative table of labels.labeHree detection methods

Labelled LabeHree

Utilise electroactive signal generating labels Detects a physical change in the system as a result c
Labelled biosensors are more sensitive due to biomolecular recognition

amplification afforded by the enzymatic reaction or tl Less sensitive especially to molecular recognit

electroactive label involving small molecules
Requires additional steps and increases the probakt Require fewer steps
of error Suitable for both in situ and ex situ measurements

Electroactive label may require high redox potentii May facilitate the regeneration of the electrode surfz
which may destroy the selectivity of the biorecogniti using selected potential modulation
elements

Direct labeHree transduction of DNA hybridisationnvolves the measurement of
physicochemical changes occurring on the surface of the transducer. Although this method can
be achieved in electrochemical systentrough DNA reductiod®® or electrochemical
impedance spectroscopy methd®4,it is usually reported for optical platforms involving surface
plasmon resonance sensdmsmultiple formats, including MachZehnder interferometers®
resonant interferometef€? ' or surfaceenhanced Raman scatteriid to cite a few. The
evanescence wave is an electromagnetive generated when light is completely reflected
within the sensor surface in a phenomenon called total internal reflection. Evanescence wave
penetrates beyond the optical interface into the lower reflection medium and interacts with the
analyteallowing reaHime and labeffree monitoring capabilitieslue to the fact that the output
signal is directly associated with adsorbed molecular Héss.

Electrochemical DNA sensorsan detect thehybridisation through thecharge transfer
current betweertertain electron mediatorthat enable the reversible exchange of electrons with
rfc «cjcar pnmppcd gqediatasp areA ané n ﬁ),é“? ¥4 osmium complex**3
Dc & &E[“‘i Ps & ‘iﬁ'\(\@m ferrocené®® and methylene blué'® The charge transfer
process is usually monited by electrochemical impedance spectroscopy, chronocoloumetry or
voltammetric methods.

The electrochemical detection of DNA via redextive indicators,such as DNA
intercalatingand groovebinding compounds possess a much higher affinity for tresulting
hybrid compared to thesinglestranded probe. Accordingly, the concentration of the indicator at
the electrode surface varies when hyks@ton occurs, resulting in changed electrochemical

signald*?®® 21 Commonly used indicatorsn fibre-optic and planar waveguide based sensors
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employ the use of fluorescefdbelled probe$?? fluorescent intercalating dyes like ethidium
bromide!** thiazole orange derivativéé? 1 * 1 atetr@nretBytbenzidine dihydrochlorid&3
Alexa Fluol**® and Cy5Habelled nucleotide$? In electrochemical platforms, frequently used
compounds includeorganic dyes like Hoealt 3325828 23 methylene blug!*® % 31 and
organic drug small moleculgacluding daunomycin!**? doxorubicirt**? andanthraquinoné™?
and metaicationcompoundssuch adike A m& n i &9 ahd WP sL&F;' 4[1 )[136 137

Enzyme amplifiedstrategies foDNA biosensorsare widely usedin electrochemical
systems becaudbey providesignal amplificationthat provides higher sensitivity although
additional reagents are usually required during the detectibas confining the strategy solely
for endpoint detection Among the mostommonly usedenzymesis horseradistperoxidase
(HRP), which, for examplecan catalyse the oxidation df* 1 atetr@nfetBytbenzidind TMB)
in the presence of kD,, and the substrate can be later interrogated either by colorim€trior
electrochemical method$3>? Glucose oxidaséas been alsasedto electrochemically detect
the hybridisation evefit® *J and other enzymes @iuding alkaline phosphatase or catalase are

common.

1.4 Isothermal amplification techniques

Nucleic acid amplification is one of the most valuable tools in nucleic acid detection
because it can amplify fewer thd® target copies, significantly improving assay sensitAgty.
mentioned previously hie importance of this technique and the impact on the specific field of
DNA biosensors can be observed in the number of papers published persiyear the
introduction of PCR Needless to say that, without PCR, not only the field of biosensors, but the
whole field of DNA technology would be almost inexistertiowever, the traditional nucleic
amplification approachPCR, requires thermal cycling instrumentation, expertised the
technique isnherently confinedto diagnostic laboratories. New techniques known as isothermal
nucleic acid amplification overcome the current limitations of PCR by lowering the temperature

cycling requirements# 43

14.1 Loop-mediated isothermal amplificatio(LAMP)

LAMP was first described in 2000 and developed by the Japanese Ellanical Co,
Ltd. (Tokyo)!**¥ The reaction employs a DNA polymerase with strand displacement activity and
a set of twar threeprimer pairsthat recogise 6 or 8 distinct sequencem the target DNA

under isothermal conditins (60°C to 65 °C). An additional pair of "loop primers" can further
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accelerate the reactiony enabling the generation of a stdoop DNA for subsequent complex

LAMP cycling including seHpriming reactions

1.4.2 Nucleic acid sequencéased amplificatiofNASBA)

NASBAwas fist described in 1994%F The reaction require aninitial heating step of
95°C (for DNA as templatedpr 65 °C (for RNA) to prepare accessible single strands, before the
amplification takes place at a constant temperature of@1During the initial phase, reverse
DNA primers containing a T7 promoter ramq, bind to any available target sequence in the
sample. The primers are exteralby the reverse transcripta3ée resulting RNACDNA hybrids
are degraded by the activity of RNase H, leading to cDNA single strands. A forward DNA primer
hybridises to thee targets forming a new templat@hich can be elongated by the reverse
transcriptase. This step integrates the T7 promoter region into the produced DNA, allowing a
T7 RNA polymerase to bind, generating complementary copies of RNA. During the cyclic
proces, each synthessd RNA will initiate a new round of duplication, leading to exponential

amplificationin 90 minutes

1.4.3 Helicasedependent amplificatio(HDA)

HDA, firstly described in 20048 makes use of the naturally occurring process of DNA
replication. A helicase unwinds the targeNA strand at a temperature of 37 °C to circumvent
the heatinduced denaturation step of PCR. The MutL protein stimulates the helicase
unwinding, whilst single stranded binding $SB proteins prevents renybridisaion of the
separated ssDNA targets. Théngers can hybricgeto the free ssDNA and a DNA polymerase
subsequently extends them. This exponential reaction can produce mithldhcopies of target
DNA in 60 to 120 min.

144 Strand Displacement Amplificatio(SDA)

The SDA reaction, which can be perforngeover a broad temperature range (37 to
70°C), was already described in the early nineties applying multifunctional primers, both having
target sequences for the directed hykséion to the DNA strand of interest and a restriction site
for endonucleaed!*” After the heat induced strand separation of the dsDNA, the primers bind
sequencespecifically introducing a restriction site into the product. Bumper primers, which
bind adjacent to the first primegreelongated by a polymerase witresid displacement activity,
releasing the first singlstranded amplicon. In a second step, the reverse primeluding a
nickable restriction siteis elongated. An endonuclease cleatke restriction sites only at one

strand, because thiohodified nucleotides are incorporated to prevent cutting of the whole
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dsDNA strand. The free2@nd is subsequently extended, displacing the new single stranded copy

molecule. This process of nickirend displacing leasito exponential amplification of DNA.

145 Rolling circle amplification(RCA)

RCA, first described 19983 exploits the excellent strand displacement activity of a Phi29
bacteriophage polymerase on target molecules. The isothermal reaction allows for the
amglification of asinglestranded DNA to generate a continuous catenated product of up to 0.5
Mbases.Padlock probes are linear oligonucleotides containing two target specific sequences
designed to circulase after hybridsaion and subsequent ligation. Thdual recognition in
combination with a ligation reaction ensures specificity of detection. After that, the circular
padlock probe servesaremplate for the polymerase, which continuously elongates the product

and displaces the generated strand.

1.4.6 Recombhase Polymerase AmplificatigRPA)

The RPA™ is particularly impressivas compared to aither isothermal amplification
techniquesassaturation is typically achieved withintd 10 minutes at an optimal constant
temperature of 37C and no initial thermal or chemical melting of DNA is requirethaking it
ideal for POC testgTable 1-5).1*43
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The method couples isothermal recombinadgven primer targeting of the template material
with the stranddisplacement DNA synthesis. A RPA cycle is initiated by the binding of a
recombinase to the primers in the presenceAalenosine triphosphatéATP). The resulting
proteinrDNA complex is highly efficient at scanning dsDNA to identify homologous sequences
in targeted DNA sequences. The recombinase proteins then facilitate the simaerdion and

the formation of a Boop structure where the primers airgroduced at the cognate site of the
template, leaving the #nd of the oligonucleotide accessible to a strand displacing DNA
polymerasewhosedisplacement activity creates a single strand, which is s@biby single
stranded binding proteis The polymerase elongates the primer according to the template
sequence and exponential amplification from just a few target copies is rapidly accomplished by

the cyclic repetition of this proceg¢Bigure 1-15).[15% %1

‘P()lwne rase
Y e \
H 71

Reverse dsDNA \? H
\ W

primer

Recombinase ‘
—_—

i (|
protein — \ —_— [ — \
@ | '
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Figure 1-15. Recombinase polymerase amplificationsolution. (1) Primersconjugate with recombinase
proteins (2) to fornoligoprotein complexes(3) The complex scans dsDNA for homologous sequences,
(4) conjugating the oligeprotein complexes with double stranded targets at the cognate sites, introducing
the prime's by a strandisplacement mechanisrand stabilising the displaced strand with single stranded
binding proteins (5) Polymerase starts DNA amplification at the frée3d sites from the primerq6)
Forward and reverse primers are elongated @dhe process is repeated cyclically through exponential
amplification

The application of RPA in the field of molecular diagnostics has garnered rapidly
increasing interest since the first report of the technique in 2006 by Pieperasuakt**? with a
rising number of publications detailing a wadrariety of different applications of the technique

(Figure 1-16).
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Figure 1-16. Number of papers pulshed per year with the topic recombinase polymerase amplification.

Fluorescence detection methods using EvaGreen binding dyer;, sequencepecific
fluorophorequencher probegexonuclease fluorescent prol@Fp)),I*> 7 916 20.21. 23, 24,30,32.34.39
along with lateral flow strip$,” 1" 26 23313338 configure the majority of the reported systems for
the detection of nucleic acid sequences from real samples using RPA that can be considered
POCI//in situassays. Lateral flow strips is théaoption in low resource scanios as it is a cost
effective solution with a noinstrumented and simple visual detection system where a qualitative
endpoint assay is sufficient, and fluorescence detection systems can provideneeal
monitoring where quantitative measurement is wirgd. However, both approaches are not
compatible with true multiplexing, and to this end some reports have detailed efforts to overcome
this limitation, relying on purposenade systems based on arrays. Examples include DNA arrays
on epoxysilanated glasslides, and amplifying with fluorescemtbbelled reverse primers using
a microarray scanner for the epoint reading?? Another alternative reported was a ring
resonator setups which was able to achieve multiplex, fabeland reatime monitoring kut
due to its complexity and cost, this approach is unlikely to be implemented in POC dévices.
152153 Microarrays nested iDigital Versatile DisdDVD ) platforms, using both labell&d > or
labeHred®" detection strategies have also been reportée iwapable of multiplex amplification.
However, the amplification and the detection steps are still performed in separate places and a
fully integrated platform has not yet been developed. l€ha/reported on a lalon-disc device
that integrates the nudeic acid extraction step with the recombinase polymerase amplification,
but the detection step is performed separately in flow stfipa.full review of the published

analytical techniques using RPA is displayed @&ble 1-6.
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1.5 Recombinase polymerasenplification in combination with DNA bioserisg

detection

One of the crucial limitations of regular DNA biosensors is their inability to directly
hybridise and detect dsDNA, which is the common form in genomic DNA from real samples.
Therefore, most of thanalytical methods include an additional sample fm@atment step for
generating sSDNA that adds complexity to the assay, irreproducibility, increases the analysis time
required and usually need the use of additional reagents and/or instruments like. §dahese
solutions include thermal denaturation, labelling of the target, triplex formation, asymmetric
PCR or the use of exonuclease digestion combined with magnetic beads for separation.
Additionally, the high temperates required for denaturing dsDNAr the temperature cycles
produced in PCR amplification techniques couldsk the stability of the weak bonding of
DNA.[*>4

An alternative method to circumventhese limitations is the use of an isothermal
amplification system like recombinase polymerase amplification that not only aesalife
amount of genetic materiathus increasing the sensitivity, butlso facilitateshybridisation
between the target and the probe and thegetdenaturationstepwith enzymess constant and

atlow temperature
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1.6 Objectives

The general objective of this doctoral thesis is the developmeatdetection platform
exploiting a combined strategy of isothermablidphase amplification technique with
genosensadetectionfor a simple sensitiveand rapid analysis of genetic material.

This general objective is divided in the following specific objectives:

- To demonstratesolidphaseisothermal recombinase polymerase amplification is able to
successfully amplify DNA from bulk solutidinrough the immobilisation of primers on
the transducers and be detected by an electrochemical or an optical platform.

- To apply solidphase recombinase polymerase amplification concept for the
electrochemicaldetection of genomic DNA from pathogens in the analysis of real
samples

- To explore the selectivity of solidphase recombinase polymerase amplificatit;m
successful perform multiplex analysis of different nucleic acid targets

The main adled value of this thesis is thpresents a flexible solution for detecting DNA
with biosensorsexploiting a general concept gblidphaseamplification and detection, thus

integrating two nucleic acid tests, PCR and microarrays,simgle device.

Doctoral Thesis®JonatharSabaté del Rio 37



DNA biosensors based on integrated isothermal amplificatietection strategies

1.7 Refrences

[1] Xia, X. et al, Rapid Detection of Shrimp White Spot Syndrome Virus by Real Time,
Isothermal Recombinase Polymerase Amplificatdssa)yPLoS ONE, 20149 (8): p.
e104667.

[2] Liljander, A. et al, A field-applicable recombinase polymerase amplification assay for
rapid detection of Mycoplasma capricolum subsp. capripneumordiaernal of Clinical
Microbiology, 2015.

[3] Zhang, S.et al, Rapid diagnostic detection of plum pox virus in Prunus plants by
/sothermal AmplifyRP® using reverse transcriptfeeombinase polymerase
amplification.Journal of Virological Methods, 201207: p. 114120.

[4] Abd El Wahed, A.et al, A Portable Reerse Transcription Recombinase Polymerase
Amplification Assay for Rapid Detection of FeotdMouth Disease Viru€?LoS ONE,
2013.8 (8): p. e71642.

[5] Aebischer, Aet al, Rapid Genome Detection of Schmallenberg Virus and Bovine Viral
Diarrhea Virus byUse of Isothermal Amplification Methods and Higgpeed Realime
Reverse Transcriptase PC¥urnal of Clinical Microbiology, 201452 (6): p. 1883
1892.

[6] Shin, Y. et al, A rapid amplificationdetection assay for analysis of Mycobacterium
tuberculosisusing an isothermal and silicon bfghotonic sensor compleBiosensors
and Bioelectronics, 201%8: p. 390396.

[7] Escadafal, Cet al, Rapid Molecular Assays for the Detection of Yellow Fever Virus in
Low-Resource SettingBlos Neglected Tropical Bieases, 2018.(3).
[8] Loo, J.F.C.et al, An aptamebased bigbarcode assay with isothermal recombinase

polymerase amplification for cytochrongedetection and anttancer drug screening.
Talanta, 2013115 p. 159165.

[9] Murinda, S.E. et al, RealTime Isothermal Detection of Shiga Tox#Aroducing
Escherichia coli Using Recombinase Polymerase Amplificatodborne Pathogens
and Disease, 20141 (7): p. 529536.

[10] Ahmed, A., H. van der Linden, and R. Hartskedblevelopment of a Recombinase
Polymerase Amplification Assay for the Detection of Pathogenic Leptospira.
International Journal of Environmental Research and Public Health, 2A14(5): p.
4953.

[11] Xu, C. et al, Recombinase Polymerase Amplification (RPA) of CaliB& Promoter
and nos Teminator for Rapid Detection of Genetically Modified Crodgaternational
Journal of Molecular Sciences, 20145 (10): p. 1819718205.

[12] Miles, T.D., F.N. Martin, and M.D. Coffey, Development of Rapid Isothermal
Amplification Assays for Detection of Wbphthora spp. in Plant Tissue.
Phytopathology, 2014.05(2): p. 265278.

[13] Abd ElI Wahed, A., M. Weidmann, and F.T. HufertDiagnostican-a-Suitcase:
Development of a portable and rapid assay for the detection of the emerging avian
influenza A (H7NS9)virus.Journal of Clinical Virology, 201%59: p. 1621.

[14] Euler, M. et al, Recombinase Polymerase Amplification Assay for Rapid Detection of
Francisella tularensidournal of Clinical Microbiology, 20150 (7): p. 22342238.

[15] Abd El Wahed, A.et al, Recombinase Polymerase Amplification Assay for Rapid
Diagnostics of Dengue Infectio®LoS ONE, 201510 (6): p. e0129682.

[16] Teoh, B-T. et al, Early Detection of Dengue Virus by Use of Reverse Transcription
Recombinase Polymerase Amplificatidournal of Clinical Microbiology, 20153 (3):

p. 830837.

38 Doctoral Thesis®Jonathan Sabaté del Rio



Chapterl

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]
[31]
[32]

[33]

[34]

Crannell, Z.A. et al, Recombinase Polymerase AmplificatiBased Assay to Diagnose
Giardia in Stool Samplessmerican Journal of Tropical Medicine and Hygiene, 2015.
92 (3): p. 583587.

Kim, T.-H. et al, Fully Integrated Lakon-aDisc for Nucleic Acid Analysis of Foed
Borne Pathogen#nalytical Chemistry, 201486 (8): p. 38413848.

SantiageFelipe, S.et al, Recombinase polymerase and enzytinéed immunosorbent
assay as a DNAmplificationdetection strategy for food analy#salytica Chimica
Acta, 2014811 p. 8187.

Sakai, K.et al, ldentification of Fungal Pathogens by Visible Microarray System in
Combination with Isothermal Gene Amplificatiomlycopathologia, 2014178(1-2): p.
11-26.

Hill -Cawthorne, G.A.et al, Recombinations in Staphylococcal Cassette Chromosome
mec Elements Compromise the Molecular Detection of Methicillin Resistance in
Staphylococcus auretBL0S ONE, 20149 (6): p.e1014109.

SantiageFelipe, S. et al, /sothermal DNA amplification strategies for duplex
microorganism detectiorr-ood Chemistry, 20151L74 p. 509515.

Daher, R.K.et al, Isothermal Recombinase Polymerase Amplification Assay Applied to
the Detection of Group B Streptococci in Vaginal/Anal Samp/€dinical Chemistry,
2014.60(4): p. 6606.

Abd El Wahed, Aet al, Reverse Transcription Recombinase Polymerase Amplification
Assay for the Detection of Middle East Respiratory Syndrome ConargaAloS
Currents, 20135: p. ecurrents.outbreaks.62df1c7c75ffc96cd59034531e2e8364.
TortajadaGenaro, L.A. et al, Isothermal soligbhase recombinase polymerase
amplification on microfluidic digital versatile discs (DVDESC Advances, 2015.
(38): p. 2998729995.

Krolov, K. et al, Sensitive and Rapid Detection of Chlamydia trachomatis by
Recombinase Polymerase Amplification Directly from Urine Samplesurnal of
Molecular Diagnostics, 20146 (1): p. 127135.

Kersting, S. et al, Multiplex isothermal soligghase recombinase polymerase
amplification for the specific and fast DMgased detection of three bacterial pathogens.
Mikrochimica Acta, 2014181 (13-14): p. 17151.723.

Jaroenram, W. and L. OwenS$gparation of endogenous ielements from infectious
Penaeus stylirostris densovirus using recombinase polymerase amplifiseaieoular

and Cellular Probes, 20128 (585): p. 284287.

Lillis, L. et al, Non-Instrumented Incubation of a Recombinase Polymerase
Amplification Assay for the Rapid and Sensitive Detection of ProviratHDNA. PLoS
ONE, 2014.9 (9): p. €108189.

Kalsi, S.et al, Rapid and sensitive detection of antibiotic resistance on a programmable
digital microfluidic platform.Lab on a Chip, 201515 (14): p. 30653075.

Crannell, Z.A. et al, Nucleic Acid Test to Diagnose Cryptosporidiosis: Lab Assessment
in Animal and Patient Specimengnalytical Chemistry, 20186 (5): p. 25652571.

Boyle, D.S.et al, Rapid Detection of HIV1 Proviral DNA br Early Infant Diagnosis
Using Recombinase Polymerase AmplificatiomBio, 20134 (2).

Mekuria, T.A., S. Zhang, and K.C. EastwelRapid and sensitive detection of Little
cherry virus 2 using Isothermal reverse transcripteégombinase polymerase
amplification. Journal of Virological Methods, 201205 p. 2430.

Boyle, D.S.et al, Rapid Detection of Mycobacterium tuberculosis by Recombinase
Polymerase AmplificatiorPL.oS ONE, 20149 (8): p. e103091.

Doctoral Thesis®JonatharSabaté del Rio 39



DNA biosensors based on integrated isothermal amplificatietection strategies

[35]

[36]

[37]

[38]
[39]

[40]

[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]
[51]
[52]
53]
[54]

[55]
[56]

[57]

Silva, G.et al, Rapid and specifidetection of Yam mosaic virus by revewrsgscription
recombinase polymerase amplificatiarournal of Virological Methods, 201222 p.
138144.

Kersting, S.et al, Rapid detection of Plasmodium falciparum with isothermal
recombinase polymerasenplification and lateral flow analysialaria Journal, 2014.
13

SantiageFelipe, S.et al, Onepot isothermal DNA amplification® Hybridisation and
detection by a disbased methodSensors and Actuators B: Chemical, 20204 p.
273281.

Urmson, C. and W. WhittakerSelfDriving Cars and the Urban Challengintelligent
Systems, IEEE, 20023 (2): p. 6668.

Kortuem, G. et al, Smart objects as building blocks for the Internet of thimgernet
Computing, IEEE, 201014 (1): p. 4451

Ni, Q., A. Garcia Hernando, and I. dela CruRf ¢ Cj bcpj wéq G/ bcncl bc
Smart Homes.: A Characterization of Activities and Sensing Infrastructure Survey to
Facilitate Services Developmergensors, 20135 (5): p. 11312.

Chan, M. et al, A review of smart homesPresent state and future challenges.
Computer Methods and Programs in Biomedicine, 2008.(1): p. 5581.

Baig, M. and H. GholamhosseiniSmart Health Monitoring Systems: An Overview of
Design and Modelingdournal of Medtal Systems, 20137 (2): p. X14.

Yun, C-B. and J. Min, Smart sensing, monitoring, and damage detection for civil
infrastructuresKSCE Journal of Civil Engineering, 20115 (1): p. }14.

Hancke, G., B. Silva, and J. Hancke, Gerhaidie Rok of Advanced Sensing in Smart
Cities.Sensors, 20123 (1): p. 393.

Bohn, J.et al, Living in a world of smart everyday objec8ocial, economic, and ethical
implications.Human and Ecological Risk Assessment, 2A@(5): p. 763785.

Ginshurg, G.S. and J.J. McCarthyPersonalized medicine.: revolutionizing drug
discovery and patient caferends in Biotechnology, 20019 (12): p. 493496.

Ginsburg, G.S. and H.F. WillardGenomic and personalized medicine: foundations
and applicationsTranslational Research, 200864 (6): p. 277287.

Csako, G. Present and future of rapid and/or highroughput methods for nucleic acid
testingClinica Chimica Acta, 2006363 (1&€2): p. 631.

Laureyn, W., T. Stakenborg, and P. JacoBenetic and Other DNABased Biosensor
Applicationsin Handbook of Biosensors and Biochig808, John Wiley & Sons, Ltd.
Dahm, R., Friedrich Miescher and the discovery of DNMBevelopmental Biology,
2005.278(2): p. 274288.

The Rediscovery of MendslLaws of Heredifm Science and Its TimedN. Schlager
and J. Lauer, Editors. 2001, Gale: Detroit.

Crow, EW. and J.F. Crow]00 years ago. Walter Sutton and the chromosome theory of
heredity.Genetics, 2002160(1): p. 4.

Peacock, W.JJOHANNSEN GENE AND GENOTYPE IN THE LIGHT OF PLANT
MOLECULAR -BIOLOGY. Genome, 198931 (1): p. 3341.

Crick, F., Central Dogma of Molecular Biologature, 1970227 (5258): p. 56563.
Nature Reviews Genetic8.(10): p. S05520.

Karkare, Sand D. BhatnagarPromising nucleic acid analogs and mimics: characteristic
features and applications of PNA, LNA, and morpholifgplied Microbiology and
Biotechnology, 200671 (5): p. 575586.

Yu, H., S. Zhang, and J.C. ChapuRarwinian evolutionof an alternative genetic system
provides support for TNA as an RNA progenidet Chem, 20124 (3): p. 183187.

40

Doctoral Thesis®Jonathan Sabaté del Rio



Chapterl

[58]
[59]
[60]
[61]

[62]

[63]

[64]

[65]
[66]
[67]
[68]
[69]
[70]
[71]

[72]

[73]

[74]

[75]

[76]
[77]

[78]

Zhang, L., A. Peritz, and E. Meggerd, Simple Glycol Nucleic AcidJournal of the
American Chemical Society, 200327 (12): p. 4174175.

Imanishi, T. and S. ObikaBNAs. novel nucleic acid analogs with a bridged sugar
molety.Chemical Communications, 2002 (16): p. 169%59.

Wilhelmsson, L.M., Fluorescent nucleic acid base analogu@uarterly Reviews of
Biophysics, 201043 (2): p. 159183.

Loakes, D.,.SURVEY AND SUMMARY: The applications of universal DNA base
analoguesNucleic Acids Research, 20029 (12): p. 24372447.

Malyshev, D.A. et al, Efficient and sequencéidependent replication of DNA
containing a third base pailr establishes a functionalester genetic alphabet.
Proceedings of the National Academy of Sciences, 2002(30): p. 12005.2010.

Mullis, K.B. and F.A. FaloonaSPECIFIC SYNTHESIS OF DNA INVITRO VIA A
POLYMERASECATALYZED CHAIN -REACTION. Methods in Enzymology, 1987.
155 p. 335350.

Morrison, T.B., J.J. Weis, and C.T. WittweQuantification of lowcopy transcripts by
continuous SYBR (R) green | monitoring during amplificati@iotechniques, 19984

(6): p. 954+.

Heid, C.A. et al, Real time quantitative PCRsenome Research, 1996.(10): p. 986
994.

Augenlicht, L.H. and D. Kobrin,Cloning and Screening of Sequences Expressed in a
Mouse Colon Tumor.Cancer Research, 19822 (3): p. 1088L093.

Sasolas, A., B.D. LecBouvier, and L.J. Blum,DNA biosensors and microarrays.
Chemical Reviews, 2008.08(1): p. 109139.

Brown, P.O. and D. BotsteinExploring the new world of the genome with DNA
microarraysiNat Genet.

Van Dorst, B.et al, Recent advances in recognition elements of food and environmental
biosensors: A reviesiosensors and Bioelectronics, 2026.(4): p. 11781194,

Bisio, |. et al, A smartphoneentric platform for remote health monitoring of heart
failure. International Journal of Communication Systems, 2028.(11): p. 1753L771.
Wac, K., Smartphone as a personal, pervasive health informatics services platform:
literature reviewYearbook of medical informatics, 2012.p. 8393.

Galuszka, A., Z.M. Migaszeski, and J. Nami@ik, Moving your laboratories to the field
®Advantages and limitations of the use of field portable instruments in environmental
sample analysigEnvironmental Research, 201540 p. 593603.

Feltis, B.N.et al, A handheld surf&e plasmon resonance biosensor for the detection of
ricin and other biological agentBiosensors and Bioelectronics, 20@8.(7): p. 1131
1136.

Tonyushkina, K. and J.H. NicholsG/ucose meters: A review of technical challenges to
obtaining accurateesultsJournal of Diabetes Science and Technology, 2@@1): p.
971-980.

Tierney, S. et al, Determination of Glucose Levels Using a Functionalized
Fwbpmecj AMnrga_j Dg ' cp @ymqgcl gmp8 Rmu_phb
/n Vivo. Analytical Chemistry, 20081 (9): p. 36363636.

Noh, H.-B. et al, Invivo detection of glutathione disulfide and oxidative stress
monitoring using a biosensdsiomaterials, 201233 (9): p. 260@2607.

Wassum, K.M.et al, Silicon waferbasegblatinum microelectrode array biosensor for
near reatime measurement of glutamate in vigensors, 2008 (8): p. 5023036.
Stoppa, M. and A. ChiolerioWearable Electronics and Smart Textiles: A Critical
ReviewSensors, 20144 (7): p. 11957.

Doctoral Thesis®JonatharSabaté del Rio 41



DNA biosensors based on integrated isothermal amplificatietection strategies

[79] Jia, W.er al, Electrochemical Tattoo Biosensors for Réahe Noninvasive Lactate
Monitoring in Human PerspirationAnalytical Chemistry, 201385 (14): p. 6553560.

[80] Bandodkar, A.Jet al, Tattoo-based potentiometric iogelective sensorsrfepidermal
PpH monitoring. Analyst, 2013138 (1): p. 123128.

[81] Wilson, G.S. and R. GiffordBiosensors for reéine in vivo measurementBiosensors
and Bioelectronics, 20020 (12): p. 2388403.

[82] Pickup, J.C.et al, In vivo glucose monitoringthe clinical reality and the promise.
Biosensors and Bioelectronics, 2028.(10): p. 18971902.

[83] Bashir, R., BIOMEMS: stateofthe-art in detection, opportunities and prospects.
Advanced Drug Delivery Reviews, 2086.(11): p. 15651586.

[84] Temiz, Y.et al, Lab-on-achip devices. How to close and plug the /adieroelectronic
Engineering, 2015132 p. 156175.

[85] Choi, S. et al, Microfiuidic -based biosensors toward peaditare detection of nucleic
acids and proteindficrofluidics and Nandluidics, 201110 (2): p. 231247.

[86] Mark, D. et al, Microfluidic lab-on-achip platforms: requirements, characteristics and
applicationsChemical Society Reviews, 20180 (3): p. 11531182.

[87] Mohammed, MA. and M.P.Y. Desmulliez, Labon-achip based immunosensor
principles and technologies for the detection of cardiac biomarkers. a rdvaeévion a
Chip, 2011.11(4): p. 569595.

[88] Rios, A., M. Zougagh, and M. Avild/iniaturization through labon-achip: Utopia or
reality for routine laboratries? A revievAnalytica Chimica Acta, 2012740 p. 1-11.

[89] Whitesides, G.M.,Cool, or simple and cheap? Why not botteb on a Chip, 201313
(1): p. 1213.

[90] Thévenot, D.R. et al, Electrochemical biosensors: recommended definitions and
classifcation.Biosensors and Bioelectronics, 2006.(1®€2): p. 121131.

[91] Kalantarzadeh, K. and ebrary Inc/ntroduction, in Sensors an introductory course
2013, Springer,: New York. p. xii, 196 p. ill.

[92] Banica, F-G., What are Chemical Sensors® Chemical Sensors and Biosens@812,
John Wiley & Sons, Ltd. p.-20.

[93] Nagel, B., H. Dellweg, and L.M. GieraschG/ossary for chemists of terms used in
biotechnology (IUPAC Recommendations 1998) Pure and Applied Chemistrt992.
p. 143.

[94] Turner, A.P.,Biosensors: Fundamentals and applicatieridistoric book now open
accessBiosens Bioelectron, 20185C: p. Al.

[95] Ripka, P. and A. TipeklModern sensors handbodkstrumentation and measurement
series. 2007, Newport Beach, CA: ISTE USAIix®il8 p.

[96] Schlereth, D.D., Biosensors based on sgs&embled monolayers\ Comprehensive
Analytical Chemistry2005, Elsevier. p.-&3.

[97] Liu, J., Z. Cao, and Y. LuFunctional Nucleic Acid Sensor&hemical Reviews, 2009.
109(5): p. 19481998.

[98] Teller, C. and I. Willner, Functional nucleic acid nanostructures and DNA machines.
Current Opinion in Biotechnology, 201@®1 (4): p. 376391.

[99] Keller, H., W. Schrepp, and H. FuchsSe/fassembled organic films on gold and silver.
Thin Solid Films, 19922108211, Part 2p. 799802.

[100] Schreiber, F.,Structure and growth of sedssembling monolayemrogress in Surface
Science, 200065 (5@8): p. 151257.

[101] Nuzzo, R.G., L.H. Dubois, and D.L. Allarafundamental studies of microscopic
wetting on organic surfaces. 1. Formation and structural characterization of a self

42 Doctoral Thesis®Jonathan Sabaté del Rio



Chapterl

consistent series of polyfunctional organic monolaydmirnal of the American
Chemical Society, 1990112 (2): p. 558569.

[102] Chidsey, C.E.D. and D.N. Loiacono,Chemical functionality in seffassembled
monolayers: structural and electrochemical properdemgmuir, 1990.6 (3): p. 682
691.

[103] Sagiv, J.Organized monolayers by adsorption. 1. Formation and structure of oleophobic
mixed monolayers on solid surfacdsurnal of the American Chemical Society, 1980.
102(1): p. 9298.

[104] ShumaketParry, J.Set al, Microspotting Streptavidin and DoubiStranded DNA
Arrays on Gold for Hig/Rf p ms ef nsr Qrsbgcqg md Npmrcgl ABL ?
Plasmon Resonance ktioscopyAnalytical Chemistry, 200476 (4): p. 918929.

[105] Nakamura, H. and |. KarubeCurrent research activity in biosensobgalytical and
Bioanalytical Chemistry, 2003877 (3): p. 446468.

[106] Blazsek, V. and L. Bukares®olarographic assay the protein content of ribonucleic
acidsBiochimica et Biophysica Acta (BBAppecialized Section on Nucleic Acids and
Related Subjects, 19681 (6): p. 973973.

[107] Gautier, C. et al, Labekfree detection of DNA hybridization based on EIS inveation
of conducting properties of functionalized polythiophene matri¥ournal of
Electroanalytical Chemistry, 200687 (2): p. 276283.

[108] Hsiu, F-M. et al. Surface plasmon resonance imaging system with Maafnder
phaseshift interferometry for DM micro-array hybridization2002.

[109] Vollmer, F. et al, Multiplexed DNA Quantification by Spectroscopic Shift of Two
Microsphere CavitieBiophysical Journal, 20085 (3): p. 19741979.

[110] Igbal, M. et al, LabetFree Biosensor Arrays Based dicbn Ring Resonators and High
Speed Optical Scanning InstrumentatioBelected Topics in Quantum Electronics,
IEEE Journal of, 201016 (3): p. 654661.

[111] Bantz, K.C.et al, Recent progress in SERS biosensiPysical Chemistry Chemical
Physics, 201113 (24): p. 1155111567.

[112] Nilsson, P.et al, ReatTime Monitoring of DNA Manipulations Using Biosensor
Technology Analytical Biochemistry, 199224 (1): p. 406408.

[113] Carter, M.T., M. Rodriguez, and A. Bard,Voltammetric studies of the interaction of
metal chelates with DNA. 2. Trshelated complexes of cobalt(lll) and iron(ll) with
1,10phenanthroline and 2, 2ipyridine. Journal of the American Chemical Society,
1989.111(24): p. 89018911.

[114] Liu, S. et al, Electrochemical DNA biosensor fabrication with hollow gold nanospheres
modified electrode and its enhancement in DNA immobilization and hybridization.
Biosensors and Bioelectronics, 2028.(7): p. 16401645.

[115] Liu, A. and . Anzai, Use of Polymeric Indicator for Electrochemical DNA Sensors:
Poly(4vinylpyridine) Derivative Bearing [Os(5dmethyt1, 10
phenanthroline)2C//2+.Analytical Chemistry, 200476 (10): p. 29752980.

[116] Patolsky, F., A. Lichtenstein, and |. WillneE/ectronic Transduction of DNA Sensing
Processes on Surfacedmplification of DNA Detection and Analysis of SingBase
Mismatches by Tagged Lijposomdsurnal of the American Chemical Society, 2001.
123(22): p. 5194205.

[117] Johnston, D.H., K.C. Glasge, and H.H. Thorp,Electrochemical Measurement of the
Solvent Accessibility of Nucleobases Using Electron Transfer between DNA and Metal
ComplexesJournal of the American Chemical Society, 19937 (35): p. 8933938.

Doctoral Thesis®JonatharSabaté del Rio 43



DNA biosensors based on integrated isothermal amplificatietection strategies

[118] Fang, B.et al, Labekfree ebctrochemical detection of DNA using ferrocewgentaining
cationic polythiophene and PNA probes on nanogold modified electradi@sensors
and Bioelectronics, 20023 (7): p. 11751179.

[119] Zhong, G. et al, Electrochemical biosensor based on nanopa@old electrode for

detection of PML/RAR fusion geneBiosensors and Bioelectronics, 20286.(9): p.

38123817.

[120] Erdem, A. et al, DNA biosensor for Microcystis spp. sequence detection by using
methylene blue and ruthenium complex as electrochenhidg/bridization labels.
Turkish Journal of Chemistry, 20026 (6): p. 851862.

[121] Kara, P.et al, Electrochemical genosensor for the detection of interaction between
methylene blue and DNAElectrochemistry Communications, 2002.(9): p. 705709.

[122] Abel, A.P. et al, Fiberoptic evanescent wave biosensor for the detection of
oligonucleotidesAnalytical Chemistry, 19968 (17): p. 29052912.

[123] Uddin, A.H. et al, A fiber optic biosensor for fluorimetric detection of triglelical
DNA. Nucleic Acids Research, 19925 (20): p. 41391146.

[124] HanafiBagby, D.et al, Concentration dependence of a thiazole orange derivative that
/s used to determine nucleic acid hybridization by an optical bioserfsoalytica
Chimica Acta, 2000411 (1®?): p.19-30.

[125] Yang, RH. et al, Flow injection renewable drops technique for assay of mirmunts
of DNA. Analytica Chimica Acta, 200432 (1): p. 135141.

[126] Ballard, J.et al, Amkn_ pgqml md ?jcv_ DjsmpA _ I b AwB
microarrayuse Molecular Biotechnology, 200736 (3): p. 175183.

[127] Tolley, S.E. et al, Singlechain polymorphism analysis in long QT syndrome using
planar waveguide fluorescent biosensarslytical Biochemistry, 200315(2): p. 223
237.

[128] Kobayashi, M.et al, Electrochemical DNA quantification based on aggregation
induced by Hoechst 33258lectrochemistry Communications, 2008.(4): p. 337343.

[129] Hashimoto, K., K. Ito, and Y. IshimorgequenceSpecific Gene Detection with a Gold
Electrode Modified with DNA Probes and an Electrochemically Active Dixaalytical
Chemistry, 199466 (21): p. 383e8833.

[130] Kelley, S.O.et al, Electrochemistry of Methylene Blue Bound to a DNWodlified
Electrode Bioconjugate Chemistry, 1998.(1): p. 3137.

[131] Erdem, A.et al, Methylene Blue as a Novel Electrochemical Hybridization Indicator.
Electroanalysis, 20013 (3): p. 219223.

[132] Zhu, N. et al, Electrochemical DNA biosensors based on platinum nanoparticles
combined carbon nanotubebnalytica Chimica Acta, 2005545(1): p. 2126.

[133] Ting, B.P.et al, A DNA biosensor based on the detection of doxorubaonjugated Ag
nanoparticle labels using sofalate voltammetrBiosensors and Bioelectronics, 2009.
25(2): p. 282287.

[134] Ma, M. et al, Novel DNA electrochemical biosensor using anthraquinefsulfonic
acid sodjum salt as hybridization indicaton Advanced Materials ReseardDl11l. p.
56-62.

[135] Wang, Jet al, Detection of point mutation in the p53 gene using a peptide nucleic acid
biosensorAnalytica Chimica Acta, 199844 (1&2): p. 111118.

[136] Hu, K. et al, Electrochemical DNA Biosensor Based on Nanoporous Gold Electrode
/b Ksjrgdsl argml _j Cl ahnalyi¢al CBemBtd, 2808®g9 m @ _ p
(23): p. 9124€130.

[137] Steel, A.B., T.M. Herne, and M.J. Tarlo\&/ectrochemical Quantitation of DNA
Immobilized on Gold.Analytical Chemistry, 199&0(22): p. 4674677.

44 Doctoral Thesis®Jonathan Sabaté del Rio



Chapterl

[138] Zhang, N. and D.H. AppellaColorimetric Detection of Anthrax DNA with a Peptide
Nucleic Acid Sanduch-Hybridization AssayJournal of the American Chemical
Society, 2007129(27): p. 84243425.

[139] Roth, K.M. et al, Electrochemical Detection of Short DNA Oligomer Hybridization
Using the CombiMatrix ElectraSense Microarray Rea@ectroanalysis, @6.18 (19
20): p. 19821988.

[140] Chen, X. et al, An ultrasensitive DNA biosensor based on enzyeaalyzed deposition
of cupric hexacyanoferrate nanopartic®sensors and Bioelectronics, 2028(6): p.
14201426.

[141] Gu, T. et al, Direct eledrochemistry of glucose oxidase and biosensing for glucose based
on DNA/chitosan film.Journal of Environmental Sciences, 20223, Supplement p.
S66S69.

[142] Zanoli, L.M. and G. Spoto,/sothermal amplification methods for the detection of
nucleic acidsin microfiuidic devicesBiosensors, 2013.(1): p. 1843.

[143] Craw, P. and W. Balachandravsothermal nucleic acid amplification technologies for
point-ofcare diagnostics. a critical revidiab on a Chip, 201212 (14): p. 2462486.

[144] Notomi, T. et al, Loop-mediated isothermal amplification of DNANucleic Acids
Research, 200@8 (12): p. €63.

[145] Compton, J..Nucleic acid sequencéased amplificatiorNature, 1991350 (6313): p.
91.92.

[146] Vincent, M., Y. Xu, and H. KongHelicasedeperdent isothermal DNA amplification.
Embo Reports, 2004 (8): p. 795800.

[147] Walker, G.T. et al, Strand displacement amplificationAn isothermal, in vitro DNA
amplification technigueNucleic Acids Research, 19920 (7): p. 16911696.

[148] Lizardi, P.M. et al, Mutation detection and singfaiolecule counting using isothermal
rolling-circle amplification.Nature Genetics, 19989 (3): p. 225232.

[149] Piepenburg, Oet al, DNA detection using recombination proteirBlos Biology, 2006.
4(7): p. 1151121.

[150] Krejci, L. et al, Homologous recombination and its regulatiowucleic Acids Research,
2012.40(13): p. 5795%818.

[151] West, S.C.,Molecular views of recombination proteins and their contri¥ature
Reviews Molecular Cell Biology, 2008.(6): p. 435445.

[152] Sabaté del Rio, &f al, Reattime and labeffree ringresonator monitoring of sokghase
recombinase polymerase amplificatiasiosensors and Bioelectronics, 20¥3.(0): p.
130137.

[153] Shin, Y. et al, Realtime, labetfree isothermal solghase amplificatiorrdetection
(ISAD) device for rapid detection of genetic alteration in candeak. on a Chip, 2013.
13(11): p. 210€2114.

[154] Love, J.C.ef al, SelfAssembled Monolayers of Thiolates on Metals as a Form of
Nanotedinology.Chemical Reviews, 2003.05(4): p. 11031170.

Doctoral Thesis®JonatharSabaté del Rio 45






Chapter . .- \SPE'%"f%TE'PHAS Pl

=g o - = PROTEIN
ACHIEVED = B | DS At
FORWARD [l STEP | 12 & e ¢ = 2
Pl '5 TEI]II-'I"I-.R]-:\'I' $ETAT X"IIN[JTE ;%
ABEL ==

WATER
HPV

& FIGURE

N ANMPLIFICATION

1D

TEMPLATE

OFTIMISE

EN10)

o
e
Oz
=<3
IR 4
Electrochemical detection ofFrancisella ;%;
tu/arens./genomlc DNA using s,lqllephase NM a
recombinase polymerase amplification HRP
Z. roin
=
A, ¢
BE
SYSTEM
ouT
ASSAY
I_II' I‘.K; Il‘lg\ 1
LOW
PBS
i ECTRO ROOM__ =1 llll\m\lsﬁ
03 = S = */ A DET
L 2 - : .
T = I'Al

L

Al
”

SLQUEN(

:‘;L'l"
= Q)






Chapter 2

Electrochemical detection ofFrancisella tularensiggenomic
DNA using solidphase recombinase polymerase amplification
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5, Boston, MA 02115, United States of America.

2.1 Abstract

Solidphase isothermal DNA amplification was performed exploiting the hagyl
protein recombinaseA (recA. The system was primarily tested on maleimide activated
microtitre plates as a proeof-concept and later translated to an electrochemical platform. In
both cases, forward primdor Francisella tularensis holarctiogenomc DNA was surface
immobilised via a thiol moiety and then elongated during the RecombinAsmediated
amplification, carried out in the presence of specific target sequence and reverse primers. The
formation of the subsequent surface tethered ampliconsalemsrochemically monitored using
a HRPlabelled DNA secondary probe complementary to the elongated strand. The
amplification time was optinsed to amplify even low amounts of DNA copies in less than an
hour at a constant temperature of 3T, achieving alimit of detection of 3.3-1¢' M
(2-10 copies in 1QuL). The system was demonstrated to be highly specific with negligible-cross

reactivity with norcomplementary targets or primers.

2.2 Introduction

The polymerase chain reaction (PCR) is a widely used Didplification technique to
increase low amounts of genetic materighere diring the amplification of target DNA, thermal
cycling is required, and precise temperature control is crucial to the efficiency of the PCR, and
becomes even more important whernteahpting to amplify several DNA targets in a single
reaction. Recently,isothermal enzymatic DNA amplification systems have emerged including
nucleic acid sequencbased amplification (NASBAY loop-mediated isothermal amplification
(LAMP)," rolling circle amplification (RCA)? helicasedependent ampfication (HDA)," and
recombinase polymerase amplification (RPARPA is particularly impressive as saturation is
typically achieved within %0 10 minutes at aroptimal constant temperature of 3 and no

thermal or chemical melting of DNA is required.
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RPA is based on the use of an enzymatic mixture of polymerases and DNA recombination
proteins. Recombinase proteins assemble along ssDNA present in solutigiimers, to form
a stable helical filament. The resulting protedNA complex is highly efficient at scanning
dsDNA to identify homologous sequences in targeted DNA sequences. The recombinase
proteins then facilitate the strardversion and the formationf a Dloop structure where the
primers are introduced at the cognate site of the template, leaving temd3'of the
oligonucleotide accessible to a strand displacing DNA polymerase. The polymerase elongates
the primer according to the template sequenaelaxponential amplification from just a few
target copies is rapidly accomplished by the cyclic repetition of this pr6ce3e date, several
examples of RPA have been reporied|uding the amplification of DNA from bacteria and/or
viruseg®?

However, RPAdoessufer from some drawbacks, such the production of DNA by
products of random sequences due to the formation of pridireiers when the target DNA is
present in low concentration. To overcome this problem tetrahydrofurfidH)-modified
primers and more compleenzymatic solutions are required, which has considerably hindered
the application of RPA in multiplexed amplificatioA facile means of addressing this drawback
could be achieved by immobding the forward primer on a specific surface, providing a supp
for solidphase amplification and multiplexing capability by functiorsady with different
surface primers in an array formdigure 2-1.A).!** '3 Detection of the amplified primers is
carried out optically or electrochemically after a series of steps of denaturation, hybridisation
with abiotin labelled primer and conjugation with a streptavieitiRP protein that catalyses the

oxidation of a TMB substratéigure 2-1.B).
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Figure 2-1. A) Schematic reresentation of Soligphase RPA(1) Recombinase proteins form a complex
with forward and reverse primers, (2) scan dsDNA for cognate sites and (3) introduce the primers in the
template by a strandisplacement mechanism. (4) The polymerase initiates primer elongation at their
Jends and exponential amplification is achieved by cycling of this proeigissr in (4.1) liquid or (4.2)
solidphase (5) Reverse primersnd up ligated vth the elongated forward primers in sofithase.

B) Detection protocol.(6) The solidphase amplified product is denatured with NaOH, (7) hybridised
with biotin labelled reverse primer, (8) ambnjugaedwith streptavidifHRP. ©) TMB / H ,0O, substrate

is added anq10) TMB* is detected by either optically or electrochemically

Wereport a demonstration égdothermal solidohase RPAT Francisella tularensi#\ proof
of concept of the approach is first demonstrated on microtitre plates usirmayme linked
oligonucleotide assay (ELONAyvith optical detection, and subsequently transferred to an
electrochemical platform Kigure 2-2). The time required for maximum amplification was

optimised and the specificity of the approach evaluated usingsmecific DNA templates.
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Figure 2-2. Electrochemical and optical detection strategies of splidseRPA products.
2.3 Materials and methods

RPA kit TwistAmp® Basic obtained from TwistDx Ltd. (Babraham, United Kingdom).
Maleimide activated plates were obtained from ThermoScientific (Madrid, Spain). The HRP
substrate formulation TMB enhanced one component HRf@mbrane was purchased from
Diarect AG (Germany), GelRed Nucleic Acid Gel Stain (Biotium, Barcelona, Spain) and low
range ultra agarose gel powder was from Bio Rad Laboratories S.A. (Barcelona, Spain).
3,3Njithiodipropionic acid di(N-hydroxysuccinimideester) DSP) was obtained from Fluka
(Barcelona, Spain). 6 mm thick polymethylmethacrylaMMA) was purchased from La
Industria de la Goma (Tarragona, Spain), Dousided medical grade adhesive foil from
Adhesive Research (Ireland) and all other chestgcwere obtained from Sigma Aldrich S.A.
(Barcelona, Spain) and used as received.

Synthetic oligonucleotides designed for the identification of the pathogenic bacteria
Francisella tularensis holarctith were purchased as lyopisiéd powder from Biomers.net
(Ulm, Germany), reconstituted in high purity deigsed water (18 My) produced with a MilliQ
RG system (Millipore Ibérica, Spain) and used without further purificat{dable 2-1).
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Table 2-1. List of oligonucleotide sequences and their respective modifications

Name Lsajcmrgbc qeenddodidradc &dpmk 32

F. tularensidorward primers CACAAGGAAGTGTAAGATTACAATGGCAGGCTCC
& pce S-$quIH’§)5-T3;-%1nd NHz-(CH 2)5-T30—)

F. tularensigeverse primers CGCTACAGAAGTTATTACCTTGCTTAACTGTTA
&pcesj -bmptn) | b 32

F. tularensiONA sequence CACAAGGAAGTGTAAGATTACAATGGCAGGCTCCAGAAGGTTCTA
AGTGCCATGATACAAGCTTCCCAATTACTAAGTATGCTGAGAAGAA
CGATAAAACTTGGGCAACTGTAACAGTTAAGCAAGGTAATAACTTC

TGTAGCG

Non-complementaryprimer GACAAACGAAGATTTCACAGCATAGC

(HPV45ESf) (3 BH-(CH2)6-T30)

Non-specificDNA target GGGTTCCCTAAGGGTTGGACAAGTAACTCCTCCCAGAGTACTTC

(CD24) CAACTAATCCAACTAATGCCACCACCAAGGCGGCTG GTGGTGCC
CTGCATCTACAGGCTCGTATATG TATCTAGATTGGATCTTGCTGG
CGCGTCC

All the DNA solutions were aliquoted and diluted to convenient concentrations using
Milli -Q water unless otherwise statBeuble stranded DNA templates wepeepared by mixing
equal volumes of complementary strands, heating af®@5or 10 minutesand letting the

solutions cool down to room temperature gently.

2.4 Experimental

2.4.1 Colorimetric detection ofFrancisella tularensigenomic DNA bysolidphaseRPA on
96 wells microtitre plates

Immobilisation of forward primer

Microtitre plates were prepared Ipjpetting 50uL of 200 nM thiolated forward primer
prepared in 10 mM phosphate buffmtsaline PBS pH 7.4) into the weklof a maleimide coated
microtitre plate and left to incubate overnight at room temperature. The plates were
subsequently thoroughly ashed with PBS containing 0.0% (v/v) Tween 20 (PBS 20) and
any remaining maleimide groups were blocked with 100 6-mercaptel-hexanol in water (200

pL per well) for 1 hour before washing the plateRBST 20.

Solid-phaseRPA on 96 wells microtitre plas

Solidphase RPA on microtitre plates was performed inBMNAse free water using a
TwistAmp Basic kit, 240 nM reverse primer, template DNA, 14 midgnesiumacetate and 1X
rehydration buffer. All reagents except for the template @yragjnesiumacetate were prepared
in the master mix, which was distributed into each of the primer functisedimaleimide wells.
Subsequently, 13.@L of Francisella tularenstemplateand 2.5uL of magnesium acetat@ere
pipetted into the wells to initiate the gplification reaction. The reaction took place at 32 for

1 hour after which the amplification produgiresent at the well surface was denatured for 3
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minutes by adding 20QL of 100 mM NaOH and thoroughly washing with PBS. The resulting
extended DNA wasabelled by pipetting 50uL of a 20 nM biotirlabelledreverse primer per
well, followed by a 30 minute incubation step at room temperature. Following another washing
in PBS, 50uL of 0.5 nM streptavidiHRP (SAHRP) was added and left to incubate for 30
minutes at room temperature. After a final washing step, the presence of théaH&d probe
hybridised to the elongated primere. the surface immobilised amplicon, was measured by
adding 50uL of TMB substrate, followed 5 minutes later by the additabOpL of 1 M H.SO,
(Figure 2-1.B). The absorbance was read at 450 nm (SpectraMax 340PC384, bioNova cientifica
s.l., Spain). Negative controls consisted of (i) the absence of template DNA in the RPA mix, (ii)
using a different DNA target sequence (CD24) and (iii) timemobilisation of a ron-related
primer (HPV45E®6).

To assess the sensitivity of the assay, amplification was carried out with different starting
concentrations offFrancisella tularensigenomic DNA (10 ™, 1 nM, 0.1 nM, 0.01 nM,
0.001nM). Finally, the assay time was opfisad by varying the amplification tim (0, 10, 20,

30, 40 and 60 minutgs
2.4.2 Electrochemicaldetection ofFrancisella tularensigenomic DNA bysolidphaseRPA
on electrodes

Electrode preparation

The electrodes were designed to have a set of two working elextrode for specific
measurements and the other to be used as a control, and each of these working electrodes was
surrounded by their respective counter and reference electrédgsre 2-3.A). These electrodes
were fabricated in clean room facilities by UV mask photolithography and sputtering of Ti and
Au layers of 10 nm and 150 nm, respectively, on a glass substrate. Prior to chemical modification,
the electrodes were rinsed with M#® water and ethanol, blown dry withdind plasma treated
for 5 minutes in Q:Ar plasma (5 crifs of Ar, 5 crils of Q, 50 w at 35 mnworking distance)

(ATC Orion 8-HV, AJA Internationalnc. USA).
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Figure 2-3. A) Design of the electrode with their respective counter and reference electrodes.
B) Schematic image of the ensemble: the PMMA block, the adhesive foil, the electrodes and the
aluminium block heater.

5
5 mm

The electrodes were functioriakd overnight at room temperature by immersion in 5 mM
DSP in chloroform™ subsequently thoroughly rinsed in ethanol, dried in a stream of nitrogen
and kept under vacuum until used. For thmmobilisation of the Ft forward primer, 1QuL of
the aminoterminated DNA prepared at a concentration of 20M in 150 mM
NaHPO,/Na,HPO4 at pH 8.5 was deposited onto each specific electrode and incubated in a
saturated humidity chamber for 1 hour and rinsed with M@iwater.Primer sequences were
not immobilised on the control electrodes. The remainiragctive groups were blocked with
0.1M ethanolamine hydrochloride (pH 8.5) for 30 min. Finally the electrodes were washed in

Milli -Q water, dried with N and stored at 4C until needed.

SolidphaseRPA on electrodes

Microfluidics were fabricated using medical grade doublded adhesive and PMMA
cover plates using a CQOaser marker (Fenix, Synrad, USA) to precisely define channels
dimensions, as well as inlets and outlets ire tFMMA cover plates Higure 2-3.B).
Functionalised electrodes and adhesREIMA assemblies were aligned and pressure bonded to
produce a 1L microfluidic channel to carry out the RPA and electrochemical measurements.

An amplification enzymatic mix solution was prepared and used as described folitie
phaseRPA protocol described iBection 24.2 and distributed in different eppendorfs. The DNA
template and thanagnesiumacetate solution was then added, mixed brieflg &jected into
the microfluidic channels of the setp. The constant temperature was achieved by using a

purposebuilt heating stage controllebdy LabView (Figure 2-3.B).
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Electrochemical detection

All electrochemical measurements were performed with a potentiostat/galvanostat
PGSTAT 12 Autolab controlled with the General Purpose Electrochemical Sys&RES). To
carry out the electrochemical measurements each of the microfluidic channels of the set
were flushed following RPA with 100L of Tris-buffered saline(TBS) to remove all the
amplification mixture, and subsequently washed with 1@0of NaOH 0.1 M for 3 minutes to
denature the DNA and then flushed again with 100 of TBS. BiotirHabelledreverse primer
(10pL) prepared in TBS was then injected in each of the channels and the electvaste&ept
in a humidity box for 30 minutes atoom temperatureto produce the hybridation.
Subsequently, each channel was flushed with §Q0of TBS and filled with 1QuL of 0.5 nM
streptavidifHRP prepared in TBS and kept in a humidity box for 30 minutes. Finally, the
channels were flushed with 100L of TBS and filled with 10uL of TMB enhanced one
component HRP membrane. Fast chronoamperometry was used to detect the oxidation of
precipitated TMB by the HRP label, by applying two consecutive potential steps at 0 V for 0.01
s*cand-0.2 V for 0.5 scto each electrode sequentially, and taking the current readout at the

end of the second stefifure 2-1.B).

2.5 Results and discussion

251 SolidphaseRPA on96 wells microtitre plates

As a progbf-concept for the solighhase RPA mechanism maleimide activated microtitre
plateswere usedio immobilise the forward primerThe mechanism was demonstrated to
function and amplification of genetic material and elongation of surface tethered primers was
achieved. A selectivity study was carried out to investigate the ability of the RPA to differentiate
between a noswtomplementaryprimer on the surface (HPV45ES6), the absence of target or the
presence of a ncoomplementary target (CD24).

Figure 2-4.A showslte absorbance readirecorded at the end of the assay for the specific
amplification of Francisella tularensgenomic dsDNA and the controls, usiragstarting DNA
concentrationof 2.64 nM (810" copies)for both. The assay yielded a large absorbance for the
specific amplifcation with negligible response faine controls. The soliggphase approach retains
the specific sequences on the surface while the random amplified DNA in solution is washed
away during the process, thus avoiding the use of complex engineered primeistrend

enzymed® The kinetics of the RPA mechanism wagluated in order to optiigethe reaction
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at 37°C, showing an exponential amplification after 10 minutes and reaching saturation after

35 minutes for an initial target concentration of 2.64 r{8t10" copie$ (Figure 2-4.B).
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Figure 2-4. Solidphase RPAA) Demonstration of soligghase RPA with controls (CD24 = nespecific
templateDNA; H,O = water blank; HPV45E6 = nospecific immobilised priméron maleimide plates
and B) on gold electrodesC) Optimisation of time regired for maximum amplificatioron maleimide
platesandD) on gold electrodes

Figure 2-5.A shows the calibration plot achieved using different concentrations of starting
DNA template, achieving a linear range that spans at least five orders of magnitude. The limit of
detection L OD), defined aghe concentration of the analyte at the mean blank ghree times
the standard deviatioaf the blank usinga logarithmicregression was 1.3M (4-1C copies

in 50 pL).
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25.2 Solidphase RR on electrodes

Once solidphase RPA had beenrethonstrated using the microtitre plate format, the
system was successfully transferred to an electrochemical platform. A higher demsity (j),
was olainedfor the electrodes modified with specific forward primetsistnegligibleresponse
wasobserved fothe controls, usingrainitial concentrationof 2.64 nM (8-10" copies) for both
specific and controlgFigure 2-4.C). The electrochemicablatform showed better signato-
noise ratioascompared to the assay performed on maleimide microtitre plates, although the
time required for an optimum amplificationHigure 2-4.D) was slightly longeAs can be seen
in Figure 2-5.B, the calibration curve of the electrochemical platform spans six orders of

magnitude. The LOD using a logarithmic regression, was 3.3\ (2-10 copies in10 uL).
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Figure 2-5. Calibration plot using different amounts of starting DNA (n =d) A) maleimide plates and
B) on gold electrodes

2.6 Conclusiors

We have demonstrated isothermal seqdithse RPA using both optical and
electrochemical measurement for the rapid detection of a low number of DNA copies (10
copies), achieving detection limits of 1.3*¥® and 3.3-10 M, respectively. Furthermore, the
solidphase approach overcomes the limitations present in regulariRBéd analysis, where the
production of byproduct DNA sequences can hinder the final analysis and thus requires the
need for specific THFased engineered primerAs the developed approach obviates the need
to use these engineered primers, traditionalfP@rimers can be used, further highlighting the

simplicity and genericity of the systemreported here Current work is focused on
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electrochemical isothermaskolidphasereatime PCR with multiplex detection of different

genetic markersising a microelectsde array
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Chapter 3

Optimised surface immobilisation of thiolated primers in gold
electrodes for electrochemical DNA amplificatiatetection in
solidphase RPA

Jonathan Sabaté delRfo Ag _p_ 13 M2 Qsjj gt |

@ Nanobiotechnologyand BioanalysiEp ms n* Bcn _pr _kclr b2edrsitatigovieat pg
Virgili, 26 Pasos Catalans, 43007 Tarragona, Spain.
b Institucié Catalana de Recerca i Estudis Avancats, Passeig Lluis Companys, 23, 08010 Barcelona, Spain.

3.1Abstract

Recombinase polymerase alifigation (RPA) is an elegant method for the rapid,
isothermal amplification of nucleic acids. Previously, we detailed an approach for the
electrochemical detection of solghase RPA and here we report on the improvement and
simplification of this apprazh, evaluating different surface chemistries and labelling strategies.
The surface chemistry was fitiened in order to obtain an optimal signta-noise ratio, defining

the optimal DNA probe density, proke-ateral spacer ratio (1:0, 1:1, 1:10 and 1)1Gtd

length of a vertical spacer of the probe as well as investigating the effect of various lateral spacers.

The use of different labelling strategies was examined in order to reduce the number of steps
required for the analysis, using biotin or horadish peroxidase labelled reverse primers.

Improvement of the electrode design, amplification temperature used and the use of surface
blocking agents was also pursued. The combination of these changes facilitated a significantly

more rapid amplification ad detection protocol, resulting in a lowered LOD of 111 M.

3.2Introduction

Since the introduction of recombinase polymerase amplificatibthe system has been
extensively used in a range of formats due to the simplicity, theofase and the constant
temperature required to achieve amplification, without anged for a first cycle thermal
denaturation step. Reported systems include the use fluorescent probes féimeeal
amplification-detectionof either DNA?? or RNA®". Other common applications are the cest
effective enepoint detection system using lateral flow stik3.Elegant and simple solutions
using DVDs as platforms have been also reported, with the detection been carried out by a lightly

modified DVD optical playef***?
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In summary, the need for thermal cycling instruments typically used in the polymerase
chain reaction is avoided and replaced by three core proteins geaate optimally at 37C to
40 °C. The first protein, a recombinase, binds to primers, forming filaments that can then
recombine with homologous DNA in a duplex target, forcing displacement of the- non
complementary strand and thus provoking the formation ofd@dp. The second proteiis a
single stranded DNA binding protein, which attaches to the strand of DNA displaced by the
primer, preventing the dissociation of the primer and hybridisation of the duplex target. The
final core protein is a strantdisplacing polymerase that copie®tBNA, adding bases onto the
3N\gnd of the primer, forcing open the DNA double helix as it progresses. When opposing primers
are used, exponential amplification occurs. In sgilthse RPA? one of the primers is covalently
linked to a surface, @irefore the elongation of primers and amplification of the target, occurs

both in the liquid and thesolidphasesimultaneously Figure 3-1).

Single stranded
binding _
proteins’.

2H,0,
2H,0+0,

Polymerase

Recombinase
protein Biotin or
N HRP
L W labelled T™MB TMB*
* R reverse
rimer s,
. Forward

primer

J T™MB

/ precipitated
|
=
(6)

Figure 3-1. Solidphase RPA with biotin or HRP labelled reverse primers. (1) Recombinase proteins form
a complex with forward and reverse primers, (2) scan dsDNA for cognate sites and (3) introduce the
primers in the template by a stramtisplacement mechanism. (4) The polymerase initiates primer
elongation at their 8ends and exponential amplification is achieved by cycling of this progissr in

(4.1) liquid or (4.2) solid phasd€5) Biotin or HRP labelled pmers end up ligated with the elongated
forward primers in soligphase. (*) An additional conjugation step of streptadRP is carried out in

case a biotinylated primer was used during the RPA. (6) Chronoamperometry is performed in the presence
of TMB/H 0, to detect of precipitated oxydised TMB substrate.

Solidphase amplification has the inherent advantage that it is highly adaptable to
multiplexed amplification, particularly when detection is facilitated by the surface on which
amplification takes plaze.g.electrodes plastic slide$§;? glass slides? ring resonator8/™ or
optical disc$™ Additionally, the spatial separation proffered by splidse strategies is that
detection can exploit a single reporter for all the sequences, orfid@hpproaches, need for

different labels to differentiate between each target is avoided.
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In this communication, we report on the improvement and simplification of an approach
we previously described for the electrochemical detection of gdlake RPA, evaluating
different surfacechemistries and labelling strategida our initial report of electrochemical
detection of soliphase RPA, we used quite a convoluted system requiringapydification
denaturation of amplified material, and subsequent hybridisation with a biotin ledbglrobe,
followed by addition of SAMRP, substrate addition and signal detection with inherent washing
following each step. Here, we evaluate the use of biotin and Wadssh labelled primers as a
means of both simplifying the system and reducing theetrequired. Furthermore, we explore
the importance of a combination of lateral and lateral spacers to assist in the recorvinzse
complex rapidly hybridising to its homologous sequence and initiating amplification, in a further

effort to reduce theluration of amplification.

3.3 Materials and methods

RPA kit TwistAmp® Basic was obtained from TwistDx Ltd. (Babraham, United
Kingdom). The HRP substrate formulation TMB enhanced one component HRP membrane
was purchased from Diarect AG (Germany), and GelRedlucleic Acid Gel Stain from
Biotium (Barcelona, Spain). 6 mm thick polymethylmethacrylate (PMMA) was purchased from
La Industria de la Goma (Tarragona, Spain), doublded medical grade adhesive foil from
Adhesive Research (Ireland) and all other chensicakre obtained from Sigma Aldrich S.A.
(Barcelona, Spain) and used as received.

Synthetic oligonucleotides designed for the identification of the pathogenic bacteria
Francisella tularensis holarct/iéd were purchased as lyophilised powder from Biomers.net
(Ulm, Germany), reconstituted at 1QM in high purity deionised water (18 k) produced with
a Milli-Q RG system(Millipore Ibérica, Spain) and used without further purificatigfTable
31).

Table 3-1. List of oligonucleotidesequences and their respective modifications

Name Nucleotide sequence (frors -@ndto 1 -&nd)

F. tularensidorward primers CACAAGGAAGTGTAAGATTACAATGGCAGGCTCC
& BMH{(CH)eT1s* -SH{CH2)eTao_ | b-SHACH,)6-Tas)

F. tularensigeverse primers CGCTACAGAAGTTATTACCTTGCTTAACTGTTA
& 3biotin _ | b-HRPR

F. tularensi©NA sequence CACAAGGAAGTGTAAGATTACAATGGCAGGCTCCAGAAGGTTCTA
AGTGCCATGATACAAGCTTCCCAATTACTAAGTATGCTGAGAAGAA

CGATAAAACTTGGGCAACTGTAACAGTTAAGCAAGGTAATAACTTC
TGTAGCG
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All the DNA solutions were aliquot and diluted to convent concentrations using
Milli -Q water unless otherwise stat@uble stranded DNA templates were prepared by mixing
equal volumes of complementary strands in PBS buffer, heating tC%¥r 10 minutes and

letting the solutions gently cool to room temperature.

3.4Experimental

3.4.1 Electrode peparation

The electrochemical platform was designed with a setixobguared shaped electrodes
(1 mm? made with photolithographic gold on a poeaned 75 mnx 25 mm borosilicate glass
slide substrate (Sigma Aldrich, Spain), using four of them as wgrkiectrodes, and the
remaining two as counter and reference electrodes, respectively. These electrodes were
fabricated in a clean room facility by spimating a positive photoresist AZ1505
(MicroChemicals GmbH, Germany) at 4000 rpm for 3@cover a dryglass slide. The platform
was then exposed to UV light fors@cusing a chromium mask in contact mode (LED Paffrath
GmbH, Germany). Development of the pattern with a commercial developer AZ 726 was
carried out according to the manufacturer's instructicared the slide was introduced into a
sputtering chamber (ATC Orion 81V, AJA International Inc. USA) and treated wisiiternate
current (AC) Oz:Ar plasma sputtering (5 cis of Ar, 5 crils of Q, 50 w) for 5 minutes in order
to eliminate the presence of amgsidual norcrossed photoresist. A layer of 20 nm of Ti/7iO
was deposited kyirect current DC) sputtering using an increasing oxygen flow rate during the
deposition process, going from 5 #sof Q during the first 10 nm to 20 cffs of Q the last 5
nm while keeping the Ar flow rate at a constant 5%smThis method increased the adherence
of the top Au layer on the substrate more than using a bare Ti layer. Finally 100 nm of gold was
deposited by AC sputtering (5 ¢éfa of Ar, 5 criis ofO,, 50 w). Prior to chemical modification,
the electrodes were sonicated 5 minutes in acetone, 5 minutes in isopropamsd rivith
Milli -Q water, and sonicated for 10 minutes in a mixture containing 3 volumes of KOH 50 mM
and 1 volume oB0 % (v/\V) H:O.. Finally the electrodes were rinsed in MH) water and dried

with a N; spray gun.

3.4.2 \Vertical and lateral probe length spacing optimisation

The electrode arrays were functionalised byiramobilisation of the forward primer
having apoly-15T, apoly-30T or a poly-45T m d -de@/thymidine monophosphate nucleotides
at the Bend of the probe as a vertical spacer with a range of pi@laeral spacer ratios: 1:1,

1:10 and 1:100. One microlitre of |2V thiolated forward primer of-. tularensisn 1 M KH PO,
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sdution together with either dmercapte6-hexanol, a thiolated pot¢5T (with no primer) or a
bipodal PEGylated thidt” at 2uM, 20 uM or 200uM, were dropcast on the electrode surface.
Control electrodes without lateral spacer for each of the primers with different length vertical
spacers, were also functionalised.-i@onobilisation was carried out in a saturated humidity
chamber at rom temperature for 20. Subsequently, the electrodes were rinsed in AQllivater
and dried in a stream of nitrogen. A medical grade dowdilied adhesive and a 3 mm thick
PMMA block were aligned and pressure bonded with the functionalised electrodesdoge
a fluidic chamber of 1QuL where amplification and detection was carried out. The PMMA
gasket and the adhesive were cut and milled using a I@&er marker (Fenix, Synrad, USA) to
precisely define channel dimensions, as well as inlets and outldteiPMMA cover plates.
The chamber was then washed with 2D of PBS containing 0.0%6 (v/\) Tween 20 (PBS
T20), followed by 200uL of Milli -Q water inorder to completely remove any neapecific
immobilisation of DNA on the electrode surface. The chambeas dried with a nitrogen beam
and kept under vacuum until used-{gure 3-2).

Following optimisation of the vertical length spacer of the primer #ralateral spacing,
the preferred conditions were used to further optimise the primer concentration (1QM30
whilst keeping the primeto-lateral spacer ratio constant. Two electrodes out of the six were
always used as negative controls and functionalised with the same immobilisation solution used

for the other electrodes but without the fu/arensispecificthiolated probe.

Connection box between the
potentiostatand the electric contacts
from the electrode array

PMMA block with

inlet/outlet holes

Double sided adhesive tape
with microfluidic channel

oooooo

Flectrode array layout controlled v controller

Figure 3-2. Electrode array layout and mounted setup.
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3.4.3 Solidphase recombinase polymerase amplification

The RPA amplification mixture was prepared by mixing @l4of 10 uM biotinylated /
horseadish peroxidase labelled reverse primer and 18.2of 10 nM templdae dsDNA in
31.9uL of rehydration buffer. Lyophilised pellets were then added and mixed by pipetting,
before finally adding 2.5L of magnesium acetate 280 mM to trigger the reaatiThe solution
was then mixed by pipetting, 30 /array injected into each microfluidic channel of the sgt
and left to incubate at 37C for 1 h.

3.4.4 Electrochemical detection: chronoamperometry

Following completion of amplification, a series of different steps were carried out, each
step of which was followed by flushing the microfluidic channels with gDGf PBST20. In
the case of the biotinylated reverse primerpl0of 0.5 nM streptavidiHRP in PSB was added
for 30 minutes, following amplification. The microfluidic channels were then filled withp L0
of TMB enhanced one component HRP membrane for 5 min prior to carrying out
chronoamperometry. Finally, fast chronoamperometry was used tectd¢he oxidation of
precipitated TMB by the HRP label, by applying two consecutpatential steps at 0 V for
0.01s=cand-0.2 V for 0.5 ecto each electrode sequentially, and taking the current readout at
the end of the second step. A potentiostat/gabstat PGSTAT 12 Autolab controlled with the
General Purpose Electrochemical System (GPES) was used to make the electrochemical
measurements, and a hormeade connection box used to plug the electrode arrays and generate
electric connection between the pentiostat and the electrode arrays. In both of these strategies,
a control measurement to ensure that all the signal readout was due to specific-furitaueyet
amplification was carried out, where the surface amplified duplex was denatured and then re

hybridised with biotillabelled reverse primer followed by streptavibiRP.

3.4.5 Amplification Temperature

Although the optimal temperature at which the stragidplacing polymeras®acillus
subtifisPolymerase | from the RPA enzymatic mixtureaisund 38 °C, the system has been
reported to work in liquid at room temperature but at lower rates of amplification. To this end,
the solidphase RPA strategy has been tested betweé&@ abd 42°C, obtaining lower rates of
amplification™ Solidphase amplificationgection 34.3) was carried out at 22 and 45°C

and the electrochemical response measured to determine the amplification efficiency.
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3.4.6 Calibration curve

The functionalisation of electrode arrays was carried out using the optimised protecol,
drop-casting JuL perelectrode of a KkEPO, 1 M solution containing the forward primer with a
thiolated polyl5T and a primeto-ateral spacer molar ratio ofercaptohexanol of 1:10 for 20
in a water saturated chamber. The RPA amplification mixture was prepared as described in
Section 3.43 with 5 differentserial 1/10 dilutions of a&rancisella tularensidgsDNA 10 nM

template, including a blank control assay without template.

3.5Results and discussion

3.5.1 Vertical and lateral probe length spacing optimisation

Taking into account the heterogeneous format pursumanprised of the solighase (the
electrode), the liquigohase (bulk solution) and the interface between these two phases, (primers
attached to the surface of the electrode), we defined different parameters affecting performance,
focusing on the optimisatin of the interface between bulk solution and the electrode, as this
where most of the amplification and detection occurs. First, the recombinase proteins form a
complex with the primers and then scan tti®NA target that is present in the neighbourhood.

This initial stage of amplification is critical for minimisation of amplification time. In thetget

used in the work reported here, a simple microfluidic channel defined the boundaries of the
amplification chamber. Without applying any positive pressutee typical flow gradient
between the movement of particles in the bulk solution and the surface of the electrodes due to
the friction of the liquid on the boundaries of the channel is of minor influence, and the
biological material present in the solutioonly experiences diffusion governed by specific
hybridisation mechanisms such as base pairing and formation of complexes between proteins
and oligomers.

When considering the most important conditions to be optimised in the interface for
improving amplification and detection, we hypothesised that the vertical and lateral probe length
spacing were two parameters of importance. A longer vertical spacer between the electrode and
the primer would be expected to enhance accessibility between the recombinakasemses
and ssDNA binding proteins and the immobilised primers. Additionally, lateral spacers could be
anticipated to reduce steric hindrance. However, vertically aligned probesp(imers) are
known to encourage target hybridisation as the negathagge of the backbone cause inter
primer repulsion, resulting in the probes being fully extended from the surface without folding

or kinks. Thus, an optimal compromise between lateral primer spacing and ptoypemmer
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electrostatic repulsion is requirgfigure 3-3). The combination of vertical and lateral spacers
was thus evaluated, with the aim of achieving rapith8p formation, resulting imeduced time

required for amplification.

o,

uvx recombinase protein ‘ong,
T AR % % Poly15T-primer
27 X 3
; ?
e .
< ¢

Gold electrode surface Poly-15T

~
Qfg. %

B‘:&A
G

S

:
DT1
Mercapto—l—hexanoﬁg
e 3
i b3
:
Figure 3-3. Relative size of the badilers usedversushe primer and the usk recombinase protei§?

Figure 34 shows a summary of results obtained after chronoamperometric measurements
on arrays using the same amplification conditions, evaluating different spacing configurations
(vertical spacer, latal spacing ratio and lateral spacer type), including controls with no lateral
spacing for each vertical spacer used. First, it can be observethéhase of a potg0T or
poly-45T vertical spacer yielded unsatisfactory results when owdbwith no lateal spacer
(Figure 34.A), and the same is true when a 1:1 printetateral spacer ratio was tested in
poly-15T (Figure 3-4.B), 103,5bis((6mercaptohexyl)oxy)phenyB,6,9trioxadecanol PT1)

(Figure 34.C) or mercaptohexanolRjgure 3-4.D). This was anticipated and can be explained
in terms of undesired interactions between neighbour primers due to the extended length, a
trend that is not observed when lateral spacing starts to be effective at higher ratios of 1:10 or

1:100. The shorter vertical spacer appeared to be short enough torergitbour interaction
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between primers, even when no lateral spacing was usegreé 3-4.A). When using DT1
(Figure 3-4.C) or mercaptohexanolRigure 34.D) at 1:100 primeto-lateral spacer ratios, it is
evident that the efficiency of the shortest vertical spacer is diminished due to the fact that the
lateral spacer is greater in height than the vertical spacer, thus shadowing the immobilised
primer. When using po15T as lateral spaceFi@ure 3-4.B), the use of poR80T and poly45T

as vertical spacers gave a poor but comparable yield to thd®blyand this can be attributed

to be due to the spedifnature of the lateral spacer employed. Pblig also a negatively charged
strand and is expected to be in constant repulsion with the neighbouring strands, which could
prevent longer vertical spacers from aggregating or interacting with neighbourprif@vever,
taking into account the reproducibility of the surfaces generated, the use of either
mercaptohexanol or DT1, was preferable. Due to the fact that mercaptohexanol is a more
commonly used, more stable and more eeffective option as compared DTI, in further
experiments it was used at 10:1 ratio with immobilised forward primer. In summary, the
enhancement in performance regarding the surface optimisation can be attributed to an
improved access to the immobilised primers, which is achievedcasnbination of the vertical
spacer projecting the primer from the surface, thus facilitating elongation by the polymerase,
whilst the lateral spacing avoids undesired interactions between neighbouring primers.
Furthermore, vertical and lateral spacing fimers is expected to reduce steric hindrance
between the proteins and the surface as well as between proteins during the amplification in

solidphase

3.5.2 Optimisation of amplification temperature

The solidphase RPASPRPA) strategy was tested at’45and 22°C (room temperature)
in addition to the optimal working temperature for the polymerase,37 °C, for comparative
purposes. The output current density), recorded of the process at 3T after 1 h of
amplification wag3.5 + 0.3 pA-mm? (n = 4), while the measurements recorded at°45and
22 °C did not yield a significant output curren{0.7 + 0.9 pA-mm? (n = 4) and(0.6 + 0.3
HA-mm? (n = 4) respectively, and is comparable to the output current densities of control
electrodes. This meanthat the amplification efficiency was close t&although some degree
of amplification was expected at least at°€2 Bacillus subtilisPolymerase | has an optimal
activity at 37°C and besides a reduced activity of the polymerase aoptimal temperatures,
solidphase RPA strategy adds a singular constraint to the system by anchoring the forward
primers on a solid substrate, not only limiting the mobility of the primers, but also requiring the

proteins involved to move from the bulk solution to thaface. This effect has been studied by
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SantiageFelipe et at*¥ and 5°C shift from the ideal temperature already yielded a loss in

performance of 60 and 40 % compared to a liquid or splidse amplificationrespectively.

A) B)
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Figure 34. Chronoamperometric current outputs for vertical and lateral probe length spacing
optimisation using different lateral spacersh) No lateral spacer,B) Poly15T, C) DT1 or
D) mercaptohexanol.
3.5.3 Labelled reverse primeperformance and calibration curve

Solidphase amplification and detection using either a bidabelled reverse primer or a
HRP-abelled reverse primer resulted in similar performances. In both cases the
chronoamperometric response, in the presence oM#BIH ,O, solution for 5 minutes, was also
recorded after denaturation of the surface of the electrodes, showing no signal output, and
recorded again after hybridisation with a bickabelled reverse primer and complex formation

with streptavidirHRP, showing comparable results to the ones obtained from the beginning
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(Figure 35). This confirms that the signal obtained is due to splithse amplificationand

additionally that the signal due to nespecific binding of the HRHabelled primer on the surface

is negligible.

HRP labelled primer
W biotinylated primer

. N |

Amplification Denaturation Rehybridisation
Figure 3-5. Chronoamperometric current recorded in TMBA®, substrate after the RPA using biotin or
HRP-abelled reverse, after denaturation with NaOH 0.1 M and rehybridisation with a Helielled
reverse primer/conjugation with streptavieftRP again.

Figure 3-6 showsthe calibration curve for the HRRbelled reverse primer approach for

which a LOD of 1.3-16° M was obtained within a dynamic range of 5 decades.

5
LOD: 1.3-10'*M

0 T T T T T T
-15 -14 -13 -12 -11 -10 -9 -8
log([dsDNA}) / log(M)
Figure 3-6. Calibration curve of the RPA amplificaticdetection with an optimised surface using HRP

labelled reverse primers.
The results for the other assays are summariset@ialrie 3-2 and compared with a
previously reported work with a different surface chemistry and a labelling strategy involving

regular primers during soliphase RPA, denaturation, hybridisation with tnglated primers
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and conjugation with streptavidiARP. Optimised surfaces, either using HRiBelled primer

or biotinylated reverse primer approach were comparable in performance. Both strategies
facilitated a huge improvement in terms of protocol sirofli (avoiding up to 3 or 4 steps) and
analysis time required (up to 1.5 h), generating more reproducible results due to the fact that
many manual steps are omitted. On the other side, the performance obtained in@ptiorised
surface was a much loweffiefency (~60% less) than the results obtained for the HRlgelled

primer strategy with an optimum surface. The LOD was also much higher than even previously
reported, and can be attributed to the nepecific binding of the streptavidiiRP protein onto

the surface, something that was avoided in the previous paper by the use ofilidvack

Table 3-2. Summary of sensitivity and LOD for different conditions reported.

SPP N? ¢ Biotinprimer Biotinprimer* HRP-primer*
Sensitivity(LA-mm?2-M1) 0.14 0.26 0.56 0.62
LOD (M) 3.3-10¢ 1.3-10¢ 2.6-10° 1.3-10%

(*) surface optimised
¢ Q mphgsk recombinase polymerase amplificafitn

3.6 Conclusions

We previously reported the exploitation of safidlase recombinase polymerase
amplification as a DNA detection system. Here, we extended on this work we optimised protocols
and pursued alternativetrategies in the construction of an electrochemical platform for the
detection of DNA, simplifying the protocol and reducing the assay time required. The
amplificationdetection platform was optimised by addressing various aspects, including fine
tuning of the surface chemistry and optimising the vertical and lateral spacing of the immobilised
primers in order to obtain lower LODs and an optimal sigtaahoise ratio. The use of biotin
and HRP labelled primers were also evaluated, thus avoiding twoews gteps and inherently
significantly simplifying the assay. Furthermore, the improvement of the electrode design
allowed a higher signab-noise ratio, which, in combination with the optimised protocol
resulted in a vastly improved amplificatidetection protocol, reducing the assay by 1.5 h and

obtaining a LOD of 1-16°M, an order of magnitude lower than that previously reported.
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Chapter 4

Electrochemical detection ofPiscirickettsia salmonigenomic
DNA from salmon samples using sojihase recomimase
polymerase amplification
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¢ Institucié Catalana de Recerca i Estudis Avancats, Passeig Lluis Companys, 23388#16na, Spain.

4.1 Abstract

Solidphase isothermal recombinase polymerase amplification RRA and
electrochemicaldetection ofPiscirickettsia salmonig salmon genomic DNA is reported. The
electrochemical biosenosvasconstructedoy surface functionadation of gold electrodes with a
thiolated forward primer specific to the genomic region of inter8stidphase RPA and primer
elongation was achieved the presence dhe specific target sequence and bigtiatedreverse
primers. The fornation of the subsequent surfathered duplex amplicons was
electrochemically monitoredia addition of SAHRP. Successful quantitative aptification and
detection was achieved in less than 1 h at@%alibratingwith PCR amplified genomic DNA
standards, achieving a limit of detection of *41® (6-10' copies in 10uL). The system was

applied to the analysis ofal salmon samples.

4.2 Introduction

Piscirickettsia salmoris a gamma proteobacteria, causative agent of Salmonid Rickettsial
Septicaemia $R9.1Y Related to the genus Coxiella and Francisella, the bacteria was first
thought to be exclusively intracellulabut it was then observed to grow in specific culture
media> ¥ The bacteria was first described in the early 19@@though the disease had been
reported earliel! SRS mainly affects salmonids but related diseases have been found in sea
basd$? In fish, the bateria is often found in macrophages where it can replicate and disseminate
to the rest of the fish organs. Acute infection provokes necrosis of hematopoietic cells in the
kidney and vascular necrosis and coagulation, which produces necrosis of hepaitotltes
liver” The death of the fish can occur only 2eeks post infectiolf. Similar ricketsial

septisemias have been described in Carfddte UK® Australi& and Norway!? In the
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northern hemisphere the disease has rarely caused higtalitie in farmed salmon, however,

in Chilean farms mortalities can read0 %™ In the late 80s SRS killed 1.5 million salmon
near market size, and currently causes anrawgage loses ranging between ten to hundred
million US$"3 Piscirickettsia salmonisutbreaks have increased in speed, aggiveness,
frequency, and resistance to antibiotics over tifAeSeveral vaccines have been developed,
based on bacterinesd mixtures of recombinant proteifi$!¥ Although some of these vaccines
have shown protection in controlled assays, regardless of the formulation or administration route,
they are largely inefficient in the field, particulgrin the long termt™> *® Vaccination regularly
protects the salmon when transferring from fresh water to the ocean, but the fish are generally
unprotected from further infection$? most of which occur aftethe 10" month post transfer,
affecting large fish and hence, resulting in great economic |055&%.salmonishowsin vitro
sensitivity to antibiotics such as Clarithromycin, chloramphenicol, erythromycin, gentamicin,
oxytetracycline and sarafloxacisHowever, and while these antibiotics are usually effective in
combating other bacterial diseases in fiéhsalmoniss unusually resistant in the field, possibly
because once the infection is settled, high amounts of antibiotics are required in order to achieve
high enough concentrations within the cells where the bacteria repliddté$ Added to that,
recent strains oP. sa/monifrave shown higher resistance levels than older strains. Hence, over
the years theraounts of antibiotic that are used in the farms have increased signifi¢#h8RS

was first diagnosed by simple micrggico examination of smeared tissue, and later by
immunoassays, includingindirect fluorescent antibody techniquelHAT), ELISA and
immunohistochemistry?® 2! The most commonly used detection technique is PCR, first
developed as a nested assay and later as-stameeal time PCR ass&y?? Although nucleic

acid amplification tests are a gold standard for molecular diagntisse assays require
specialied equipment, and thus a detection system that can be used the field is not yet available.
This is especially detrimental for the salmon aquaculture system, where the farms are usually far
from urban centres. Late detection decreases the effectiveneseatihénts and biosafety
measures that could be implementetherefore, there is a clear need for the developmenitof
situtests for the detection @&®. sa/monisn Chilean salmonfarms.The criteria defined by the
World Health Organisation for the evaltian of these tests is ASSURED (affordable, sensitive,
specific, usefriendly, rapid and robust, equipmefitee and deliverable to end uselé) The
majority of commercial molecular diagnostic devices are shifting from thermal cycling based
amplification techngues towards isothermal amplification techniquiise to the benefits of

reducing instrumental requirements and power consumption, allowing an easier integration
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with microfluidic platforms and thus being more prone to be implemented as true portable
devices®?" The recombinase polymerase amplification (REA)achieving very rapid and
sensitive amplification at a constant temperature. To date, fluorescence detection methods using
EvaGreen binding dyé? or sequencespecific fluorophoreguencher probe8§®! along with

lateral flow strip&®*" configure the majority of the reported systems for the detection of nucleic
acid sequences from real samples using RPA.

In this study we present the applicationai electrochemical platfornintegrated with
solidphase recombinase polymerase amplification strategy for the detectiB¥sofickettsia
salmoni©NA sequences from real salmon samples. An array of six gold electrodabnzased
on a glass substratg photolithography, the forward primeesigned for specific amplification
of the relevant gendrom P. salmonisvas immobileed on the surface of the electrodeis
chemisorption througha thiol moiety The recombinase polymerase amplification was cdrrie
out in a microfluidic chamber using a simple micromachined double adhesive tape, a PMMA
block and & in-house constructegroportionatintegralderivative (PID) thermal controller

(Figure 4-1).
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Figure4-1. Solidphase RPA with reverse primers. (1) Recombinase proteins form a complex with forward
and reverse primers, (2) scan dsDfbh cognate sites and (3) introduce the primers in the template by a
stranddisplacement mechanism. (4) The polymerase initiates primer elongation at tAeind8 and
exponential amplification is achieved by cyclio§this processither in (4.1) liquidor (4.2) solid phase

(5) Biotin labelled primers end up ligated with the elongated forward primers in-pbiacse. An additional
conjugation step of streptavidiRP is carried ouaind finally(6) chronoamperometry is performed in the
presence of TMB/HO, to detect of precipitated oxydised TMB substrate.

4.3 Materials and Methods

RPA kit TwistAmp® Basic was obtained from TwistDx Ltd. (Babraham, United Kingdom)
and provides lyophilised pellets, a rehydration buffer and magnesium acetate. The lyophilisate

contains the polymerase system, including dNTPs, adeneifigphosphate Bacillus subtilis
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Polymerase And components of a bacteriophage derived recombinatigtesy consisting of
the proteins gp32sfngle stranded DNA binding protein)uvsX (recombinase) and the uvsY
(recombinase load factorAll PCR reagents were obtained from Life Technologies (Barcelona,
Spain). GelRed nucleic acid stain was purchased fromtiBm (Hayward, USA) and Certified
Low RangeUltra Agarose was supplied by Biorad (Madrid, Spdihg HRP substrate
formulation TMB enhanced one component HRP membrane was purchased from Diarect AG
(Germany), 6 mm thick polymethylmethacrylate (PMMA) wasrgliased from La Indastria de
la Goma (Tarragona, Spain), Doubkded medical grade adhesive foil from Adhesive Research
(Ireland) and all other chemicals including®ercaptel-hexanol and the buffer solutions were
obtained from Sigma Aldrich S.A. (Baroela, Spain) and used as received.

Rf ¢ k_| sd_ar s p chagedprimepdpgnarigirtally redommendediriners
of between 30to 35 nucleotides in lengthHowever it has recently beedemonstrated that
primers of just 18 residues also work andgrdar PCR-based primers can also be us&d
Sequences must not contain multiple G inthe first83 =~ _gqc¢ n -egod leeping ther f ¢
GC content between 300 to70%. Therefore, these considerations were taken into account for
designing the primer set for the identification of the pathogemioteobacteriaPiscirickettsia
salmonis A specific genomic fragment fromR. sa/moni®f 153 bp was selected. This fragment
corresponds to a variable area of a GroEl §&nehich is conserved witn the P. salmonis
species but markedly different compared to other gamaproteobacteria species. In particular, the
primer biding areas have no similarity to any other species reported in dataBgadetic
oligonucleotides were purchased as lyophiliggmlvder from Biomers.net (Ulm, Germany),
reconstituted in high purity deionised water (18nMproduced with a MilllQ RG system
(Millipore Ibérica, Spain) and used without further purificatiditable 4-1).

Table 4-1. List of oligonucleotide sequences and their respective modifications

Name Lsajcmrgbc qeendsenlenth® &dpmk 33

P. salmonidorward primers CGACAACGGCGACAGTATTAGCACAAGCAATTATTC

(36-mer) (regularand 3 -SH-(CH )e-T307)

P. salmonigeverse primers CTGTGCACGGTGTAGATAAGTCTTTTAATGCAG

(33mer) &pcesj -bmptn) | b 32

P. salmoniNA sequence CGACAACGGCGACAGTATTAGCACAAGCAATTATTCAAGAAGGCG

(153hbp) TGAAGTCTGTTGCTGCCGGCATGAACCCAATGGACCTAAAACGCG
GCATCGATAAAGCCACTATCGCTGCAGTTGCTGCATTAAAAGACT
TATCTACACCGTGCACAG
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4.4 Experimental

441 DNA extraction from samples

DNA was obtained from salmon infected wifA sa/moniainder challenge conditions.
Ten days posinfection, DNA from liver samples was extractegsingthe EZNA DNA isolation
kit (Omega Biotek, GA) according tohe manufacturels instructions andsubsequently

lyophilised. The pellets were reconstituted in 25 of PBS to generate stock solutions

442 PCR Amplification of extracted genomic DNA from salmon

The amplification of all extracted genomic DNA samples were performed in 100
reactions with 200 nM of primers, 5 mM of Mg¢£10.2 mM of dNTP, X Taq buffer (20 mM
Tris pH 8.4, 500 mM KCI), and 2.5 units of Taq polymerase. All PCR reactions were heated at
95 °C for 2 minutes, followed by 30 rounds of PCR, with a denaturing step at 95 °C for 30
seconds, annealing step at 58 °C for 30 seconds, and an elongatiaat 32 °C for 30 seconds.
A final extension step was performed at 72 °C for 5 minutes. PCR amplification was carried out
in a DNA Engine Dyad® Peltier Thermal cycler. Double stranded PCR products were analysed
using agarose gel electrophoresis. For eachple, 1QL was run on the gel with 4L of loading
buffer on a 4 % (w/v) agarose gel stained with GelRedcleic acid stain and visuatid with a
UV lamp ¢ = 254 nm). Fragment sizes were determined by comparison with a 10 bp molecular
weight standardand analged using Image software One of the amplified samples was
quantified by UV spectrophotometry with a NanoDrop 2000 at 260 nm in order to be used
as a DNA standard. The blank solution contained the same matrix of the sarifiesyM
MgCl,, 50 mM KCI, 10 mM Tris pH 8.3
443 Electrochemical detection oPiscirickettsia salmongenomic DNA bysolidphase

RPA

Electrodefabrication

The electrochemical platform was designed with a setxofguared shaped electrodes
(1 mm? made with photolithograplui gold on a preleaned 75 mm x 25 mm borosilicate glass
slide substrate (Sigma Aldrich, Spain), using four of them as working electrodes, and the
remaining two to be used as a counter and reference electrode respectively. These electrodes
were fabricatedin a clean room facility by spinoating a positive photoresist AZ1505
(MicroChemicals GmbH, Germany) at 4000 rpm for 3@cover a dry glass slide. The platform
was then exposed to UV light forsBcusing a chromium mask in contact mode (LED Paffrath

GmbH, Rose FotoMasken, Germany). After the development of the pattern according to the
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manufacturer with a commercial developer AZ 726, the slide was introduced in a sputtering
chamber (ATC Orion 8HV, AJA International Inc. USA) and treated with AG:@r plasma
sputtering (5 cri's of Ar, 5 cri's of Q, 50 w) for 5 minutes in order to eliminate any presence
of residual norcrossed photoresist. A layer of 20 nm of Ti/Tuas deposited by DC sputtering
using an increasing oxygen flow rate during the deposition process, going frorYSafn®
during the first 10 nm to 20 cifs of Q the last 5 nm while keeping the Ar flow rate at a constant
5 cn/s. This method increasetthe adherence of the top Au layer on the substrate more than
using a bare Ti layer. Finally 100 nm of gold was deposited by AC sputtering*(§ ofiAr, 5
cm?/s of @, 50 w). Prior to chemical modification, the electrodes were sonicied minutes

in acetone, 5 minutes in isopropanol, rinsed with Mi} water, andfinally sonicatedfor 10
minutes in a mixture containing 3 volumes of KOH 50 mM and 1 volume @Dklat 30%.

Finally the electrodes were rinsed in MH) water and dried with a Nspray gun

Electrode functionalsation with forward primer

The electrode arrays were functionadd by dropcastingl uL of 1M KHPO, containing
10 pM of thiolated forward primer fronP. sa/monisand 100uM of 1-mercapte6-hexanol on
each electrode and leaving thelectrode arrays overnight (>20 h) in a water saturated
atmosphere. Control electrodes wermétionalised with the same protocol, with INKH,PO,
containing only 10QuM of 1-mercapte6-hexanol.The electrodes wertien thoroughly rinsed
with Milli -Q water,gently dried with a Mspray gun and stored inside an argon filled tube in the

fridge until required.

Microfluidic fabrication and mounting

Microfluidics were fabricated using medical grade doublded adhesive and PMMA
cover plates using a GQaser marker (Fenix, Synrad, USA) to precisely define channels
dimensions, as well as inlets and outlets in the PMMA cover pl&t@sctionalised electrodes
and adhesivMMA assemblies were aligned and pressure bonded to produce L 10
microfluidic channel to carry out the RPA and electrochemical measuremehigue 4-2).
Prior touse, the microfluidic channels were flushed with 200 of PBS contaimg 0.05% (v/v)

Tween 20 (PBS 20), 200pL of Milli -Q water and dried with a Nspray gun.
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Flectrode array layout controlled v controller

Figure 42. Design and representation of the electrode array, the microfluidic channel and the
temperaturecontroller.

Solidphase RPA on electrodes

The RPA amplification mixture was prepared according to the manufacturer, by mixing
2.4uL of reverse primer 1AM and 13.2uL of diluted extracted genomic DNA&om salmonor
genomic DNA standards in 31}9 of rehydration buffer. For the calibration of the sensor, the
PCR amplified genomic DNA from salmon, including 8 dilutions, were used as standards in
order toconstructthe calibration curve. Lyophilised pellets were then added and mixed by
pipetting. The reactin was finally triggered by addition 25 L of 280 mM magnesium acetate
to a final volume of 5QUL. The solution was then immediately mixed by pipetting andul0
injected into the microfluidic channel ofhe setup and incubated at 37C for 1 h in a vater

saturated atmosphere.

Electrochemical measurements

All electrochemical measurements, both for the standards and the extracted genomic
DNA, were performed with a potentiostat/galvanostat PGSTAT 12 Autolab controlled with the
General Purpose Electrochaical System (GPES). To carry out the electrochemical
measurements each of the microfluidic channels of the-ugetwere flushed following
completion of the soligghase RPA with 3 200pL of PBST20 to remove all the amplification
mixture. Subsequently,aeh channel was filled with 10lpof 0.5 nM streptaviditHRP prepared
in PBS and incubated in a humidity box for 30 minutes. Following incubation, the channels
were sequentially flushed with & 200 pL of PBST20 and 200 1 of PBS. For the
electrochemical neasurements the microfluidic channels were filled with i0 of TMB

enhanced one component HRP membrane and allowed to react for 5 min. Finally, the
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oxidised/precipitated TMB was detected for each electrode through chronoamperometry by
applying twoconsecutive potential steps, first at 0 V for Odidasd then-0.2 V vs Au for 0.5%c,

and taking the current readout at the end of the second step. The measurements recorded for
the genomic DNA standards were used to construct the calibration cunek)ater used to
calculate the concentration of genomic DNA present in the real samples. Resutepagsented
asmean *standard deviatiofrom four independent assays. All of the experimental results were

analysed by Stb c | -test agd pralues lesthan 0.05 were considered statistically significant.

Realtime PCR

For a comparative analysis of tlievelogd method, the extracted genomic DNA
fragments were also amplified by real time PCR. 150 ng of each DNA sample was loaded in a
PCR master mix containg the dsDNA binding dye Ewvgreen, and amplified through a
standard PCR procedure of 40 cycles with an annealing temperature of 60 °C, and a melting

curve analysis from 55 to 95 °C with ramp rate of 0.1 °C/s.

4.5 Results and discussion

45.1 Characterisation oéxtracted genomic DNA from salmon by PCR and AGE
Electrophoretic analysis ¢1CR amplification of the genomic DNA from eight salmons

(7 infected with SRS and 1 not infecteddhowed bands imll of the seven infected samples

(Figure 4-3) with different intensitiesof the same length corresponding to the amplified region

(153 bp). The bands corresponding to samples 1085 and 1105 were diffisigutdisedue to

the low concentration of amplicons. The ndamplate control NTC) and the nonnfected

sample (940) showed no bands at the expected region from the selected sequence, and the bands

in the lower region of the gel correspond to the primased during the PCR amplification.
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Figure 4-3. Bands corresponding to the PCR products from genomic DNA extracted from salmon livers.

45.2 Realtime PCR

Realime PCR analysis showed positive amplification in all sampleblé 4-2) with
threshold cycleCt) values lower than 32 and a melting peak arg€. Sample 940 corresponds
to a fish not infected withP. sa/monifnegative control). All other samples are from salmon

infected urder challenge conditionsl0 days post infection.

Table 4-2. Results oPCR ampification of DNA extracts analgd in this study.

Samplename Ct
940(-) _
1080 286
1085 323
1090 301
1095 26.9
1105 316
1110 305
1115 29.2

45.3 SolidphaseRPA on electrodes

The solidphase recombinase polymerase amplification on gelelctrodes has been
demonstrated in a previous wdik The calibration curve(Figure 4-4) wasconstructedusing
the currentdensity (j)recorded by the reduction of the oxidids TMB when a potential 000.2V
vs Au was applied for 500 ms in chronoamperometry, the curréensity having a linear
correlation with the amount of starting tatgconcentration of genomic DNAwhile the response

from the control electrodes was negligible. The assay was completed within 40 minutes and
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yielded a LOD of 1-1&'M, corresponding to 6-IGiarting DNA copies in 1QuL, defined as the
concentration of the analytat the mean blank pluthree times the standard deviatiof the

blank The sensitivity wa.86 uA-mm*M™* with a dynamic range of 5 orders of magnitude.

LOD =1-10"M

@@

-16-15-14-13-12-11-10 -9 -8 -7 -6 -5
log([dsDNA}) / log(M)
Figure 4-4. Calibration curve using genomic DNA standard dilutions (n = 4).

The diluted genomic DNA samples extracted from eight salmon livers aaiysed using
the developedlatform and the output signals for easample are repeented inFigure 4-5.
The signal from the control electrodes at each sample reprdkertbackground signal due to
non-specific interaction between #hstreptavidiiHRP and the surface, or signal due to diffusion
of oxidised TMB from the specific electrodes towards the controls. The sensitivity of the test was
assessed by comparing the electrochemical signal outputs from these samples against the NTC
agyl _wqg _|I b c¢ct | s _ resthho determime fstatisti€ar sighificdnae %orgdiffarence.
Seven samples, the ones infected®ysal/monishowed statistical significance for a significance
level of 0.05, thus representing positive results and corabing the results obtained ireaHlime
PCR RT-PCR) and gel electrophoresis. Even though the signal output from the samples 1085
and 1105 was low, the system was capable of producing a statistically significant readout, and
compared with the gel electryresis results, the analytical information was more reliable and

easier to interpret.
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Figure 4-5. Currentdensitysignal for each analysed sample.

4.6 Conclusions

To date, sensitive RP#ased devices developed to perform nucleic acid amplification tests
are mostly either based olateral flow tests that lack of quantification capabilitiesr,
alternatively,use fluorescence detection methods that require expersiuipment or rely on
even more complex microarray setugpsachieve multiplex detectianThus, the demand for
simpler, miniatursed systems and assaysrépid pathogen detection is steadily increasing.
Electrochemical biosensors have many advantages ttreepresented solutiondeing less
complex and more cosffectivethan most optical detection systems and are easier to integrate
with microfluidic platforms.Here, we have presenéd a simple platform that combines the
advantages of solghase recombiase polymerase amplification with the electrochemical
detection of the amplified DNAAs proofof-concept, the device has been used for the detection
of a Piscirickettsia salmonrgelated sequence from genomic DNA extracted from salmon livers
in Chilean fams.The assay could be completed in less than 1 h, achieving detection limits of

1-10“ M (6-10° DNA copies in 10uL) and displaying a good sensitivity in real sangsisays.
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Chapter 5

Solidphase bridge recombinase polymerase amplification with
ferrocenelabelled dNTPs for electrochemical detection

Jonathan Sabaté del RidAhmed Mehd®* Ag _p _ 1® M2 Qsjjgt |

L _ I mgmrcafl mjmew _I b @m_I| _jwggq Epmsn* Bcn_pr _kcl
Virgili, 26 Pdsos Catalans, 43007 Tarragona, Spain.
b Institucié Catalana de Recerca i Estudis Avancats, Passeig Lluis Companys, 23, 08010 Barcelona, Spain.

5.1 Abstract

Solidphase bridge amplification was achieved by the immobilisation of both primers in
gold electrodes while maintaining a convenient primeiprimer separation with the co
immobilisation of 6mercaptel-hexanol in a 1t00 primergo-spacer molaratio. Isothermal
DNA specific amplification of the primers was generated by the use of recombinase polymerase
enzymatic amplification at 37C. Bridge formation was achieved by the addition of magnesium
and sodium salts at high concentration that allowedextend the flexibility and the bending
limit of dsDNA, thus allowing propagation of the bridge formation between neighbour primers
and sustained amplification until saturation of the gold surface was achieved after 3 h. The
detection of the amplified pmers was electrochemically monitored in differential pulse
voltammetry by the oxidation of previously incorporated ferrodabelled nucleotide
triphosphates during the amplification. The assay yielded successful specific amplification of a
144 bp targewith a LOD of 1.3-16% M, while non-specific primer controls and netemplate

assays did not produce statistically significant positive results.

5.2 Introduction

The recombinase polymerase amplificatispistent”! has beerapplied in a wide range of
formats due to the siplicity, the eas®f-use and the constant temperature required to achieve
amplification, without any need for a first cycle thermal denaturation step. Reported systems
include the use fluorescent probes for réale amplificationdetection of either DNA* or
RNAP™, Other common applications are the ceaffective enepoint detection system using
lateral flow stick&*? The need for thermal cycling instruments typically used in the polymerase
chain reaction is avoided and replaced by three core proteins that operate optimallyGt@7
40 °C. The first protein, a recombinase, binds to primers, forming filaments that can then
recombine with homologous DNA in a duplex target, forcing displacement of the- non

complementary strand and thus provoking the formation of-ldp. The second proteiis a
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single stranded DNA binding protein, which attaches to the strand of DNA displaced by the
primer, preventing the dissociation of the primer and hybridisation of the duplex target. The
final core protein is a stranadisplacing polymerase that copie®tBNA, adding bases onto the
3Njnd of the primer, forcing open the DNA double helix as it progresses. When opposing primers
are used, exponential amplification occurs. Ilidgphase RPA at least one of the primers is
linked to a surface, therefore the glification may occur both in the liquid and theolidphase
simultaneously or solely in the sojdhase when the two primers are attached. This strategy has
been extensively used in DNA amplification for simultaneous analysis and easy isolation of the
amplicons***¥ Another benefit from soligphase strategies is that the spatial separation between
different targets allow the use of lalbele or, at least a single reporter for all the sequences,
without the need of use a different label for each target. The gblacke approach overcomes
some limitations present in regular RBsed analysis due to the fact that it retainssghecific
seqiences on the surface while the rand@mplified DNA in solution is washed away during

the process. Although the random amplification in RPA has been already fixed, th@lsatid
strategy offers a more simple way to overcome the present limitation eghef an increased
reaction time (from typically few minutes to one hour).

The use of additional primers in solutione. heminested soligphase amplificatio” has
proven to boost the amplification efficiency while the primers in the splidse are basically
used to separate or obtain spatial resolution of different t4fgatsl, in biosensors, to enhance
the sensitivity by bringing the amplicons near to the sensing areahe transducer. The
heminested slid-phase RPA solutidty combines DNA amplifi@tion in bulk solution using one
set of primers and solghase amplification using other primers that amplify a different region
from the target. This strategy overcomes the traditional low efficiencies ofpbalg® oriented
amplification, and yet hasrpven to be a fast DNA amplification technique where spatial
resolution is necessary for multiplex detection. However, still one of the major problems in DNA
amplification comes when multiple targets need to be amplified and detected, so the number of
primers required increases and so the chance of ¢rgmsdisation between primers in a process
called primerdimer formation’®® Careful primer design involve tedious trial and error assays,
increase the cost of the assay signifigaathd the complexity grows exponentially with the
number of sequences required to be analysed simultaneously. This major drawback can cause
amplification of undesired genetic material and affect the overall performance of the assay and

lead to false posite detections.
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When both primers are immobilised and no other primers are present in solution the
approach is called bridge amplification and was successfully introduced first by the lllumina
systen¥?! Therefore, the most important improvement when using the sphase bridge
amplification is the fact that primetimers are completely avoided, thus providing an effective
way for multiplex detection with spatial resolution, though generally the amplifioagféiciency
is much lower than other strategies and it is used only for detection. Thepswige bridge
amplification technique present nowadays use cycles of denaturation based on tfeonal
photocleaving of primer containing breaking sité$to unfold the bridge ad allow further
annealing with neighbour primers. Although this is an excellent strategy for general DNA
amplification, DNA detection daot need to produce further amplification once the surface of
the biosensor is saturated, moreover the plotgaving srategy requires additional extra
instrumentation, along with the need of denaturing steps make the system a bad choice for
integration in point of care devices.

Here we present an alternative strategy to achieve bridge amplification based on tailoring
the surface primer immobilisation to ensure enough spatial separation between primers and the
use of sodium and magnesium salts, which at high concentrations (1 M sodium or 10 mM
magnesium) have proven to increase the curvature and improve the bending islastic
dsDNA*?7 Electrochemical detection is based on the incorporation of ferrodabelled
nucleotides triphosphates(Fc-dNTPs) during the amplification that are interrogated by

differential pulse voltammetry[¥PV) afterwardsKigure 5-1).

5.3 Materials and methods

RPA kit TwistAmp® Basic was obtained from TwistDx Ltd. (Babraham, United
Kingdom). The HRP substrate formulation TMB enhanced one component HRP membrane
was purchasedrom Diarect AG (Germany), and GelRéY Nucleic Acid Gel Stain from
Biotium (Barcelona, Spain). 6 mm thick polymethylmethacryla®MMA) was purchased from
La Industria de la Goma (Tarragona, Spain), doubided medical grade adhesive foil from
Adhesive Rsearch (Ireland) and all other chemicals were obtained from Sigma Aldrich S.A.

(Barcelona, Spain) and used as received.
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Figure 5-1. Solidphase«dridge-RPA withincorporation ofFc-dNTPsfor electrocheméal detection (1)

Recombinase proteins form a complex with forward and reverse primers, (2) scan dsDNA for cognate sites
and (3) introduce the primers in the template by a straigplacement mechanisn{4) The polymerase
initiates primer elongation atheir 3ends andFc-dNTPs present in solutionare incorporated The
displaced strand can hybridise with complementary prinard generate furtheamplification. (5) The

fw' pgbgogtationaf Mg* amknj c k

bgBL? _knjgamlg a_l| « pgbecn-
and N&. (6) Polymerase can arify the bridge structure and J#he displaced strand can allow further

amplification in another primel(8). (9) DPV is performed to detedhe presence of FANTPs

Synthetic oligonucleotides designed forethdentification of the pathogenic bacteria

Francisella tularensis holarctiZh were purchased as lyophilised pbev from Biomers.net
(Ulm, Germany), reconstituted at 1QM in high purity deionised water (18 k) produced with
a Milli-Q RG system (Millipore Ibérica, Spain) and used without further purificat{@able

5-1).
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Table 5-1. List of oligonucleotidesequences and their respective modifications

Name Nucleotide sequence (fror8 -@ndto 1 -&nd)

F. tularensidorward primers CACAAGGAAGTGTAAGATTACAATGGCAGGCTCC
&FPN _ BHHCHRTs)

F. tularensigeverse primers CGCTACAGAAGTTATTACCTTGCTTAACTGTTA
& 3HRP and3-8H-(CH)e-T15)

F. tularensiONA sequence CACAAGGAAGTGTAAGATTACAATGGCAGGCTCCAGAAGGTTCTA
AGTGCCATGATACAAGCTTCCCAATTACTAAGTATGCTGAGAAGAA
CGATAAAACTTGGGCAACTGTAACAGTTAAGCAAGGTAATAACTTC
TGTAGCG

Non-complementaryprimer CTGTGCACGGTGTAGATAAGTCTTTTAATGCAG
& BH(CH2)e-T15)

All the DNA solutions were aliquot and diluted to convenient concentrations using-Milli
Q water unless otherwise stated. Double stranded DNA templates were prepared by mixing equal
volumes of complementary strands in PBS buffer, heating t8Ctor 10 mirutes and letting

the solutions gently cool to room temperature.

5.4 Experimental

54.1 Electrodepreparation

The electrochemical platform was designed with a setyofguared shaped electrodes
(1 mm?® made with photolithographic gold on a poteaned 75 mmx 25 mm borosilicate glass
slide substrate (Sigma Aldrich, Spain), using four of them as working electrodes, and the
remaining two as counter and reference electrodes, respectively. These electrodes were
fabricated in a clean room facility by spimating a positive photoresist AZ1505
(MicroChemicals GmbH, Germany) at 4000 rpm for 3@cover a dry glass slide. The platform
was then exposed tdV light for 3secusing a chromium mask in contact mode (LED Paffrath
GmbH, Germany). Development of the pattern twia commercial developer AZ 726 was
carried out according to the manufacturer's instructions and the slide was introduced into a
sputtering chamber (ATC Orion-81V, AJA International Inc. USA) and treated with AG:@8r
plasma sputtering (5 cifs of Ar, 5cm?s of Q, 50 w) for 5 minutes in order to eliminate the
presence of any residual nanossed photoresist. A layer of 20 nm of Ti/Ti@as deposited by
DC sputtering using an increasing oxygen flow rate during the deposition process, going from 5
cm¥s d O, during the first 10 nm to 20 cifs of Q the last 5 nm while keeping the Ar flow rate
at a constant 5 cifs. This method increased the adherence of the top Au layer on the substrate
more than using a bare Ti layer. Finally 100 nm of gold was depdsitéC sputtering (5 crits
of Ar, 5 cn/s of Q, 50 w). Prior to chemical modification, the electrodes were sonicated 5

minutes in acetone, 5 minutes in isopropanol, rinsed with M@liwater, and sonicated for 10
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minutes in a mixture containing 3 volumes KOH 50 mM and 1 volume of 3% (v/\) H:0..

Finally the electrodes were rinsed in M) water and dried with a Nspray gun.

The electrode arrays were functionalised byiromobilisation of the forward and the reverse
primers having a pol5T, a verth _ | gn_agl e r _gj -deoxyihyngiger gl e
monophosphate nucleotides at théemd of the probe. One microlitre of IM thiolated forward

primer and 1uM of thiolated reverse primer in 1 M K¥PO, solution together with Inercapte
6-hexanol aR00puM, were dropcast on the electrode surface. Two electrodes out of the six were
always used as negative controls and functionalised with the same immobilisation solution used
for the other electrodes but without the specific thiolated primersir@mobilisation was carried

out in a saturated humidity chamber at room temperature foh28ubsequently, the electrodes
were rinsed in milkiQ water and dried in a stream of nitrogen. A medical grade desidied
adhesive and a 3 mm thick PMMA block were algl and pressure bonded with the
functionalised electrodes to produce a fluidic chamber of {lO where amplification and
detection was carried out. The PMMA gasket and the adhesive were cut and milled using a CO
laser marker (Fenix, Synrad, USA) to pretysdefine channel dimensions, as well as inlets and
outlets in the PMMA cover plates. The chamber was then washed witphR@DPBS containing
0.05% (v/v) Tween 20 (PBS 20), followed by 20QuL of Milli -Q water in ader to completely
remove any nosspecific immobilisation of DNA on the electrode surface. The chamber was

dried with a nitrogen beam and kept under vacuum until u¢eiure 5-2).

[ 117 1| Connectionbox between
| the potentiostatand the inlet outlet
T electric contacts from the 4

electrode array

O PMMA block with
inlet/outlet holes

Double sided adhesive tape
with microfluidic channel

Electrode array

Aluminium block heater
controlled with a PID
controller

c

Electrode array layout

Figure 5-2. Electrode array layout and mounted setup.
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54.2 Synthesis of ferrocene labelletidPs

To a stirring solution of ferrocene carboxylic acid (345 mg, 1.5 mmol) in freshly distilled
dichloromethane (DCM) was addd N-3b gkcr f wj _ k g letmyicarmodiimige' L@
hydrochloride (288 mgl.5mmol) and N-hydroxy succinimidéNHS) (180 mg, 1.5 mmol)The
mixture was left stirring at room temperature for 18 h. Column chromatography in DCM gave
a white solid (315mg, 60 % vyield) corresponding to theferrocene carboxylic
N-hydroxysuccinimide estet.abelled dNTPs were synthesised utilising the NHS esters of the
redox labels and subsequent reaction with alkyl amine arm of the dNTPs. To the NHS ester (2.4
pmol, 3 equv) in DMSO was added 10QL of Na&CO3-NaHCO; buffer (0.1 M, pH8.7)
followed by addition of 800 nmol of the propargyl amino dNTPs. After sonication for 10 min,
the reaction was kept in a thermomixer shaking for 6 h. After the reaction ttiindayer
chromatographyTLC) confirmed the complete consumption of the triphosphate. The reaction
mixture was kept in the freezer overnight followed by freeze drying. The labelled dNTPs were
purified by using preparative TLC with a mixture of solvents CHCH;OH : 85/15. Finally,
electrosprayonisationmasspectrometryESI-MS) confirmed the synthesis of the products. The

productswere then directly used for SRPA experiment.

543 Solidphase recombinase polymerase amplification

Lyophilised pellets were reconstitaten 500 puL of rehydration buffer and the dNTPs
present in the mixture were filtered by centrifuging the solution in an Amicon® Filter 3K device
at 1400xg at 22°C for 30 min to obtaina ~50uL concentrated productThe filtrated volume
was discarded artthe concentrated product was recovered by inverse centrifugation ab@000
for 10 minutes at 22C. The RPA amplification mixture was then prepared by mixing 8.2
of 10 nM template dsDNA with 6.15 mg of sodium aaet, 1uL Fc-dGTP, 1 uL FcdUTP, 1
ML Fc-dCTP and 1 pL Fc-dATP in the recovered filtrate enzymatic residue. 2ub of
magnesium acetate 280 mM was finally added to trigger the reaction, the solution was then
briefly mixed by pipetting, and 1QL/array injected into each microfluidic channel of the set
up and left to incubate at 37C for 3 h. The calibration curve of the assay was examined by

carrying out assay repetitions at different initial concentrations of target dsDNA.

544 Optimisation experimats
Different parameters were examined in order to obtain the best analytical performance of
the system. To this end, we looked for the improvement of sensitivity by using 1 or 4 ferrocene

labelled dNTPs simultaneously, along with the effect of eitheeriitg out or not the regular
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dNTPs present in the TwistDX pellet. When the regular dNTPs were replaced by 1 ferrocene
labelled dNTP, the rest of the dNTPs were added to the solution to ensure amplification.
Additionally, the amplification efficiency wassal tested out at different concentrations of
sodium acetate, as well as the reaction time required to obtain a full surface coverage and the
lateral spacing required between primers to successfully achieve-pbalgd bridge

amplification.

5.4.5 Electrochemicaldetection

A potentiostat/galvanostat PGSTAT 12 Autolab controlled with the General Purpose
Electrochemical System (GPES) was used to make the electrochemical measurements, and a
home-made connection box used to plug the electrode arrays and generatécetectnection
between the potentiostat and the electrode arrays. After the bridge RPA amplification the
microfluidic channels were cleaned with 2@ with PBST20 to remove the excess of ferrocene
labelled dNTPs in solution and then the electrochemical asarements were carried out
directly in the same buffer by differential pulsed voltammetry (0 to 0.6v5 Ag/AgCl).
Modulation time: 0.003 &c, interval time: 0.2&c, step potential: @1 V, modulation amplitude:
0.1V).

After the measurements, the anfig@d primers were unfold by denaturing with a NaOH
0.1 M solution, following with the hybridisation of the immobilised primers with both HRP
labelled reverse and forward primers at a concentration of 50 nM for 30 min to test out that the
amplified regionsvere sequence specific. Chronoamperometry was used to detect the oxidation
of precipitated TMB by the HRP label, by applying two consecutive potential steps at 0 V for
0.01 ecand-0.2 V for 0.5 scto each electrode sequentially, and taking the curme@dout at

the end of the second step.

5.5 Results and discussion

The electrochemical monitoring of the RPA by diféettial pulsed voltammetry of
Fc-dNTPs present in the amplification mixture reported specific bands at 0.43 ¥Xg/AgCl
with areas as largs 230 nC, whereas the controls were giving areas of 30 nC. The current from
the control electrodes was produced by the residual labelled dNTPs left on the surface of the
blank electrodes after tfrRBST20 cleaning due to nosspecific binding. However, thepecific
signal was still clearly and statistically distinguishable from the blank electrodes. Therefore, the
Fc-dNTPs at the given concentration were effectively introduced in the elongated forward

primer during the recombinasenediated solidphase amplitation without producing false
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positives due to the amount of napecific binding. This strategy allowed us to skip assay time
compared to previously reported electrochemical detection methods inRPA.

The performance for the differemtptimisation assays are listed Figure 5-3). The best
conditions in terms of signal output, for a given concentration, were found when the regular
dNTPs were removed and replaced by-dfNdTPs, improving the yield barely & 6 times
compared to the signal outputs by adding only onedRIP at a time. Although it is hardly
expected that amplification might occur in a scenario where all the dNTPs asdléabdue to
steric hindrance effects between base pairs, the fact that filtration step do not remove all the
regular dNTPs would allow amplification take place when-FtNTPs might not be
incorporated. It is observed that the dispersion of the ferroceidation signal in the assays
where the regular dNTPs have been removed is clearly thinner than the assays where regular
dNTPs were not removed. This effect can be explained by the fact that in this situation regular
dNTPs and FedNTPs are in a competitivéashion to be introduced during the solahase
amplification, therefore the total incorporation of liNTP may change drastically from one
electrode to another. This introduces a factor of uncertainty at the number -dN\HA®s that
finally end up in the elongated primers and so the signal output obtained during the
electrochemical measurements. It is also expected that this dispersion might be further improved
if the amplification mixture could be prepared in a way that the reagents can be added sgparatel
thus the concentration of regular dNTPs well known.

The necessary time required for the bridge assay to complete surface saturation was
examined by stopping the amplification reaction of different arrays at different stegase(

5-3.B). After 1 h, the amplification yield achieved in the surface of the electrodes reached 1/6 of
the total saturation signal obtained typically after 3 h, when conwieti the assay was typically
achieved. The amplification time is much slower than those reported in lignhdse,
heminested strategies, of one primer in solution and the other nested to the sensors. Also the
amplification yield through the time appears be linear instead of exponential, and this
phenomena can be explained due to the fact that the bridge amplification strategy entrails much
more impediments that liquigphase amplification. Higher steric hindrance of the proteins and

the surface, more liited mobility and availability of the primers to be elongated and the
probabilistic mechanism required for the elongated dsDNA to bend towards the surface and find

an additional primer to further expand the amplification.

Doctoral Thesis®Jonathan Sabaté del Rio 109



DNA biosensors based on integrated isothermal amplificadietecton strategies

A) B)
300
300 O control
O control ,
250 - M specific 250 - W specitic
200 - 200 -
&} Q
o c
~ ~
7 150 -
g 150 g
< <
100 4 100 A
50 4 50 A
i H ! H "I“ ’_I_‘
0
1 2 3 6
Amplification time / h
C) D)
300 300
O control O control
250 { W specific 250 - W specific
200 200 -
Q ()
< c
@ 150 A S 150 -
g o
< <
100 - 100 -
N ’_}‘I ’_}‘I ’{_‘ ’-}‘ N m' i ’_}‘ ﬂ
0 0 |_I—|
0.1 0.5 1 15 1:0 1:1 1:10 1:100
[CH,COONa]/ M Primer to lateral spacer ratio

Figure 5-3. Optimisation experiments, regarding) amplification time, B) concentration of sodium
acetate,C) Primer to lateral spacer ratio arid) labelling of one or multiple dNTPs with the presence
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The concentration of sodium acetate proved to be a critical factor to achieve bridge
amplification, and concentrations below 1 M were unable to generate enough DNA bending to
selfsustain the amplication rate, thus not yielding any amplification even after 6Hig(re
5-3.C). Although the concentration of magnesium and the bending effect ori\#sDould have
been tested, this ion is correlated to the rate of reaction: a higher concentration increases the
amplification rate, but an excess amount causesspecific amplificatior?® Therefore we did
not want to further push the limit of the system by increasing the concentration of magnesium,

and only the amount added to initially trigger the reaction was used.
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Different ratics of the lateral spacer were checked in order to obtain the right surface
tailoring, /. e. the sufficient spacing between forward and reverse primers to allow the formation
of dsDNA bridge structure and ensure a seiétained amplification rate~igure 5-3.D). The
spacing was obtained by increasing the concentrationrmE&aptel-hexanol while keeping
the concentration of the primers constant. No sipgq1:1:0 molar ratio) and a:1:2 ratio yielded
an amplification that was statistically distinguishable from the controls, we thought this signal
was due to the initial solgghase amplification phase in which target DNA is amplified on the
surface of th electrodes but bridge structures is seldom generated or not generated at all.
Although a spacing generated by d:20 ratio provided larger bands, the variance between
electrodes was quite high probably due to the low chance of bridge formation andrmuing
extension towards the nearest neighbours, not producing enough saturation utit2@dlmolar

ratio was tested.

The areas from the specific FINTPs bands obtained by differential pulsed voltammetry
method were proportional to, respectivelye amount FedNTP present in the amplified region
of the surface tethered primers. And therefore, the amount of label was also proportional to the
starting target concentration of dsDNA for each assay. The strategy represents a huge
improvement in terms bprotocol simplicity, due to the fact that detection can be performed
immediately after the amplification without the need of adding any extra hybridisation or
conjugation step nor any substrate or reagent like TMBYH The amplification time required
to achieve surface saturation, 3 hours, was longer than previously published methods due to the
fact that pure soligphase amplification is less efficient. Ngpecific primers were used for
control assays yielding no significant difference between thefgpaaod the control electrodes
(Figure5-4.A). Specificity of the amplified sequence on the primers was examined by denaturing
the surface, thus producing the unfolding of the bridge formation, and hybridisation the end of
the amplified primers with HRRabelled reverse and forward primers. The amount of hybridised
HRP-primers was determined by chronoamperometry in the presence of TMB/Hbroducing
a negative current proportional to the amount of oxidised TMB in solution (represested

positive current) Figure 5-4.B).
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The calibrationcurveof the FGANTP strategy is shown iaigure 5-5. In terms of LOD,
sensitivity and reproducibility, thistrategy dichot show as good results @®viously reported
strategies using labellgdimers. The noAemplate control is represented in the calibration
curve as the mean value of the blank plus three times the standard dewiatiosm blank The
fact that DPV is a very sensitive techniquaermms of signaio-noise ratio gave very low control

signals, and still an acceptable LOD of 1.3*4Hl.
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Figure 55. Calibration curveof the solidphase bridge RPA with FENTPs
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5.6 Conclusiors

Solidphasebridge recombinase polymerase amplification of a dsDNA target have been
achieved on the surface of gold electrodes. Both forward and reverse primers were immobilised
by thiol chemistry cammobilisation of the primers and-Bercaptel-hexanol, using a primr-
to-spacer molar ratio of:1:200, and a concentration of sodium acetate of 1.5 M to allow enough
bending flexibility to the 144ép long dsDNA target to ensure the sustained amplification in
neighbour primers. Detection of the amplified material wasrieat out by incorporation of
Fc-dNTPs during the amplification and engoint differential pulse voltammetry measurements
following the complete electrode saturation after 3 h. The performance of the assay in terms of
limit of detection was 1.3-18M. This strategy represents a simple and generic electrochemical
option to amplify and detect multiple sequences simultaneously due to the fact that primers are

anchored and spatially separated and prigiiener formations are not allowed.
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