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Summary

The objective of this work is tdevelop tools that enable low cost, poinf-use molecular diagnostics. An
electrochemical platform based on screen printed microsystems was chosen for this purpose. The first step for the
proof of concept of such devices is to ensure that screen pringeldon electrodes (SPCE) can be used as functional
elements in the molecular diagnostics assay. This thesis focuses on methods to increase the reliability and
reproducibility ofscreenprinted electrodebased molecular assays. For the proof of cond@ptodinium armiger

atoxic microalgaevere used as targetRecombinase Polymerase Amplification (RBA)isothermalamplification
method, was chosen because it che easilyincorporated in portable point-of-use devices The most important
problem encounteed when using SPCE is the rapecific interactions of the components of the assay with the
porous and irregular surface of the electrodes. Such interactions influence both the assay and the detection in
unpredictable manner affecting the reliability ofafresults We demonstrate that two methods can remedy to a
large degree these problems: in the first approach elegrafted carboxylated diazonium was linked covalently to

the aminated DNA probes (recognition layer) on the SPCE su#aitdoride diazoium salt wasused to block the
non-specific adsorption of horseradish (HRP) labels that were fssefktection.Surface modification was achieved

by mixedlayer electragrafting performed for the primary carboxylated diazonium salt (DCOOH) and thefilback
secondary chloride diazonium salt (RONA hybridization and detection in both solid and liquid phase RPA formats
reacheddetection limits (LOD) of 0.1 fM and 0.3 fM respectively. This approach requires wet chemistry and

electrochemical activationfdhe electrodes during manufacturing, complicating production and increasing its cost.

Electrode surface modification by drop casting is a method more appropriate for large scale production. In the
second approach the surface of SPCEs was modified aliti{leLysine) polymer crosslinked with polyethylene glycol
diglycidyl ether (PEGDE) that also attached the aminated DNA probes (recognition layer). In this approach, treatment
with PEG oligomers avoided the HRP3pecific adsorptionDNA hybridization and detection usiaglid phasdrRPA
achieved.OD of 0.1 fMTheelectrochemical detection for theeveloped systerfor dsDNA targetvas unsuccessful

for liquid phase RPAmplification. And in order to be able to calculate the true L&8maller concentration range

target and dsDNA target should be performed in order to obtain the true LODs.

In a further refinement of the method, primers incorporating the HRP label were used streamlining the assay and
reducing the number of steps requig user intervention. The resulting biosensors were reproducible and selective
allowingamplification and hybridization at the same time aachieving analysis times as short as twenty minutes
from sample application to result readout. These approaches foam the basis of integratedcreenprinted

microsystems if the reagents can be dried and stored in these devices.
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Objectives

Thesisobjectives:

General objective:

To develop a generic electrochemical Dplatform based on screeprinted carbon electrodes (SPCHe)
molecular diagnostics. This platforleads tocheap, available, fast, easy to usensors and can besasily adapted

to the applicaton.

To achieve this general objective, the following specific technical objectives have been set:

U To survey of methods for screen printed carbon electrod®BGBssurface functionalizatioto achieve
proof-of-conceptof control of non-specific adsorptin on the surfaceo allow reliable and reproducible

DNA target detection when said target is labeled with horseradish peroxidase (HRP).

U To apply the most reliable configurations of surfanedified SPEs for the isothermal amplification and

detection ofkarlodinium armigeas ax example of validation of the electrochemical platform

U To advance in the integration of amplification and detection in a single device by demonstrating the

feasibilty of the online reconstitution of dried reagents and temperature control of the device.
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Introduction






I. Integrated moleculardiagnostic devices for the poirbf-need

1.1.1.The needand requirementdor integrated molecular diagnostics

The term molecular diagnosti¢d1D) as used in this thesis refers to the detection (and ideally, quantification) of
specific genetic material sequences or mutations in a complex sample. One might ask why in the era of next
generation sequencing and its multiple applications and renditianpaverful and integrated instruments (see for
examplgl] for a recent comprehensive review) is necessary to investigate fpbineed & A OSa ® | f (1 K2 dzZ3AK
might come to mind as an answer (and cost is indeed a significant parameter) ease of use and rational utilization of
resources is a more plausible answerost impactful applications of molecular diagnostics do not require full
seqlencing capability but do require immediate results. Examples include pathogen detection for infectious disease
control and treatment, food and water safety and quality assurance, antibiotic resistance detection, diagnosis of some
cancers, and even some pe@nalized medicine solutions. These applications comprise more than 80% of the bigger
than $(US) 10 billion market of molecular diagnostics, a market that could be much bittiercduld be applied at

the point-of-need[2]. Itis therefore desirable to make available MD devices at the point of need, not only because in
some environmentsvhereresources aretited, but also because the very nature of the applications demand it.

For molecular diagnostiaevices to reach the point of need, they must be integrated. For the purposes of this thesis
an integrated MD devicaleally should be able to carry out as nyaas possible of the unit operations needed for
analysis without or with minimal user intervention: sample pretreatment and extraction of DNA, target amplification,
labelling, hybridization, signal amplification, detection, and quality control shouldeaiebformed in a seamless
sequence producing a result in a reasonable time (usually accepted to be less than 30 minutes). In this definition of
GAYGSaINIFGA2Yye aASOSNIf OK2A0Sa KIS 0SSy YIFRSY I&LIXAFAO
generic applicability, hybridization has been assumed as the method of choice for detection as it is more convenient
for miniaturization and detection without gels, labelling has been accepted since it provides signal amplification, more
detection methodchoices and lower limit of detectiotn addition, we will limit our discussion to integrated devices
based on electrochemical detection because we believe it to provide more flexibility for the resulting configurations,
very good detection limits, andraplicity in instrumentationMany Labkon-Chip (LOC) devices have been described
(see for exampl] for a comprehensive review) that indeed are fully integrated. However, althaldDC device is
usually the sizef a credit card, normally it requires a more sophisticated, purgmgét instrument that is not only
expensive, but also difficult to transport and usually not present when the need a@sesambition with this work

was to facilitate the reduction tonactice of a much more usable device requiring no instrumentation. To achieve
this, the very first step of analysis (sample pretreatment and extraction of genetic material) can be excluded from
integration since a cost/benefit analysis indicated that favstapplications, simple easy to use kits can be applied
without the need of any instrumentation providing a sample (a genetic material target) usually dissolved in an
aqueous buffer.

To our knowledge, the work by Tsaloglou et[4l.descrbes the only fully integrated electrochemical

amplificationfgenosenosmevice. It is realized by combining paper fluidics with screen printed carbon electrodes
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(SPCE) as detectors of AN G A Y SR St SOGNRBOKSYAOI ft& | Ourkegeérchiega SNOI £ |
has proposed a differenplatform that can be usedor integrated molecular diagnostic devices. The device is
reproduced in Figurél.1) with the different functional and structural elements explained hen&h[6]. Briefly, the

platform delivers the extracted sample through capillary flow. It lends itself to MD device development due to the
possibilityd 2 aG2L) GKS Ff2¢ dzaAy3a St SOGNROKHANALOF tIf &F A NHIA 2 QIKSIRY
reagents are $solved and amplification is given enough timednoughtarget copies to be created and labels to be

introduced (valve 1 off). When this unit operation is completed, the valve is turned on and the amgutifiédbelled

target (amplicon) enters a seconthamber where it is hybridized on the detection surfaces¢aeenprinted

electrode) while valve 2 is off for hybridization to complete. Next, valve 2 opens and the sample flows to a third
chamber where a second detection surface can be used for qualittyat of the assay (by capturing for example a

control sequence). Finally, the captured amplicon(s) are detected (and ideally quantified) by appbyiitgbée

electrochemical protocol on the detection and control surfaces.

Control

sensor
electrode

Valvel Valve2

Dried reagents

Figure(1.1): Prototype of electrochemically operatedreenprinted platform for integrated molecular diagnostics that is enabled

in this thesis. Screen printed electrodes can be used as functional and structural (wall) elements dedimilfagyanicrochannel.

In this figure the walls are created by laminating a spacer and a transparent cover. Electrodes (grey as counter/referencie and bla
as working) are printed in pairs. Grey/black pairs are sensing electpumigoned on the walls of the capillary. Black pairs

(traversing the capillary) act as electrochemically activated superhydrophobic valves.

The important characteristic of this platin (and of interest for this thesis) is the fact that its manufacturing is also
integrated: the whole device can be produt using screen printingnd lamination, having previously modified
electrodes and deposited reagents in the chambers. These processes are well known and optimized since they have
been the production methods of choice for electrochemical biosensors itagte80 years. For this thesis they pose

the challenge to make sure that the electrochemical assays and detection can be reliably carried out on screen printed
electrodes. For thiseason,in the rest of this Introduction we examine in some detail theedt#ht components of

the device and the unit operations that take place in it.

1.1.2. Screen printed electrodes (SPES):

Printed electrochemical biosensors have been gaining interest and studied ovef8}e&smbining the screen

printing technology with electrochemistry to develop electrochemical detection systems for DNA arrays on low cost

4



SPEs surfaces has been addressed for different applications. To build an electrochemical genosensors based on SPCEs
the procedure has to be divided into different steps: immobilization, hybridization, labeling and det&3{ib0.

Some examples for different applications like environmental monit¢tibpand environmental protectiofi2][13],
point-of-care analys{d44][15], food monitoring16][17][18], and chemical and biological warfare protection and
monitoring19]1[20]. Through all the electrochemical techniques, chronoamperomtery (CA) using horseradish
peroxidase (HRP) and its substrate TMB provides more sensitivity compared with other electrochemical techniques

like voltammetry8].

An electrochemical DNA based senor for DNA damage detection has been developed using screen printed gold
electrodes and AuNPs. The AuNPs have been immobilized on the gold sudéetiogleposition, and the thiolated

DNA probes then attach¢@l]. For DNA quantificatigndifferent DNA based sensors have been developed. For
example, an electrochemical sensor based on using aminated silica nanospheres on SPCEs and AuNPs. The aminated
silica used to link the aminated DNA probes by covalent bonding using glutaraldehydasslanker, and the

AuNPs used as a transducer. The developed DNA based sensor shows a linear range.®fuM22]. Another
developed electrochemical DNA senor based on aminated silica hanospheres linked to aminated DNA probes and
AuNPs and methylene blees a redox indicator has been developeddarcinogens detectiariThe developed DNA
sensor shows a linear range of 0.0005 to 0.01 ppm for cadmium (Cd) with a LOD of 0.0023].ddsing the same
described system, a DNA based electrochemical sensoafoinogens detection in food samples. The LOD achieved
was 0.0001 ppm, and a linear range of 0.0001 to 0.1[@gin

A portable label free electrochemical DNA aptnsor based on gold screen printed electrodesBoranthracis
detection has been developed achieving a linear range betweéiCEW/mLand 5xf@FU/mL and a detection limit

of 3x1¢ CFU/m[25]. A reagentless electrochemical aggansor based on SPCEs was developed for tetracycline
(TET) determination in water. The amino aptamer wasobilized on the SPCEs surface through a covalent bond
showing a linear range of 0.Q&g/L to 20ug/L, with a LOD of 0.035g/L[26]. A developed electrochemical DNA
sensor based on DNA amplification for Ebola virus detection kas Introduced. The fabrication steps were
followed by the EIS, and the detection was achieved by the DPV achieving a LOD of2Z]7 AMimpedimé&ric

sensor based on SPCEs and AuNRSifuars tristeza viruguantification and detection has been reported achieving

a linear range of 0-10 uM[28]. Fully printed system based on graphene oxide and AuNPs for DNA quantification

and detection has been described, achieving a linear range of 0.01pME®]



SPEs biosensors development

Portability
Miniaturized biosensors

Valve 1 Valve 2

Operators sensor  Control electrode

Dried reagents

Unit ot e Mixing Inc\.::mr\ Reaction  Qualtiy
operations et oA Eeqroe Detection  line

Time : )
constants ~2min  ~5min  Immed. ~20s i

Applications

Diagnosis Food analysis

'1‘, _lh ’Lr_}"' ‘ N

Environmental monitoring

Figure (1.2): Developed portable SPEsdensors applicatioria molecular diagnostics, food industry, and

environmental monitoring and protection

1.1.3 Biosensors:

Thelnternational Union of Pure and Applied Chemistry (IUPAC) definition for the biosensor is an integrated analytical
device for specific bianalyte detection and monitoring. The detection of the analyte is through adzognition

layer which acts as theidlogical sensing element specific and selective for the analyte. The biosensor should
perform with a reasonable limit of detection (LOD) for the analyte. The concept is to change the biological signal into
an electrical signal using a transducer. Depegdim the transducer type biosensors are classified as optical,
electrochemical, thermal etc. The biological recognition layer is a molecule with high affinity and selectivity for the
analyte such as an enzyme, protein, nucleic acid, antibodtc. The ype of the recognition layer is another
biosensor classification scheme, for example enzpased sensors, tisstmased sensors, DNA biosensors. The
biosensor as an analytical device can be joined with some separation techniques likgeHaimance liqui
chromatography (HPLC) or sample and reagent injection systems like flow injection analysis (FIA). This HPLC or FIA
system are part of the biosensor but are not considered as biosensors even if they contained some reagents
reservoir$30],[31],[32],[33].
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types different recognition layers could be used. The electrical interface to transport and detect the changes inlidngécolid

interface where the analyte would be detected by the recognition layer

i DNAbiosensors:

The DNA based biosensors rely on the use of a nucleic acid segDBi#GeRNA, or aptameas the recognition

layer. The detection is achieved by the binding of the nucleic acid sequence to the complementary strand. The main
uses of the DNAiosensors as a molecular diagnostic tool for pathogens infections, genomic disorders and diseases,
biological warfarg84]. The DNA biosensor is constructed as any biosensor; immobilization of the recognition layer
known as the capture probe. The immobilization achieved by different methods such as physical nmidods
adsorption, electrostatic interaction, hydrogen bonding etc. or via formation of chemical bonds using-rdtess

Other modifications might be needed depending on the material of the biosensor, the detection indicator and the
application. For instnce, an antifouling agent should be used in order to use some electrochemical indicators to

reduce the nomrspecific adsorption of this indicator on the surf§g#.

1 Electrochemical biosensors:

Electrochemical techniques are simple, and can be applied with relatively simple equipment which is the reason why
they are extensively us¢gb]. Electrochemical techniques used for biosensors can be amperometric, potentiometric
or impeadimetric [34]. Most of the work undertaken in this thesishiased on chronoamperometry (CA).

As mentioned before, especially for affinity biosensors an electrochemical label allows the detection of the

biorecognition event. In this thesis especially two electrochemical ldizsle been used:



1. Gold nanoparticlegAuNPS)

The importance of AuNPs is the ability for different functionalization with different biological molecules such as
proteins, antibodies, and oligonucleotides for different biomedical applications. Besidgsare stable, non

toxic, and a homogenous particle size profile can be achieved. They can be detected by monitoring changes in
surface plasmon resonance (SPR), redox behavior (electrochemical detection), and conductivity when the
analyte recognized byhe functionalized AuNPs. Functionalization is achieved by using a thiolated biological
molecule which is adsorbed on the Au surface to form a stable functionalized particle. AuNPs have been divided
into three types: (i) one dimensional NPs like nanowireg@anotubes, (ii) two dimensional NPs like nanoplates,

and (iii) three dimensional NPs like nanotadpoles and branched AuNPs like nanostars. The most used form of
AuNPs is the spherical shape NPs because they are easy to synthesize. Due to their tuitablproperties

with the particle size, AUNPs are widely used in drug delivery and theranostic. Several methods have been
developed to synthesize AuNPs like physical method by irradiation, biological method or known as the green
chemistry, but the most sl method is the chemical method. Depends on the size, shape, and surface
functionalization a chemical synthesis protocol can be adopted. For instance, reduction of hydrogen
tetrachloroaurate (HAu@l with citric acid in boiling water is used to produceNRs and by changing the

gold/citrate ratio the size can be controlled. One disadvantage of using AuNPs is the irreversible aggregation

after functionalization which can be avoidading a surfactaf86],[37],[38].
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2. Horseradish peroxidaséHRP):
Horseradish peroxidasea single polypeptide of 308 amino acid residoeginates in the horseradish plant roots.
It’s structure contains proteins that contains a heme as a redox cofactor. The importance of the HRP in the biosensors
its use as a reporter, where it catalyzes thestrateoxidationand hydrogen peroxideeduction reaction(redox
reaction)which could be followed by the change in color. The intensity of the color is proportional to the amount of
the analyte. In electrochemical biosensors the detection achievethéyddition and oxidation of a substrate by
the HRP and peroxide reduction. > o -TEtmmgthylbenziding TMB) is a typical substrate for HRP reporter

oxidation reduction reactioj39],[40].
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Figure (1.9): a) Horseradish peroxidasghemical and 3D structurf29], b) TMB oxidtion by the HRP

1.1.4 Screen printecelectrochemical biosensorprogress

Electrochemistry provides rapid, cheap and easy to use technology for detection. Moreover, it could be used directly
on fields for simultaneous detection especially rasourcedimited environment§41]. Printed electrochemical
biosensors have been gaining intet and studied over yed®. Combining the screeprinting technology with
electrochemistry to develop electrochemical detection systems for DNA arraysaooost SPEs surfaces has been
addressed for different applications. To build an electrochemical genosensors based on SPCEs the procedure has to
be divided into different steps: immobilization, hybridization, labeling and detef8j¢h0]. Some examples for

different applicationslike environmental monitoringg1] and environmental pragction12][13], point-of-care



analysi§l4][15], food monitoring16][17][18], and chemical and biological warfare protection and
monitoring19][20]. Through all the electrochemical techniques, chronoamperomtery (CA) uwmingeradish
peroxidase(HRP)and its substrate TMPBrovides more sensitivity compared with other electrechical techniques

like voltammetry8].

An electrochemical DNA based senor for DNA damage detection has been developed using screen printed gold
electrodes and AuNPs. The AuNPs have been immobilized on the gold surface by electrodeposition, and the thiolated
DNA probes then attach¢®l]. For DNA quantification, different DNA based sensors have been developed. For
example, an electrochemical sensor based on using aminated silica nanospheres on SPCEs and AuNPs. The aminated
silica used a link the aminated DNA probes by covalent bonding using glutaraldehyde as dikessand the

AuNPs used as a transducer. The developed DNA based sensorashiogar range 01090.5 uM22]. Another
developed electrochemical DNA senor based on aminatiéch nanospheres linked to aminated DNA probes and
AuNPs and methylene blue as a redox indicator has been developedrinogens detectioriThe developed DNA
sensor shows a linear range of 0.0005 to 0.01 ppm for cadmium (Cd) with a LOD of 0.0023].dgsing the same
described system, a DNA based electrochemical sensoafoinogens detection in food samples. The LOD achieved
was 0.001 ppm, and a linear range of 0.0001 to 0.1 [pfh

A portable label freeelectrochemicaDNA aptasensorbased on gold screen printed electrodes fr anthracis
detectionhas been developed achieviadinear range between #*@€CFU/nLand5x1¢ CFU/nband a detection limit

of 3x10 CFU/M[25]. A reagentless eleacichemical aptesensor based on SPEs was developetetoaicycline (TET)
determination in water. The amino aptamer was immobilized on the SPEs surface through a covalent bond showing
a linear range 00.05ug/L to 20ug/L, with aLODof 0.035ug/L{26]. A developed electrochemical DNA sensor based

on DNA amplification for Ebola virus detiea has been introduced. The fabrication steps were followed by the EIS,
and the detection was achieved by the DPV achieving a LOD of 427nkh impedimetric sensor based on SPEs

and AuNPs foCitrus tristeza viruguantification and detection has been reported achieving a linear range df@®.1
UM[28]. Fully printed system based on graphene oxide and AuNPs for DNA quantification and detection has been

described, achieving a linear range of 0.01 tquRJ29].

1.15. Reagentles®lectrochemical biosensordevices:

Reagentless electrochemical DNA biosensors for DNA detection have been early describexhntge, the
reagentless transduction for DNA hybridization and detection using DNA capture probes labelled with ferrocene.
The electron transfer changes due to the hybridization on the Au electrode surface, could be monitored and detected
electrochemicaif[42],[43],[29]. Different reagentless electrochemical DNA sensors were described and reported in
literature for different analytes such as for glucose deiaation in diabetept4], human immunodeficiency virus
(HIV)detectiofd5], genetic biomarkefgd6]. Besidesnucleicacids, other reagentless DNA biosensors have been

developed for protein and small molecules detection for diagnostics and environmental aialygi8]. Paper
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based reagentless electrochemical devicesfmical, pharmaceuticafood analysis, and forensic applications were
described as loveost analytical tool[g9],[50]. The first reagentless labfrke electrochemical device for multiplex

DNA amplification and detection has been described by M. Cooper et.al. They have developed a multiplexed assay
that can amplify and detect an analyte in the whole blfiid. A selfpowered reagentless electrochemical biosensor

has been reported by Wolfgang Schuhmann in 262]7
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II. DNA amplificationmethods

As mentioned previously, the first step in the MD assay is the amplification of genetic material, obligatory in most
applications due to the low number of target copies present in the sample or the very low LOD obliged by regulations
or pathogenicity. Amjification also gives the opportunity to introduce labels in the amplicons and thus facilitate
detection. For the platform introduced in Figufk 1) the preferred amplification method is isothermal, however in

what follows we give a general introduction amplification methodsThe polymerase chain reaction (PCR) has
been the prevalent amplification method in molecular biology and molecular diagnostics. PCR is a rapid and robust
amplification method for a specific DNA sequence, first reportedviojlis in 1990 for DNA amplification and
detection. PCR is relying on cycles, where the number of DNA copies is doubled each cycle. Therefore-a thermo
cycler is used to cycle the temperature needed for denaturation of the double strand DNA sequencdingnnea
amplification and copying using PCR primers, and then repeat the cycle again. The primers are specific DNA single
stranded short sequences that can attach to the strand depending on the complementary sequence. At least one set
of primers could be ugkfor amplification, a forward primer and a reverse primer where they attached at the
annealing stag®3]. A polymerase enzyme and deoxyribonucleotide triphosphate (dNTP) should be added for the
PCR to take place, the polymerase facilitates the primers extension process by adding the dNTP that is
complementary to the one in the original strgidd]. There are many different types of polymerases the most
common one is the thermostable Taq polymer&dd. Since then PCR is widely used as a tool for medical diagnosis
and warfare diagnosi®6][57], food analysis8], environmental monitorings9][60]etc. Due to the need for trained

personnel and a thermocycler, PCR is difficult to be envisioned in aqaieted device as described above.

Due to these limitations of PCR, extensive research has taken plaayétop isothermal amplification methods.
Recombinase polymerase amplification (RPA) is a single tube isothermal reaction developed as an alternative to
polymerase chain reaction (PCR) amplification. The RPA reaction has been firstly reported in 200i¢snDurg

et al. along with a developed assay for amplified DNA detef@idjn The RPA kit is commercially available from
TwistDx companywww.twistdx.co.ul, both in solution and dried form. The kit contains a rehydration buffer,
magnesium acetate (Mgacet), dNTPs, and polymerase. In the solution form each reagent should be added
individually, but for the dried form thpolymerase, high molecular weight polyethylene glycol, binding proteins are
dried in as a small solid pellet. The process is the same as in the PCR except for the need of a thermocycler, there is
no need for temperature cycling since it is an isothermalt®on. The primers should be added, the recombinase
protein interacts with the primers which facilitates the attachment to the complementary sequences in the
template. Due to this interaction between the recombinase protein and the primers, the reastisothermal. The

primers used for RPA could be the same for PCR or could be designed specifically for RPA. The optimum primers
length is 3635 bases but shorter primers have been reported to work efficigb@}63] while longer primers tend

to secondary products and primers artifaj@4]. RPA works at temperatures ranging fromO22to 4%)C, and in

some cases there is no need for heating element or temperature control sy@nin other cases differa
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temperature controlling devices were reported such as body [&&tand chemical heatef§7]. The high molecular
weight polyethylene glycol which is considered as a crowding agent, stabilizes the recomprinasecomplex64].
The RPA reaction time varies for most of the reported assays, while the optimum time is 25 min to consume all the

reagents, reactions as faas 4 min were reportef8]. RPA reaction can be performed in two different ways:

() Solutionphase where the primers ahthe RPA components are mixed in one tube and incubated for the
time needed to reach the amplification saturati¢iigure 1.10). This is the better approach because lower LOD can

be achieved as well as faster reaction time till saturation. The amplditatétection and analysis are mainly done

by gel electrophoresis, but electrochemistry is widely used due to its sensitivity aneeffitient analysis. The
electrochemical approach relies on a tail in the amplified target that is complementary to aegptie immobilized

on a solid support. The interaction between these complementary probes could be detected electrochemically
depending on the electrochemical indicator used. Some examples are using chronocoulometry for horseradish

peroxidase (HRP), diffential pulse voltammetry (DPV) or square wave voltammetry (SWV) for AuNps.

Rev-HRP Template
dH,0 RPe'p?Iates
BAAR
Rehydration buffer I.“.V;‘ 4‘
280mM MgAC
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Figure (1.10): Solutionphase RPA proceatere the two primersvill be added to the RPA mixture and incubated for a specific

time to achieve the isothermamplification

(i) Solid phase where one of the primers immobilized on a solid substrate then a mixture of the other primer
and the RPA components are incubated for the time needed to reach the amplification saturation. This
approach provides the capacity afrailtaneous detection and facilitates multiplex assays. The detection

technigues can be colorimetry and electrochemigfigure 1.11).
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Figure (1.11): Soid-phase RPA proceatere one of the primers will be immobilized on a solid support and theraiteclitvith

the RPA mixture for a specific time to achieve the isothermal amplification

Recombinase polymerase amplificati®PA is a promising tool for mulpathogen detection in environmental
monitoring69],[70], food safety71],[72] and clinical testing and diagnostji¢8],[74]. RPA is a DNA amplification
method at room temperature with no need for a thermo cycler like PCR. It is easy and fast to be perforened

tube reaction by mixing the prirars, pellet which contains the enzymes required for amplification, magnesium
acetate, and the targetSolidphase RPA provides the ease of fabrication of pofrtare devices for molecular
diagnostics such as microfluidic devid&g. The strategy mainly relies dhe immobilization ofone of the primers

on asurface. The RPA mixtui®added to the surface where the primer has been immobiliZdter the enzymatic

reaction the templates amplified on the surface where it coulekeasily detecte[f6]. RPA was demonstrated to

ease the fabrication of an electrochemical pajpased devicE7]. The device is lowost, portable andvas applied

in aresourcelimited environment. Also, RP#hows the capabilities for multiplex detection as repofté®],[79]. A
lap-on-chip device has been developed for target amplificatioNefsseria gonorrhoea&almonella enterica and
methicillinresistant Staphylococcuaureus (MRSA) using genomic DNAe detection achieved by labeling the
reverse primer by duorophorg78].

Zachary Crannell et.al, introduced the first latdtaw system based on multiplex RPA for Giardia, Cryptosporidium,
and Entamoeba at T in 35 min. They used a biotinylated reverse primer with fluorescence labelled DNA probe
for the Entamoeba, Alexa FludB8 for Giardia, and digoxigenin for Cryptosdarm. These fluorophores chosen
because of their low cost and availability to mark the DNA probes. The LOD using genomic DNA for 444, 6, and 9
parasites for Giardia, Cryptosporidium, and Entamoeba respectively. The signal to background ratio was higher by

1.5 order of magnitude than the singlet detect[80].
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A centrifugal micredevice basd on RPA used for multiplex and reahe detection of three food poisoning bacteria

in milk (Salmonella enterica, Escheiécholi and Vibrio parahaemolyticus) is demonstrated by Goro Choi et.al. The
multiplexing performed by running twelve RPA reactions simultaneously in four different chamberGf@9
30min. The sensitivity was 4 cells per B2 of milk sample; and detting by collecting the fluorescence signals.
Some limitations and disadvantageous were incorporate with this device including the complexity of the design. The
need for the custom portable genetic analyzer with miniaturized optical detector is esskmtihle detection, is
another drawback which increases the cost. Besides, the temperature and the rotation profiles controlled by a
specific software developed-imousd81].

The use of the DVHzased micrefluidic device for gene detection has been demonstrated. Microfluidic channels
constructed to introduce the RPA reagents and the samples; using immobilized biotinylated prinsénesptavidin
modified micrewell. The device has the capability to detect five different genomic sequences, by introducing 18
samples in 90 parallel reactions. When the sample was introduced through the inlet, it separated to five different
compartments, me compartment per each genomic sequence. The solid phase RPA is bridge amplification approach,
takes place in 4&in at 37PC with a LOD of 48.7 fg of DNA. This device shows high multiplexing capability, no cross
contamination, no primer interference, antess handling. However, bridge amplification has less analytical

performance than the normal solid phase amplificafij.

RPA as a poirntif-care tool described by Han Mihu at.al, to detect plants pathogeratrytis cinereagPseudomonas
syringag and Fusarium oxysporun Multiplex RPAat 37°C in 20 minintegrated with surface enhanceBaman
spectroscopy (SERS) as the detection system. Biotinylated primers for RiRdy, fleporter molecules, AuUNPs core

and complementary DNA capture probes for the RPA amplicons will form a product composed of biotin/fRPA/SERS
which will attached to the streptavidin magnetic beads. The LOD reached was as low as 2 cdiemfmeaand

the method is fast and sensitif&3]. Another SERS detection system example is DNA/RNA biomarkers detection;
prostate cancer detection addressed by Jing Wang et.al. They opt to tREARAt 42C for 15 min. They achieved

39% specificity, 59.3% sensitivity, and 94.2%ueacy83]. Also, a new method was developed to detect five RNAs
biomarkers in tumor and urine. The system is based ofRRA and uses SERS as the detection system. The assay
Gr1Sa LXFrOS Ay yn YAY FOKASOBAI | aSyardAagrade 2F wnn

Micro RNAs are a new class of biomarkers especially for cancer. Due to the short length of these tliidés

the detection is mainly based on PCR where the length would be manipulated and increased by introduction of some
modified PCR reagents. A new mettfod multiplex detection basgon RPA for miRNAgasdescribed. The ligation

of the RNA template achieved by PBCWNA ligase for better performance. The titoeresults is 30 min compare

to 2h when using PCR with portable fluorimd&s].

Anew approach to detect DNA from antibiotic resistant bacteria (Klebsiella pneumoniae NCTC13443NbIEELTX

positive)) in human uri@ samplesvasdemonstrated. The method is based on RPA for probes amplificatiorfat 39
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in 40 min with LOD of 1000 bacteria in 1 mL urine. The work presents a new protocol for bacteria lysis,-DNA pre

concentration protocol in 3.5 min, and then amplify tetracted DNA using R[34].

RPA assay for porcine circovirus 2 (LW 20 min at 38C with 103 copies LOD hasem reported87]. Eid C et.al,
integrated RPA with rapid cell lysis and isotachophoresis (ITP) to test the performance of their constructed ITP
extraction unit. The procedure used for monocytogenes detection in whole blood witkl®* cells/mL LOD in 40

min at 4PC. An Indiunflin oxide (ITO) heater used to maintain the temperature profile homogenous for the
RPAB8]. Another example for PC¥detection is the work presented by Yang Yang et.al. the work is based on RPA
at 37°C in less than 20 min integrated with lateral flow dipstick. The sensitivity and the k©C102

copies/reactiorfi89].

RPA as an amplification system for multiple targets for multiple cancer fusion genes RNAs detection in urine samples

wasdemonstrated. The analisstime is 60 min with 2 ankd1000 copies) LOD for nemvasive multiple variants of
TMPRSS2: ERG fusion gene mutations in prostate cancer (PCa), using ReAoat1%/mife0]. Another one step
RNA amplification and detection systewere proposed by Bonhan Koo et.al. the system is based on reverse
transcriptase RNA amplification and detection usiegl time RPAt 43°G on bio-optical sensor for labdiree

RSGSOGAZ2Y 2F GANIt wb! Ay lowasthan ¥id ngal time @¥elsSt@nsyiiptasé PCRh 5
assay9l].

All above mentioned developed sensors and devices based AndREhermal amplification are either laboratory
devices, not cost efficient, or not very compatible for resource limited environments. Hence, there is a need for a
miniaturized lapon-chip microfluidic device for molecular diagnostics for resource limgagironments. The
novelty of the device is the ability for functionalization depends on the needs. By changing treefiAce othe
recognition layer different analytes could be detected. This even could be incorporated in one microfluidic device

as amultiplex detection.
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I1l. Modification of SPEs surface

The central objective of this thesis is to facilitate the detection of the amplicons on SPEs in the second and third
chambers of the MD platform described in Figure (1.1) The problem that all such devices must solve is common: if
amplification and hybridition are segregated, the amplicon must be presented to the probe as single stranded DNA
6aasb! 0o (KFUG Ydzad 6S ONBFIGSR Ay GKS RSGAOSe® 2SS KI @S
for ssDNA productiof92] To lower manufacturing costs and simplify the as&PEs should be used as both
functional and detection elements in such devices. This requires that the SPE surface be reproducible, and that non
specific adsorption (of reagents and labels) be avoided. It should be noted, that in the vast majorityicHteyd

of SPEs in DNA sensors, the electrode is used simply as a detector and not as a functional part of the assay; for this
reason, norspecific phenomena are not critical for other authors, but in our system this aspect is critical. In this
sense it $ useful to review the most promising methods that have been used to modify and improve the

reproducibility of SPEs.

1.3.1. Diazonium sakbased functionalization

Diazonium salts are a large group of organic compounds with a formNIaNRX where R is any alkyl or aryl and X

is any organic or inorganic anion. The aryl diazoniums are important as intermediates in different organic synthesis
for various compoundf93]. They are prepared by the reduction of the corresponding amine in c8(@) @lutions

using nitrous aci®4]. The elimination of the positively chargeNs mainly achieved througiMeerwein and

Sandmeyer reactiof85].

OH

Figure (1.12): Aryl dazoniumsalts reaction®4]
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Diazonium grafting and electigrafting:

The ability of diazonium compounds to be used surface functionalization madepgbpmiar. The grafting of these
molecules on any solid surface can be done spontanef@&lf97], electrochemicallj@8],[99], or though physical
methodg4100],[101]. This grafting has been widely used in coating by linking bio molecules, polymers, and nano
particleg95]. Figure (1.13) explains the process of diazonium preparation, reduction, and grafting on a solid support.
The reduction step which is the pggafting step could be done through wet chemisty electrochemically by
applying the reduction potential for theNz* using electrochemical polarization, or by scanning the potential using
cyclic voltammetry (CV). The reduction forms a free radical that is highly reactive to another free radical, which is the

solid surface.

H OH H oH H OH
H OH
AN T/ N N N
k L | L
/
‘ HCL / ‘ Reduction Grafting /
N HNO, ‘
| N N

Figure (1.13): Diazonium reduction and giting on solid supportR is any functional group

In-situ generation and electrgrafting for diazonium salts on SPEs for trace Pb (II) detection for environmental
monitoring has been described byBRuden et.al. The interference studies show no majteat from Cu (Il), Hg (l1),

Al (111, Mn (1), Zn (1), and Cd (II); with LORID2M and a LOQ 4x1.0° M[12].

The electrochemical and chemical parameters for diazonium elegttiing on SPEs surface for Cu (Il) detection has
been investigated and reported by Bouden et.al. They concluded that the optimum conditions for Cu (ll) detection
are 5mMdiazaiumsalt concentration, the applied potential48.6V/SCE for 30®at 20°C; with LOD 1.AM and LOQ
4.7nM. the conditions reported produce multilayers not a mono layer on the surface, and the authors claim that as
more layers being grafted as less sijreduced signatecorded for Cu (ll). They explain this by the blocking of the
pinholes that facilitate the C(ll) to diffuse to the immobilized carboxylic gro({pa2].

Another example is the impedimetric apta sensor forsite Orchratoxin A in cocoa beans detection has been
developed by R.K. Mishra, et.al. The system is based on ebpetiting the diazonium on the SPEs surface, and then
coupling the aminated ssDNA via EDC/NHS reaction. The diazotation achisitaedadrelectregraft 4carboxyphenyl

diazonium salt. The sensor is stable, reproducible, and selective with a LOD of 0.1516§/m\n electrochemical
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apta sensor based on diazonium electp@fting has been developed for ubiquitous protein Lysozyme (Lys). Two
aptamers have ben used for comparison, COX and TR#&M linear ranges obtained 6.8 uM for Apt COX and
0.0250.8 UM for Apt TRANZ03].

Aryl diazonium and aryl @tonium derivatives have been widely used due to versatility for functional groups
moietied41]. The diazonium could be generatedsitu for mono or mixed layers, and the surface functionalization
could be achieved via spontaneous graffit@]. Anotherapproach is to use electrgrafting which is faster and
easier, besides it provides uniform layi84}[105]. The ability of the SPEs to be functionalized with the diazonium
and link theDNA to generate a gepgensor has been demonstratidd6]. Different parameters should be optimized
like the density of the aryl diazonium layer and time for deposji6a][107].

A label free electrochemical immunassor was described by SA. Lim et.al, the sensor is built for porcine serum
albumin detection (PSA)-egarboxyphenyl diazonium salt reduced electrochemically on carbon-fieanmodified
electrode SPCEs; and EDC/NHS chemistry to link the antibody.rBloe sieows reproducibility and specificity; and a
linear dynamic range from 0500 pg/mL, with a LOD 0.5 pg/n[14]. Another label free impedimetric
electrochemical sensor for Aflatoxin B1 (AFB1) detection in alcoholic beverages has been introduced. Two aptamer
sequencesvere used tadentify and detect the AFB1 by diazonium salt elegjrafting on the surface of th8PCEs.
EDC/NHS chemistiyasused to attach the two aptamer sequences to the immobilized diazonium layer; then the
incubation with the AFB1 for detection and quantification. The quantification range for the two sequences is from
0.12516 ng/mL; with a LO.12 and 0.25 ng/in[17]. For Aflatoxin M1 (AFM1) detection in milk &ner apta sensor
impedimetric electrochemical sensor introduced byl€&mboulie. The immobilization of the aptamer on the SPCEs
surface achieved after diazonium salt eleetp@fted and activated by EDC/NHS chemistry. The LOD 1.15 ng/L with
a linear rage from 2150 ng/L; using milk concentrations from 20 up to 1000 ng/&p Binding a macrocyclic ligand

on the SPCEs surface has been achieved byasmin et.al, by the electigrafting of insitu generated diazonium
salt on the surface. The macrocyclic ligand uisetl,4,8,1itetraazacyclotetradecane (cyclam), for electrochemical
detection of trace Cu (1) with a LOD X188 M, and a LOQ 4008 M[108]. An electrochemical apta sensor for anti
Ochratoxin A (OTA) detection in cocoa samples has been described; th@chmnditoxin A (OTA) tagged with
methylene Blue (MB). Diazonium salts eleegrafting propose as one of the sevenalethods for aptamer
immobilization. The sensor shows a linear range from -8.0ig/mL, with a LOD 0.01ng/mand a LOQ 0.03
ng/mL[109]. Modified SPEs th reduced graphee oxide (rGO) demonstrated as an electrochemical immunosensor
for multiplex detection of gherlin (GHRL) and peptide (PYY) hormones. The method is based omgeéaigpthe
diazonium salt, and then coupling the corresponding -Boiily using EDC/NHS. The linear current vs the log of the
hormone concentration is from 1% 100 ng/mi_for the GHRL and for PYY from*2(® ng/mL_. the LODs obtained are

for RHL 1.0 pg.ml and 0.02 pd/fior PYY15].

A sensor forPb detection based on AgNRsas introduced by J.PJasmin et.al, the surface of the SREss
functionalized though multiple steps to detect the Pb (Il). The use of the elegtadted diazonium layer is crucial to

bond AuNPs, then another electgrafting step for carboxylic moieties to capture the P8 In-situ generation
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of aryldiazonium salt and electrgrafting on the surface of SPEs modified with selenocystine (SEE@NFE) for Pb

(I and Cd (ll) electrochemical detection. The coupling between the aryl diazonium and the selenocystine has been
achieved by the EDC/NHS reanti The SeCySPCNFE system compared to the previously develop system for the
same purpose i.e. SPEs modified witByistine (CysBPCNFE); and SeC$RICNFE shows better response; i.e. less
LODs obtained by using SeC$RICNFE compare to CERCNHELO]. The first electrochemical sensor for Mucin 4
(MUC 4) detectiora biomarker for pancreas, esophagus and breasteeattas been described by Bosu et.al. The

system is based on-situ generation and electrohemical grafting of aryl diazonium salt, and by EDC/NHS chemistry
the corresponding antibody attached to the modified SPCEs surface. The method showed eafigeairom 115
pg/mLand a LOD 0.33 pgAdill]

1.3.2. Poly (:Lysine) polyme(PLLYased functionalization

Poly lysine is a very interesting molecule due tobitscompatibility, thus it has been used for gene and drug
delivenyf112] and coatinggL13]. Two methods for poly lysine synthesis have been described by Aesculap AG et.al,
because it cannot be prepared from direct polymerization ofnigfdil4], or it can be produced by basic
polycondensation reactidi15]. PLL is a cationic polymer, i.e. positively charged contains one primary and one
secondaryamine. It can be produced naturally by a specific bacterial strain that belon@reptomycesand

Streptomyces albulus

O H
N+H
HoN T
HBr
00]
NH,
= -In

Figure (1.14): Poly(kLysine) polymer (PLL) chemical structure

PLL is widely used through past years for different biomedical and biotechnological applications. Besides, the
adherence of the PLL has beeonfirmed to be better on rough surfaces compared to polished frigg. PLL
positive chargavas used to electrostatically and covalently link the negatively charged DNA ftbBHsorenzo

Berti et al. reported the increase in loading capacity and stability of SSDNA through electrostatic interaction by using
PEGylated P[118].

A developed sensor for Au (lll) detection based on PLL and screen printed electrodes using voltamatgtig
methodswas reported119] An electrochemical biosensor ftnansgenic plants gene fragmenetection using
impedance spectroscopy bdeen developed using PLL+SWCNTs compbag It has been reported that LR

conjugated with PEG enhances the single molecule detection and stability in microarray[$g4fePLL as a coating
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material to improve tle stability of a developed sensors and detection systems has been de$t@Bgd 23],[124].

An electrochemical sensor fbovine papillomavirus (BPV) detection screen printed electrodes based on PLL and
chitosan has been developg®5]. An impedimetric biosensor faeaktime monitoring of dengue virus (DENV)
infection based on PLL and screen printed electrodes has been desdriéddA reported multiplex detection
platform for miRNA detection based on Pahd screen printed electrode has been descriied]. Another
electrochemical sensor based on MWCNTs/AlL/Btmposite has been used famarmacokinetic of theophylline in

rats using square wave voltammetry (SWV) detection sy§i@8]. Another reported platform based on
PLL/MWCNTSs for femtanolar level cholesterol detection usimgntileverhas been reportel 29]. ADNAdirected
antibody immobilizéion sensing platform has been described using PLL and magnetic nanopgr3idleAnother
example is the developed biosensor using PLL and ethylene glycol composiEO®).to linkeptide nucleic acid

(PNA) probdd.31]. A label fee electrochemical sensor fbaptoglobin (Hp) biomarkdrase onblack phosphorous
nanosheets PLLand antibodies on screen printed electrodess been demonstratdd32].

The single base mismatch or point mutationd #amer length oligonucleotideshave been detected by a lab&ke
approach which detect nM concentrations within minutg33]. Another example for mismatch detection the use

of afluorescent singldabeled DNA proband graphene oxidéGO)o develop fast and costffective strategjl34].

The cationic polymer poly(Llysine}graft-dextran (PLig-Dex) enhances the kinetics of hybridization and
amplification. Also, thgraphene oxideGO prefers to link to ssDNA than dsDNA which makes it a rigid amplification
platform for rapid real time DNA amplifiion and detection for real genomic samples. Modified poliy&ine) with

oligo (ethylene glycol) (OEG) and thiolatedleimidehas been linked to thiolatedeptide nucleic acid (PNA) probes

The study concluded that there is a linear relationship betwéige amount of grafted PLL and the PNA probes
densityf135]. A label free DNA biosensor basedloin-core fiber (TCHpodified with PLL and ssDNA capture probe

has been reported using transmission spectroscopy as a detection §8€&jn

Large number of developed point of care electrochemical biosensors based on screen printed electrodes (SPEs) were
described in ligrature. For example the impedimetric biosensor based on PLL and SPCEs for real time monitoring of
dengue virus (DENV) infectidras been described bgheng, et.dl126]. Another example is the electrochemical
sensor based on PLL on screen printed carbon electrodes (SPE®ifar papillomavirus (BPV) detectioncattle

was addressed. The surface of the SPEs was modified with PLL and chitosan to link the BVP [12A]pBdéek
phosphorous nanosheetsere used to develop a labéiee electrochemical immunosensor foeptoglobin (Hp)
biomarkerbased on SPCESs; where the interaction between the PLL and antibodies via electrostatic intgra2tion
Positively charged PLL was used to capture the negatively charged glucose oxidase@@ricyanideon SPEs
surface. The developed glucose sensor showed better sensitivity for glucose due to the electron transfer facilitated
by the positively chayed PLL and negatively charggldcose oxidasedQ) and ferricyanid§l37]. PLL for surface
modification has been used for multiplex detection for microRNA usiagtrochemiluminescence (ECL) coupled
with cyclic voltammetryCV)as detection systems. The ECL and CV were used for signal on and off for dual signal

ratio[138].
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PEGDE is a PEG derivative which acts as alichossfor amine group to an amine group, it has been used to eross

link proteins as hemoglobin. & very soluble in water and contains two very reactive epoxy groups. These epoxy

groups willdzy RSNEBH2 KERNRf&aAa FyR NAyYy3I 2LSyAy3a (2 Fliakdy K& RNZE
amine to amine in dry conditions. The crdsiing is through inter and intra molecular interactions to form the final

crosslinked amine groups produdts39]. Biodegradable hydrogels for drug delivery and monitoring systems have

been synthesized by using PEGDE as a-tink®ss for aminesWe have used PEGDE in this work to crosslink PLL on

SPE surfaceandto increase their biocompatibili (lack of adsorption of proteins).

W/\%O/\‘},O\/W
O § O

Figure (1.15): Polyethylene glycol diglycidyl ether (PEGDE) chemical structure
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Chapter i

Generic platforms (proof -of -concept)
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Introduction

Screen printed carbon electrodes (SPCES) surface is one of the most difficult and challenging surface for modification.
SPCEs have an irregular and rough surface with several additives and polymers that tdtallyodisappear
especially when the treatment is not done at high temperature. This has an impact on the reproducibility and the
reliability of the SPCEs performance as electrodes. Very higkspamific adsorption is a problem when the
electrodes are usd as functional components of the assay instead of as mere detectors. This is avoidable with the
use of the appropriate blocking agent, but the blocking agent could also affect the specific signal or increase the
number of assay steps. In order to findetlappropriate blocking agent, a long optimization process should be
performed against the nospecific control. Among long list of tested blocking agents, one or two would show the

best blocking behavior by comparing the ratio between the specific sigttative nonspecific control.

These norspecific phenomena are especially grave when HRP is used as a label. And we have succeeded to control
the HRP nosspecific adsorption and we were able to develop a platform for DNA immobilization and detection

basedon SPCEs. We used a simple model system to search for appropriate blocking of the electrodes that does not
depend on the other assay steps (for example amplification or labeling). This model system comprises poly 15T as a

capture probe and poly 15A as themplementary sequence (emulating the amplicon).

Two surface chemistry strategies have been tested and validated, diazonium salts-gkadtimg and PLL polymer
drop-casting. We considered the polymer droasting because it is the most appropriate apgech for large scale
production and manufacturing. Multiple steps and the use of wet chemistry during manufacturing are the

undesirable characteristics of the diazonium salts elegmafting approach for mass production.
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I. Diazonium electrografting on screen printed electrodes
2.1.1.Problem:

Modification of SPCEs surface using diazonium elepttiing for DNA probes immobilization and detection to
avoid nonspecificresponse.

2.1.2. Solution

Herein we are demonstrating an electrochemical genosensor for DNA detection based on SPCEs and aryl diazonium
electrografting and comparing the efficiency to glassy carbon electrodes (GCEs). The diazonium has been
synthesized,characterized and then electigrafted on SPCEs and GCEs surfaces. We usgdldiiexyN-(2-
morpholinoethyl}carbodiimide methyp-toluene-Sulfonate (CDMI) as a cregsker to crosdink carboxylate groups

to amine groups in order to avoid the large molées and different byroducts using regular EDC/NHS reaction for
crosslinking, i.e. avoid the steric hindrance. The concentration of the diazonium, elgrfting parameters, and
immobilization and hybridization parameters has been optimized achievio@D 2.6 nM with a linear range from

10 to 100 nM and 9.5 nM with a linear range from 20 to 200 nM for GCEs and for SPCEs respectively. Although the
performance is acceptable, wet chemistry where many reagents are involved and multiple steps for surface
functionalization are the limitations for this approach to be used for any POC device or sensor manufacturing. Then

for the largescale production we should consider an easier, faster, and reagentless strategy.

2.1.3.Materials and method:

All reagents were useds received.hyclohexyiN-(2-morpholinoethyl}carbodiimide methyp-toluene-Sulfonate

(CDMI), Phosphate buffered saline (PBS), Strontium Nitrate (Sr (NO3)2), Potassium Chloride (KCI), Sodium acetate,
Potassium hexacyanoferrate(lll) :€(CNy 99+%), rutenium hexamine (Ill) chloride, and ethanolamine
hydrochloride were purchased from SigrAsdrich. The 4N-Carboxymethyl sulfanyl) benzene diazonium
hexafluorophosphate salt (DCOOH) was prepared as previously refdddSPCEs (DRRO0) were purchased from
DropSens with a dianer of 4mm. Synthetic HPLgPade oligonucleotides DNA probes were purchased from
Biomers.net (UIm, Germany):

Capture probeNH25-ttt ttt ttt ttt ttt

Compementary probe: HRP-aaa aaa aaa aaa aaa

Nonspecific probéNSC)ac cac atc caa cca tyt cag-5-HRP

All the dectrochemical measurements were performedith a PC controlledPGSTAT12 Autolab potentiostat
(EcoChemie, The Netherlands) ussegeen printed carbon (DRFL0) and standard glassy carbon electrodes (GCES).

The electrode configuratiofor SPCEsvorking electrode: carboRA &1 6. T'n YYO0 I NEFOMBYy OS St S
electrode: carbon The electrode configuratiodor GCEsworking electrode: carbon baé =3 mm), reference

electrode: dver/silver chloride, counter electrode: platinumire.
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TheGCEs were polished by watbased diamond suspension with size of 15, 6, 3, apthl1Then, the electrodes
polished by the 0.3 and 0.@8n polishing powder. The electrodes were sonicated in milliQ, 2M nitric acid and ethanol
after eachpolishing step for 5min.

Electrode activating:

The electrodes were activated .1 M HSQ for 5 cycles from 0.1 telV at 200 m\8 using Ag/Aglreference

electrode and Pt wire as a counter electrode.

Diazonium grafting:

5mM N-methylcarboxyaminel-silcondioxyphenyl hexafluorophosphate diazonisait (NM4-HD) in MilliQ grafted
electrochemically by applying 2 cycles from +0.10t6 V at 50 mVéfor GCEs and from +0.1 bV for SPCEs using
Ag/AgCreference electrode and Pt wire as a counter electrode. Grafted electrodes washed with acetate buffer PH

5.0 for 30 min, dried with nitrogen. The electrodes could be stored dry for use.

ssDNA immobilization:

The surface has been activated y-cyclohexyN-(2-morpholinoethyl}carbodiimide methyp-toluene-Sulfonate
CMGC(24 mg of in 250 pL milljencubated for 3amin. 100uL of5 uM aminated ssDNA (Poly TYXif95 MPBS buffer

PH 7.4 dop-casted on the surface for 2 washed witha stream of miliQ. 1M of ethanolamine in milliQ at PH 8.0
drop-casted for 30min, to block all ndinked diazonium carboxylic groups on the surface, washed with milliQ by

stirring for 10min and dried with nitrogen. The electrodes could be storgd used.

DNA hybridization andetection:

Functionalized electrodesere incubated with 20 nM complementary probe (poly-ARP) ill0 mMtris buffer in

0.5 M Nag for 30 min at 3PC in thermemixer for GCEs and at room temperature under controlled humidity
chamberfor SPCEdg-or the norspecific control, different reporteother than the poly AHRP has been usedaca
cac atc caa cca tyt cac4dRP) The response of the hybridized probesas followal by chronoamperometry (CA)
using Ag/Aglreference electrode and Pt wire as a counter electrode inralial. For CA measurements, the
electrode immersed in the 0.081 PBS, using Ag/Ab@ference electrode and a Pt wire as a oter electrode. A
potential of -0.2 V has been applied fat00 sec.At t =100s, 1 mL of TMB added to the PBS solution while the
measurementwasbeing recorded. At the end of th2b0 seconds, the difference between the readings before and

after TMB addition hasdenrecorded for each electrode.
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Figure (2.1): Schematic representation for surface functionalization with-pibly15T after DCOOH diazonium salt electro

grafting
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Figure (2.2): a) Chemical structure of1) the DCOOH, arlg) IR characterization for DCOOH

2.1.4.Results and discussion:

System validation on glassy carbon electrodes (GCES):

Before applying the diazonium on SPCEs surface we need to ensure it is working on a well charaztdyare
surface, i.e. GCEs. To immobilize the DNA probe, a covalent interaction between the amine poly T and carboxylate
group in the diazonium to form the amide bond should take place. The electrodes were characterized by CV before

proceeding as in figre (2.3). After electregrafting the surface becomes compact and the (EBI}] % cannoteasily
reach the surface through diffusion
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Figure (2.3): a) 2 cycles of DCOOH eleegmafting at 50 mV/sp) CV characterization for bare, eleciyoafted, and
poly T modified GCEs

Thehybridization with the complementary poly-lARP is producing a signal that confirming poly T immobilization.

The nonspecific ontrol which is a poly A is confirming the selectivity and specificity of the strategy, as well as the

reproducibility (figire (2.4)).

a) b)
3 55 6.0 y=7E+07x+0.4209
|2 a0 R?=0.9796
g /
=20
2 1 0.0 +
=) < 3.5 0 2E-08  4E-08 +
§_ Y [Poly A-HRP] (M)
N 1 Py
1.5 ¢ +
0 Lop N;C +
NSC Specific probe 05 80 77 73 70 67
Modification [Poly A-HRP] (M)

Figure (2.4): Chronoamperometric measurements &)rselectivity and reproducibility of the strategy, amdA calibration curve
from 0 nM to 200 nM poly MRP showing a linear range from 10 nM to 100 nM

System optimization on screen printed carbon electrodes (SPCESs):

Now the system is verified and valigatand is ready to be tested on the SPCEs surface. Although there is a six times

difference between the specific and napecific control, there is a very big HRP 1specific adsorption on SPCEs

surface as expected and high background current. Then & stutkst different blocking reagents orderto reduce

HRP norspecific adsiption is essential, this is showntable ¢.1) and figire (2.5).
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Blocking agent  Non-specific Specific Ratio Reproducibility

control probe
BSA 5% -1.54 -1.57 1.02 X
BSA 3% -0.51 -2.66 5.25 X
SsDNA -0.35 -0.48 1.37 Yes
Glycine -1.47 -10.74 7.31 X
[ PEG400 -0.39 -3.15 8.08 Yes |
0.1% Tween -0.30 -1.85 6.17 X
5x denhardt -0.21 -1.24 5.90 Yes
1x denhardé -0.21 -1.90 9.05 Yes

Table @.1): Nonspecific control, specific probe, ratio between the-spacific control and specific probe, and the
reproducibility for different blocking agents on SPCEs surface

Ratlo*—. 8 I I
- 0 . ‘ \
(\

20 s g Fo® ¢,9° &

'D' 2
& & s o & &S
16 K A

< 12 | ™ Non-specific control B Specific probe
2

8 |

4

0.—,...* ..j_._i_._ﬁ_._-

BSA 5% BSA 3% ssDNA Glycine PEG400 0.1% 5x
Tween denhardt denhardt

Blocking agent

Figure (2.5: CA measurements for the napecific control and specific probe CA measurements, Ratio* is the ratio between the
non-specific control and the specific probe

Surface characterization:

CV surface characterization for bare agidctro-grafted SPCEs surfaces are shown imrdi¢?.6). The electro
grafting has been confirmed by the reduction in the peak currents VS (scat’retehpared with the bare

electrode.
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Figure (2.6): Cyclic voltammetry characterization usingyM [Fe (CN)-*-2containing 50 mM SING;) electrolyte fora) andb)
bare SPCEs)andd) electrografted SPCE wit@ cycles DCOOH

TheCV afterelectro-grafting shape compared with the bare SPElEstrodesows less diffusion of thiFe (CNj-3-2
ionswhich indicates the formation of dense layer on th&PCEurface After poly T immobilization the CV shosvs
more reversible wave on the grafted layer (figure (2.7a). The EIS measurementgaifXi7b), appear to suggest
that the electregrafted layer inhibits the electron diffusion through the surface. But after poly T immobilization,

penetration of the electrochemical indicator is facilitated.
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Figure ( 2.7): a) Cyclic Voltammetry characterization using 1 mM [Fe{&containing 50 mM SNGO;) electrolyte for bare
SPCE, electgrafted, and modified SPCE with polp)iElectrochemical impedance spectroscopy at 0.1 V, frequency range
from 1000 to 0.01 HZ, and 10 mV points per decade for bare SPCE;@lafteéd, and fictionalized with poly

CA detection:

After optimization study for different blocking agermis SPCEs surfachie 1x Denhards is showing the highest
ratio between the norspecific control and specific probe, as well as the mgstoducibility obtained. It also results

in the lowest background current. PBGO is a good candidate and it performs same as 1x Denbahitt we opt

to choose the 1x Denhardt solution. The specific responses and polRP reporter concentration lagthmic
calibration curve (figre (2.8)), with good sensitivity. The linear range is from 20nM to 200nM, the LOD is calculated

to be 9.5 nM.
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Figure (2.8): CA measurements fai) Specific response of the systdmPoly AHRP reporteconcentration
calibration cuve, the linear range is from 20 nM to 200 nM and the LOD is 9.5rma@dsurements were performed at
0.2V potential for 250 s using 100 uL PBS 0.5 M for the first 100 s and 100 uL TMB substrate was added ffter 100 s
30 minhybridization

2.1.5. Conclusion:

5 mM of4-(N-Carboxymethysulfanyl) benzea diazonium hexafluorophosphasalt (DCOOH)vas electregrafted
on GCEs and SPCEs surface using general sequences (poly T complementary-itiRpolgml poly A as the ron
specific control). The LOD achieved were 2.6 nM with a linear range from 10 to 100 nM arid @ith a linear
range from 20 200 nMfor GCEs anfibr SPCESs respectiveBut this strategy is not compatible for the largeale

production due to multiple steps and wet chemistry used.
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. Poly (L-Lysine) polymer dropcasting on screen printed electrodes

2.2.1.Problem:

Modification of SPCEs surface using polyy@dine) dropcasting on the SPCEs surface for DNA probes
immobilization and detectiomo avoid nonspecific response.

2.2.2. Solution

We are demonstrating a fast, easy and direct approach for DNA immobilization and detection based on PLL, PEGDE
crosslinker and screesprinted electrodes. The polycationic PLL is electrostatically interacts with the polyanionic
DNA backbone. The presencétbhe PEGDE seems to enhance the reproducibility presumably due to covalent
bonding. The method shows a one order of magnitude difference between the specific signal asgdeuific

control. And the linear range for detection of the model sequence is f2dio 50 nM with a LOD of 1.2 nM. The
approach is easy, direct, fast, and reagentless which makes it the proper strategy for large scale production and

manufacturing.

2.2.3 Materials and methods:

All reagents were used as receivgaly(L-lysine hydrobomide) PLKB0 average Mw4200 50 KDa, and 120 KDa,
polyethyleneimine hydrobromide (PEI) average Mw 750 KDa from Alantamagany, polyethylene glycol diglycidyl
ether (PEGDE), polyethylene glycol 4BBpsphate buffered saline (BB strontium itrate (Sr(NG)2), potassium
chloride (KCI), sodium acetate, andt@ssium hexacyanoferrate(lll):fe(CNy), 99+%)Wwere purchasedrbm Sigma
Aldrich. SPCE®RP110)purchased fronDropsense with a diameter of 4 mrBynthetic HPL-Grade oligonucleotides
DNA probes were purchased from Biomers.net (UIm, Germany):

Capture probeNH-5attt ttt ttt ttt ttt

Compementary probe (P}{RP5Gaaa aaa aaa aaa aaa

Nonspecific probéNSC)NH-56aaa aaa aaa aaa aaa

All the dectrochemical measurements were performed on a PC controR&STAT12 Autolab potentiostat
(EcoChemie, The Netherlands) ussegeen printed carbon (DRELO)with configuration working electrode: carbon
RAal o6.Tn YY0I NEFONEBredHodsS tafhtni N2 RSY aAi

ELONA functionalization:

3 YL of each 0.05 mM PLL solution (4 KDa, 50 KDa, 120 KDa) or PEI, 0.1 rpbyNERT, 0.25 mM PEGDE were
mixed and vortex together and dregasted on the ELONA wellhe plate was incubated for overnight (or till
complete dryness) under vacuurfter dryness, thelate waswashed3 timeswith distilled water and incubated
with the 20 nM complementary (poly-ARP) for 30 min, then TMB for 2min and the reaction stopped by the addition

of 0.0 5M HSQ. Theabsorbance was read at 450 nm using a spectrophotometer.
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SPCEsurface functionalization:

8.4 |Lof each 0.05 mM PLL solution, 0.1 mM N2y 15T, 0.25 mM PEGDE were mixed and vedgether and
drop-casted on the SPCE surface. The electrodes were incubated for overnight (or till complete dryness) under
vacuum.After dryness, the SPCEs were washed foni2 with distilled water and incubated with 1x Denhdilt

solutionfor 1 h at 40°C.

Chroneamperometric detection:

The electrodes were ashed with distilled water and incubated with 28 poly AHRP for 30@nin at 4°C.For CA
measurements, the electrodenmersed in the 0.05 M PBS, and a potentialdo® V has been applied fob@ sec.
Att=100s, 100 ulof TMBwere added to the PBS solution while the measuremeasbeing recorded. At the end

of the 50 seconds, the difference between the readings before and after TMB addition has been recorded for each

electrode

N+H HoN NH

HoN ) \
HBr “JN\/\N/\\/N\,—’

NH-» H
L Jn AN~ nH,
Poly (L-Lysine) Polyethylenimine
(PLL) (PEI)

Figure (2.9): Chemical structure of PLL and PEI

~ 0.05mMPLL

{ 0.25mM PEGE

w?

20nM poly 15A-HRP . L
‘

Figure (2.10): Schematic representation fgurface functionalization with PLL and NyelyT

Poly15T
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2.2.4 Results and discussion:

Different molecular weights of PLL has been tested @rdpared with the PEI which containpdmary amines, 3
secondary and 4 tertiary amines. The approach has been tested with ELONA fittst &tid/ that showed the best

response has been transferred to the SPCEs.

ELONA system:

The performances of the polymers on ELONA plate, different Milfsand without the crosdinker, i.e. PEGDE
were tested. The results show that the lowest MW resulted to higher specific tespeaific ratio in the response;
besides, there is no need for the PEGDE, which indicates the interaction between the pohghtaeeNA is an

electrostatic interaction (table (2.2)).

With PEGDE No PEGDE
Polymer  Non-specific control Specificprobe  Ratio Polymer Non-specific control Specific probe Ratio
PEI 0.477 1.3 2.73 PEI 0.3 1.12 3.73
PLL 120KDa 0.082 0.287 3.50 PLL 120KDa 0.065 0.182 2.80
PLL 50KDa 0.54 2.28 4,22 PLL 50KDa 0.1 0.52 5.20
I PLL 4KDa 0.12 1.96 16.33 PLL 4KDa 0.08 1.81 22.63 |

Table (2.2: Spectrophotometric absorbance at 450 nm for ELONA plates functionalized by different polymers with the non
specific probe (poly 15A) and specific probe (poly 15T), the reportdy i&ldRP. The measurements are with and without the
use of the croslnker (PEGDE), in the case of no PEGDE distilled water was used instead

a) b)
3 —_—
B NSC = Specific probe 2 HNSC W Specific probe
1.5 -
2
1 {
8 g
< 1- <
0.5
0 i T 1 0 T T \ J
PEI PLL120KDa PLL50KDa PLL4KDa PEI  PLL120KDa PLL50KDa PLL4KDa
Polymer Polymer

Figure (2.11): Spectrophotometric absorbance at 450 nm for ELONA plates functionalized by different polymers with the non
specific probe (poly 15A) and specific probe (poly 15T), the reporter isid8P AThe measurements ajevithout andb) with
the use of the croslinker (PEGDE), in the case of no PEGDE distilled water was used instead

PLL functionalization with poly 15T on SPCEs:

Parameters optimization:
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1. Surface blocking:

Due to the use of HRP as an electrochemical indicator there is a very high risk for H&Raifim adsorption. The
surface of the SPCEs is very rough and irregular; this would make the HRP adsorbed strongly on the surface and
cannot be removed by washingo prevent this, a blocking agent should be used to reduce thisspecific

adsorption.
2. PEGDE:

After the system has been tested with ELONA it has been transferred to the SPCEs surface. By using the same
approach and testing the use of the PEGDE in order to determine the type of the interaction between the polymer
and the DNA on the SPCEs surface.

Surface characterization:

Cyclic voltammetry characterization of the functionalized SPCE with PLL ampsbliMHusing the PEGDE compared
with the bare SPCE using different scan rates is showruire{ig.12). The PLL is positively charged so it will attract

the negatively chargefFe(CN}]"¥-2and enhances the linearity of the peak currents (IP) VS (scaitate)

a) b)
40
20
—~
I —25mvis ||| < 0 < Ipa
< 0 3
- —50mV/s ~ . Ipc
100mV/s 2 20
-20+ — 200mV/s -
400mV/s RZ=0.9563
-40 - — 800mV/s -40
04 00 04 08 0.2 0.4 0.6 0.8
Potential (V) (scan rate)"? V/s
c) d)
50 -
25 -
_
T o —25mvis ||| 0 « Ipa
= —somvss ||| . Ipc
] 100mV/s Q 5g.
25 — 200mvss|| | = 20
50 400mV/s R? = 0.9884
7 — 800mV/s -40 -
06 03 00 03 06 0.2 0.4 0.6 0.8
Potential (V) (scan rate)"z V/s

Figure (2.12): Cyclic voltammetry characterization usingiM [Fe (CN)-*2containing 50 mM SINGs)
electrolyte for:a) andb) bare SPCEs)and d) modified SPCE with 050mM PLL+0.1mM NH-poly T+0.25mM
PEGDE
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Cyclic voltammetry and impedance characterization of the functionalized SPCE with Rilbb-gady T using the

PEGDE compared with the bare SPCE is shown in figiB® é2d table (2). The surface is still conductive for
electron transfer same as for bare SPCE; this may be because of the positive charge of the PLL. The oxidation peak is
slightly shifted besides the increase in the apparent electron diffusion after poly T linkinggl$hshows the
difference between each step, where the Rct is slightly bigger after modification with the PLL apdl{iH The

DNA linked to the PLL may act as a molecular wire for electron transfer, increasing the apparent diffusion rate. All of

these ae indicating the successful surface modification of the SPCEs with PLL and poly T using the PEGDE as a cross

linker.
a) b)
3.0
10
-~ 20
g
l: L]
3 g .
3° = 10 g | rBareSPCE
- N e PLL+poly T
__Bare SPCE ¥ .
104 4 P iz iy o0 f PLL+polyT+1x denhardt
— PLL+NHz-polyT+1x denhardt "
0 1 2 3 4 5
-0.4 0.0 0.4 0.8
Potential (V) Z (Kohm)

Figure (2.13): a) Electrochemical impedance spectroscopy at 0.1 V, frequency range from 1000 to 0.01 HZ, and 10 mV points
per decade and) Cyclic Voltammetry characterization using 1 mM [Fef&)containing 50 mM SNG;) electrolyte for bare
SPCE modified SPCE WitbmM PLL+0.1mM NH-poly T+0.25mM PEGDE

Electrode wa ¢woOil -»Ug
Bare SPCE 520 2160 932

After PLL+N#polyT ‘ 519 2500 971
After PLL+NHpolyT+1xdenhardt ‘ 519 1717 543

Table (23): EIS characterization parameters obtairsd.1 V, frequency range from 1000 to 0.01 HZ, and 10 mV points per
decade and using 1 mM [Fe(€N)2 containing 50 mM SNQB) electrolyte for bare SPCE modified SPCE with diazonium €lectro
grafting, after FwRinking to theqCOOH groups on the grated diazonium and after RPA on the surface of SPCE. Where the Rs is
the solution resistance, Rct is the resistance at the-iqliitl interface-Zaisithecomponent of impedance

CAdetection:

CA measurements show one order of magnitude difference between the specific signalsdpeuific controbn
SPCEs surfaée shown in figure (24). The calibration curve using different concentrations of pelRP ranging

from 0 nM to 500 M shows a logarithmic response with a linear range from 2.5 nM to 50 nM with a LOD of 1.2 nM.
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Figure (2.14): Poly AHRP concentration calibration curve for PLL dagting on SPCESs surface, concentration range GroM
to 500 nM the linearrange from 2.5 nM to 50 nM, the LOD was found to be 1.20vN80 min hybridizationmeasurements
were performed at0.2V potential for 250 s using 100 pL PBS 0.5 M for the first 100 s and 100 pL TMB substrate was added
after 100 s.

2.2.5. Conclusion:

Poly (ELysine) polymer (PLL) has been successfully-ciisfed and linked with DNA aminated general prokgoly

T). High molecular weight of PLL shows less responses for hybridization and detection. This could be due to the high
positive charge of the polymer could attract the negative backbone of the p¢tRR to be immobilized on the
polymer rather thanhybridized with the capture probéelhe interaction between the PLL and poly T is a mixture
between an electrostatic interaction due to the positive charge on the PLL and the negative charge of the DNA
backbone, and covalent interaction due to the use af #PEGDE where it links the amine in the PLL to the amine in
poly T.PEGDE is participating in blocking the HRRspewtific adsorption, so we may consider it besidedte as a

crosslinker a antifouling agenfThe LOD was found to be 1.2 nM and thedinenge is from 2.5 nM to 50 nM
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lll. Other approacheslid not work on screen printed electrodes

Some approaches have been tested and did not work for DNA immobilization and detaet®8PCESs surfacguch

as:

a) Direct adsorption of the DNA probes on the SPCEs surface. Theabtipg of the DNA on the surface did
not show any significant difference between the specific and-syecific control. This is due to the
roughness and very high surface area, and irragsiirface of the SPCEs surface.

a) Hydrogenation/chlorination of the SPCEs surfad8]: This method has been proved to be working for
GCEs and the process as shown iaré@2.15). Polished GCEs was immersed in 2 M HCI and a potential of
-5V for 10 min was applied. Then the electrode was immersednixtare of 3:1 HCl: HN@nd a potential
of +2.5 V for 5 min applied. The acidic concentrations and the positive voltage for chlorination were too

high for the printed carbon ink and eventually the surface was damaged.
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* Polished
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Hydrogenation Chlorination ssDNA immobilization Hybridization:

* Cleaned Non-complementary

HRP-labelled probe

Figure (2.15): GCEsurface modification by hydrogenatiamd chlorinatiorby applying5 V for 10 min followed by
chlorination by applying +2.5 V for 5 min
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Chapter li

Applications

1. Solid -phase RPA
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Introduction

After successful functionalization of the SPCEs surface for DNA immobilization and detbetiorgdel system

should be applied for real systems. The model system has been optimized for two direct and simple steps,
immobilization and hybridization. Alsthe use of the general DNA sequences makes the model system very simple.
Sq to use the model system as a real system for target detection, DNA amplification should be introdiecedve
chosenRPA asur amplification methodbecause it is an isothermatrglification method could be performed at

room temperature. And because our final aim is to construct an integrated microfluidic system based on our

developed system of SPCEs, RPA is the excellent candidate for target amplification.

We have tested two RP&mplification methods with our developed systems. RPA mixture contains a lot of matrix
components such as enzymes, proteirevadingl 3Syda fA1S t9D XSiO0d ! yR RdzS G2
more reagents we have added complexity to the systermddeanotheisurfaceoptimization should be performed

to control the HRP nospecific adsorptionHere in this and the next chapters we are discussing the new optimized

systems as real systems for K. armiger amplification and detegsiog two RPA approaches

In this chapter we are introducing the RPA into the system asgblide RPA on the surface. This has been achieved
by immobilization of the aminated forward primer on the surface of SPCEs. The amplification hieageaddy
incubating with the RPA mixture for a specific tim@d even better with one ofhie developedsystemshas the
ability for amplification and hybridization at the same tinmejust 20 minby using a reverse primer labelled with
HRPThis is an imprtant step towards developing the integrated MD device for paifineed application, since it

obviates one additional hybridization step.
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I. Diazonium electrografting on screen printed electrodes
3.1.1.Problem:

To use the successful strategy used before to modify the surface of SPCEs with diazonium safjiraféogdo
perform solid phase RPA on SPCEs surfdeeDNA probe ishe NH-FwR one of the RPA primers.

3.1.2 Solution

We are demonstrating a newlextrochemical system fobNAdetection for applications in molecular diagnostics

based on screen printing technology. The system should be achieved at lbandoshould complete the analysis in

less than 45 min (sample-nesult out). We are prowing t is possible to develop a geric electrotiemical system

which could be functionated and modified depending on its objectiapplication. As a demonstratidtarlodinium

spp, a toxic micrealgae species will be used as target for the proof of principle of environmental monitoring and
protection of the marine environmentWe are using a poly 15 T tailed forward prinfEwP) and a reverse primer
contains a tail that is complementary to a reporter HRP. Our developed system achieves a LOD of 2.8 pM and a linear
range from 5500 pM for synthetic ssDWNand a LOD of 0.1 fM for synthetic dSDNA and a linear range from 0.5 fM to

5 pM.

3.1.3 Materials and methods:

All reagents were used as receivaédcyclohexyiN-(2-morpholinoethyl}carbodiimide methyp-toluene-sulfonate

(CMI), Phosphate buffered salinéPBS), strontium nitrate, sodium acetate, potassium hexacyanoferrate (lll),
ruthenium hexamine (lll) chlorideand ethanolamine hydrochloride were purchased from Sigkidxich. N-
cyclohexyiN-(2-morpholinoethyl}carbodiimidemethykp-toluene-Sulfonate(DCOOH) and-chlorophenyl benzene
diazonium hexafluorophosphatéDQ) were prepared ahexafluorophosphatesalts as previously reported41].
SPCE®ORP110)were purchased fronDropSens®@ith aworking electrodediameter of4 mm. Synthetic HPL-grade

DNA probes were purchased from Biomers.net (UIm, Germizaning the following sequences

Karlodenium armgier tailed forward prim@A. FW): BNH2ttt ttt ttt ttt ttt ata gct tca cag cag agg tta caa S0
Karlodenium armgierailed reverse primer (KA. RevP primBejtt ttt ttt ttt ttt tgt aaa acg acg gcc agt-5 - aca cac

atc caa cca tyt cac t§a

Karlodenium armgier reporter (complementary/KA.HRP reportal)R® act ggc cgt cgt ttt aceda

Karlodenium armgieDNA (template)ata gct tca cag cag agg tta caa cac caa tgc tgc tcc gct acc cgce gat ctc atg cac
cag gga gcg gca aga agc cag agc ttc aag aca ccc cta ccc ccg tgc agg agc tca caa aga aag ttc aca gtg aga tgg ttg gat
gtg tgt

All the electrochemical measurementvere performedvith a PC controlled PGSTAT12 Autolab potentiostat
(EcoChemie, The Netherlands). The etetiemicalconfigurationhad acarbon disks 2 NJ) Ay 3 St SOGNBRS 0.

a silverreference electrodeand a carborcounter electrode.
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Diazonium grafting:

Mixed layers oDCOOH and D@ere electro-grafted as follows: 5 mM dDCOOH in distilled water was grafted
electrochemically by applyingdotential cycle from +0.1 tel Vusing 50 mV/s scan rat@hen, 5mM of DCwas
grafted electrochemically by applying 3 cyclegshe same potential range using 50 mV/s scan .ratee gafted
electrodes were washed with acetate buffer pH 5.0 for 30 min, dried with argon. Ege@fiing characterization
was performed byrecording the CV using Fé#e*? solution (1 mM [Fe (CNJ®-2 containing 50mM Sr(NQs. The

electrodeswere stored until used.

Aminated k. armiger Fwithmobilization:

The surfacevasactivated by200 mMCIMI, incubated for 30 min at 4&C and washed with distilled wate30 pL of
5 UM KA. FwRn 0.05 M PBS buffer pH Avhsdrop-casted on the surface for 2 h; themaswashed withdistilled
water. 30 UL of 5 mM ethanolamine in distilled water at pH 8vasdrop-casted and incubated for 3@in at 4°C
to block all noHinked diazonium carboxylic groups on the surface, washed with distilled water dried with argon.

The electrodesvere stored until used.

Solidphase RPA on SPCE surface:

RPA cocktailThe final volume was adjusted to be 50 pL as described by the manufacturer as in tabgi¢sled

water, rehydration buffer, and reverse primer HRP were added and vortexed in@d.38ppendorf. Then the pellet

was dropped inside the mixture and #dér 1 min till it dissolves completely. Then the target was added in case for
positive samples or distilled water for the negative control. Finally, the magnesium acetate was added to the mixture
to initiate the amplification reaction. To dregast the nixture on the SPCEs surface, formation of any air bubbles

should be avoided.

Volume per reaction(uL)

Millig 10.6
Rehrydation buffer 29.5
RvPtailed 10 M 2.4
Pellet 0.5
MgAcet 280mM 25
Target10nM/ millig 5

Total 50

Table 8.1): Solidphase RPA mixture dragasted on thenodifiedSPCEs surfaegth mixed

layer diazonium electrgrafting and NH-capture probe

25 pL othe prepared RPA mixture was dra@asted on the modified SPCEs surfaith FwPandwasincubated for
a specific time a#t0°C @0 minfor all measurements except for RPA time optimizati@md thenwere washed with

a stirreddistilled water. The differenk. armigerdilutions have been
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prepared as describén table (3.2), the concentrations represented in the calibration curves are the final

concentrations of th&. armigerin the 50 uL RPA mixture.

Used [ssDNA] Final [ssDNA] Used [dsDNA] Final [dsDNA]
K. armiger Stock 1st dilution 2nd dilution (I\(;I) (I;I) “;” “;I}
ssDNA 100 uM 1uMm 10 nM
dsDNA  50nM  1nM ) 5.E-13 5.E-14 5.E-15 5E-16
5.E-12 5.E-13 5.E-14 5E-15
5.E-11 5.E-12 5.E-13 5E-14
5.E-10 5.E-11 5.E-12 5E-13
1.E-09 1.E-10 5.E-11 5E-12

Table 8.2): Dilutions for k. armiger target used for septiase RPA reactions andlibration curves for ssDNA and ds DNA

dsDNA targetieneration

The dsDNA target has been produced by running a PCR reastianthe same primers used for RIBA15 cycles

The product was purified and verified by running a gel electrophordsis. cocentration was determined as
follows: the product was quantified using the nanodrop. And by using a free online software to find the
complementary for the ssDNA target, the total molecular weight for the product was calculated then the final

concentrationwas easily calculated.
Detection:

For detection, the hybridized electrodes were incubated with 2 nM complementary probe(which it is
complementary to the tail in the reverse primglA.HRP reportein 10 mMtris buffer in1 M NaC for 30 min at

40°C,and were washed for 2 min by a stirred distilled water before CA measurentest CA measurement$00

pL of 0.05 M PBS pH 7.4 was placed on the functionalized SPCE surface and the signal was being recorded, then 200
pL of TMB was added. The PBS measerds corresponds to the noise, and with the addition of the TMB a
reduction current jump wasrecorded. The difference between the PBS reading and the TMB reading will represent

the final measurements excluding the noise.

PFg

e
pcoon: R-Y
RIS S cooH

H
DCL: R=ClI

Figure (3.1): Sructuresof DCOOH and DCL diazonium salts
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Figure (3.2): Schematic representation for surface functionalization with-bipture probeafter mixed diazonium salts

electrografting, RPA mixture components and reactiand RPA hybridizatiam the functionalized surface for 40min ato@

3.1.4. Results and discussion:
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Figure (3.3):IR characterization spectrum for: a) DCOOH and b) DCI

FTIR analysis for the purified products is shown in fig (3.3). The DCOOH shows the characteristic batds for N
stretching at 3400 crh and 1750 cm for C=0 stretching. While the D&bows the charaeristic band for the

diazonium functional group stretching at 1000-tinstead of 800 cm. This shift could be due to the direct linking

between the Cand the aromatic ring.

Parameters optimization:

To quickly verify the system on SPCE surface ssDNA K. armiger target has been used in order to have a known starting
concentration which is not as easy witkDNA target. That means the system has been optimized with the ssSDNA
target and then compared witthe response of the dsDNA targ&s seen in figre (3.4), neither the developed

system nor a mixture of two diazonium salts DCOOH andiB@&ot show difference between the positive and
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negative samplesThen instead of mixing the diazonium salts wetopelectro-graft them one by one in a sealled

layerby-layer electrografting (figire (3.5)).

1.2

ENGC B Positive 2.0 NGC ®m Positive
0.9
3‘ 15
= 06
< 1.0
0.3 5_
) 0.5 [ . -
[
Developed system Developed system 0.0 :
with no denhardt 5:5 5:10 5:15
Modification [DCOOH:DCL] (mM)

Figure (3.4): CA measurements foa) the developed system in chapter (2) using 2 cycles of DCOOH for-gtaftirgg and 1x
Denhardt’s reagent as a blocking agdmtDifferent concentration mixtures of DCOOH and DCL using DCL as a blocking agent or
a backfiller

The electregrafting has been performed and monitored by CV; as well as grafted layer characterization afterelectro
grafting (figure 3.5b). The surface area is decreasing with morkciles, which indicates surface coverage with the
back filler. This has been confirmed by CV characterization where the surface after -gledting shows less
acceibility The Fwkas been linked covalently to tlg£OOH groups in the grafted diazoniomthe surfaceusing
the CDMI Then the RPA mixture containing tteverse primerand the target was drogasted on the surface and
incubated for 40 min at 4&.The RevP contains a tail that is complementary to a reporter BRRybridization for

30 min with this reporter we can detect if the amplification has taken placeurgig3.59 shows the system
optimization using as criterion the ratio between the positive sample containing the target and the negative control
(which contains no target, i.e. blankrhe results obtained when applying 2 cycles and 1 cycle for each diazonium
salts are comparable but higher HRP ssmecific adsorption on the surface observed for 1 cycle application. This
confirms the blocking behavior of the DCL by applying more &y€hés has been confirmed by using the 1 cycle of
the DCOOH and adding more cycles of DCL. The maximum response obtained by applying 1 cycle of the DCOOH and
3 cycles of DCL; more cycles of DCL will block the surface and hinder the RPA reaction df shef&tC

a) b)
5 —— Bare SPCE
Ch [ fp— cycle DCOOH
10 ——1 cycle DCOOH+ 3 cycles DCL
10
~ -25 —
§ —— DCOOH 1 cycle 3 0
< -40 — DCI 3 cycles =
-104
-55
-20 ‘ ‘ : .
-1.2 -0.7 -0.2 0.3 0.8 06 03 0.0 03 06
Potential (V) Potential (V)
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Figure (3.5): a) Electragrafting of DCOOH for 1 cycle and DCL for 3 cycles from-Q.¥tat 50mV/sb) cyclic voltammetry
characterization after DCOOH and DCL elegtadting for different DCOOH: D@imber of cycles ratio using 1mM [Fe(g &}
containing 50mM S{NG;); electrolyte c) CA measurements foptimization for DCOOH: Di@imber of cycles needed to obtain
a maximum CA response for hybridization of covalently linked FwP to COOH terminateeheddtetdodiazonium after solid
phase RP#or ss K. armiger targein SPCESs surface

Also,by using ssDNK.armigertargetit has been found that 30 min of RPA reaction on SPCE surface is enough to
reach séuration of amplification (figre 3.68. The hybridization should be for 30 min to produce the maxmu

response for the system (fige 3.6b). although at jus minutes more than 60% of the response is achieved.

a) b)
20 15
15
i - 1.0
1.0
y 3 0.5
0.5 ' =
0.0 i 0.0
10 20 30 40 5 10 20 30
RPA time (min) HRP reporter hybridization time (min)

Figure (3.6): CA measuremenfsr the described systena) RPA time optimizatiorh) HRPreporter hybridization time
optimization

Electrografted mix-layer characterization:

CVcharacterization for the diazonium modified SPCE compared with the bare SR@E3(fi shows that electron
transfer is inhibited with modification. This confirms the surface blocking by the mixed layers of diazonium salts.
Besides, the reaction of thexmlation reduction for the Fé&Fe*2redox couple exhibits quasgversible behavior and

an increase of capacitive current. It is believed that the termina@®@OH groups are directly affecting the electron
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transfer process for the F#Fe*2 The protondion of these (CCOOH groups leads to instability of [Fe@EX}

solution142]
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Figure (3.7): Cyclic Voltammetry characterization using 1 mM(EN}]-¥-2containing 50 mM SINQG). electrolyte:a) andb)
Bare SPCIE)andd) modified SPCE surface with diazonium mixed layers (DCOOH: DCL 1 cycle:6) araded) After capture

probe immobilization
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Figure (3.8): a) Cyclic Voltammetry characterization using 1 mM [Fef&Ncontaining 50 mMSr(NQ), electrolyte for bare
SPCE modified SPCE with diazonium elgeatfting, after FwP linking to theCOOH groups on the grated diazonium aftdra
RPA for ssDNA target on the surface of SR®I§ 100 mV/s scan rgtandb) Electrochemical impedanspectroscopy at 0.1 V,

frequency range from 1000 to 0.01 HZ, and 10 mV points per decade
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CV characterization for SPCEs surfaces throughout the surface modifications is shown in fig (3.8a). Hyeaftegiro
of diazonium results in CVs with lowgeak currents which can be interpreted as blocking of the surface. After FwP
linking the capacitive current appears to increase. Elegtadting formed a layer on the surface of the SPCE that

hinders electron transfer possibly by blocking the surfaces&hesults are in agreements with the EIS results.

Electrode wa o wOi 244 4
Bare SPCE 580 2600 1000
After electrografting 510 5300 11000
After FWP immobilization ~ 554 3800 3000
After RPA 552 4000 4000

Table (33): EIS characterization parameters obtained at 0.1 V, frequency range from 1000 to 0.01 HZ, and 10 mV points per
decade and using 1 mM [Fe(€N)2containing 50 mM Sr(N{ electrolyte for bare SPCE modified SPCE with diazonium
electrografting, after FwHinking to the¢COOH groups on the grated diazonium and after &8RADNA targedn the surface
of SPCBNhere the Rs is the solution resistance, Rct is the resistance at thécgitidnterfaceZiisithe imaginary component
of impedance, C (2)tise capacitance at the real impedance, andZd) @ the capacitance at the imaginary component of

impedance

Figure (3.8 shows the electrochemical impedance spectroscopy (EIS) characterization for the bare and modified
SPCEs. The bare SBG@wvsan equivalent electrical circuit containing of the solution resistance, a capacitance, and
a constant phase element (CPE). Theeb-grafting is increasing the capacitance and the interface resistance; this
is because of the presence of the midtyers on the surface. This grafted layer on the surface increases the amount
of charging needed (capacitance) for the electtoensfer. This value is well reduced when tHeOOH terminal
groups were linked to the FwP; this could be due todletron diffusiorfacility by the ssDNA backbonEable (3)
summarizes the parameters. This is well shown even after RPAliffasion is verydominant with some small
capacitor behavior, i.e. very small capacitance (dadugid interface phase charging valud)seems the FwP

works as a molecular wire for ion transportation and this is even enhanced by hybridizai®believed that the
hybridization makes some conformational changes that enhance the elactieity of the multilayersDNA film
affects the solidiquid interface[143]

Figure (3.9) shows the XPS analysis for bare, grafted, and functionalized SPCEs €lafhoaXPSanalysis
summarized in tables (@) shows thatsurface modification with the diazonium salts has led to a decrease in the
intensity of the GC due to the surfaceoverageand it decreased more after FwP immobilizatigkfter electro-
grafting the peak corresponds tc@C disappeared and it appeared back aft@P immobilizationNitrogen XPS
shows the NH characteristic peak after grafting and after functionalizatith FwP. Besides, the presence of the
amide peak at 403 after FwP functionalization, which confirms the successful functionaligztigren XPS shows

the characteristic peak for the organic CO for all three electrodes surfaces, which is expected
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Figure (3.9): X-Ray photoelectron spectroscopy (XPS) analysis (SPECS PHOIBOS 150 hemispherical energy analyzer) for bare,
electrografted and modified SPCEs; the elementsay€arbonp) Nitrogen c) Oxygen

1 2 3
Bare SPCE Diazonium electro-grafting FwP immobilization
Functional Binding energy Intensity  Functional Binding energy Intensity Functional Binding energy Intensity
group (ev) group (ev) group (ev)
Cc-C 284.3 16794 C-C 285 1282 c-C 285.2 1019
C-0-C 286 5271 C-0-C - - C-0-C 286.8 4430
0-C=0 289 1623 0-C=0 289 1680 0-C=0 289.7 1510

Table (34): C1s XP&haracterizatiorfor: 1) Bare SPCE2) After diazonium electrgrafting, and3) After FwP immobilization

57



CA Detection:

Selectivity:

To demonstrate the selectivity of the developed system for ssDNA target and dsDNA takgetrafiger a test
againstK veneficunwas performed as in fige (3.10a and b). The selectivity for the ssDNA and dsDNA taiget
comparable with 24 times differexce between the positive sample and the ngpecific control (NSC) and the
negative control (NGCThe dsDNA target was generated from the ssDNA target with PCR using the same primers
used for the RPA for 15 cycles. The concentration was determined @sdothe product was quantified using the
nanodrop. And by using a free online software to find the complementary for the ssDNA target, the total molecular

weight for the product was calculated then the final concentration.

a) b)
12 2.0
0.9 15
<
-
3 0.6 § 1.0
-~ =
. H m T
0.0 T 0.0 - -
Blank (NGC) KV (NSC) KA positive Blank (NGC) KV (NSC) K.A positive
Target Target

Figure (3.10): System selectivitfor the described systeagainst karlodinium veneficum species (K\) min RPA and 30 min
hybridization a) ssDNA target using 5 nM target final concentration &dsDNA target using 5 pkarget final concentration;
the NGC is the blank with no target, the KV is thesmetific control (NSC)

Calibration curves:

The calibration curve for concentrations ranging from 0 to 10 nM concentrations for the ssDNA and from 0 to 50 pM
for dsDNA KAarget shavs a logarithmic response (fige 3.11). The LOD for ssDNA target was found to be 2.8 pM
with a linear range from 5 to 500 pMnd0.1fM with a linear range frond.5fM to 5 pMrespectively The response

of the NGC for the LOD graph for dsDNA is higher than the one obtained for the selectivity measurements. This is
well noticeable for dsDNA target measurements and all the other measurements are shifted with the same shift in
the NGC. Then theatio between the NGC and all other measurements is stable. This could be due to the difference
in mixing the RPA reaction before the droasting, were it could be left for 1 min and sometimes less for complete

pellet dissolves.
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Figure (3.11): Attemptsto calculate theKA targetLODfor the describedsolidphase RPAystembased ondiazonium electro
grafting for 40 min RPA and 30 min hybridizatmm SPCEs surfa@ ssDNA target with a LOD of 2.8 pth a linear range from
5 to 500 pM, andb) dsDNA target with a LOD of 0.1 fM with a linear range from 0.5 fM to 5 pM, NGC is ttenmalate contro]
measurements were performed #5.2V potential for 250 s using 100 pL PBS 0.5 M for the first 100 50&nuL TMB substrate

was added after 100 s.

Parameter Target

ssDNA dsDNA
Selectivityagainst k. veneficurr K K
LOD 2.8pM 0.1 fM
Linear range 5to 500 pvi 0.5fMto5pM

Table (35): CA detection parameters

Real samplesnalysis:

Genomic samples were analyzed using the developed system and the developed calibration curve for dsDNA solid
phase amplification. The results obtained are listed in taBl&) @nd compared with the values obtained by other
amplification techniques. The system was able to estimate the genomic sample which are above the blank

measurements and could detect a mixture of two different karlodinium species.

Sample  Diazonium qP®R FClabelled Recovery

(fM) (fM) dATP (fM) (%)
S - 05 0.7 -
S . 1.3 1.3 -
S 135 11 6.7 118

Table (36): Genomic real samples measuremecmpared with other methodi$44], S is K.
veneficum, gand S are a mixture of K. armiger and veneficum.
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3.1.5.Conclusion:

A system based mixddyer electragrafting on SPCEs surface for DNA detection has been developed. The system
was successful, and the selectivity has been proved for sSDNA target and dsDNA target fof-pooakpt target

K. armigeramplification and degction on the surface. TheODfor ssDNA targetvas found to be 2.8 pM with a
linear range from 5 pM to 500pNbr and 0.1 fM with a linear range from5 fM to 5 pM. Real genomic samples
have been tested and the system was able to estimate the genomic lseanwhich are above the blank

measurements.
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II. Poly (L-Lysine) polymer dropcasting on screen printed electrodes
3.2.1.Problem:

To use the successful strategy used before to modify the surface of SPCEs usibrysihef polymer (PLL) and
aminated forward primeand polyethylene glycol diglycidyl ether (PEGDE) to perform solid phase RPA on SPCEs
surface. The DNA probe is the NFWP, one of the RPA primers

3.2.2 Solution:

In this study we are reporting a novegst, easy and efficient method for DNA amplification and detection. The
system is based on SP@Edified withPLL, where the interaction between the DNA and PhlLnigture between

an electrostatidnteractionand covalent interactionThe positive chargen the PLL interacts electrostatically with

the negatively charge on the DNA backbone. And the amine could be covalently linked to aminated DNA probe using
a crosdinker. The PLL was linked with the aminated forward prirffavP) and the amplification tak place by

adding the target and a reverse primer labeled with HRP (H&P). Our approach of using redRP has proven to
decrease the amplification time and the assay timeebgninating an extra step for hybridization with a reporter.

The LOD achieved by this method using synthetic DNA is 16a®i@ld linear range from 50 pM to 50 rivt ssSDNA

and 0.1 fMand the liner range is from 0.75 fM to 7 fidr dsDNA fok. armigertarget.

3.2.3Materials and methods:

All reagents were usegk receivedPoly (Hysine hydrobromidelPLKkB20average MW 4206iom Alamanda company.
N-cyclohexyiN-(2-morpholinoethyl}carbodiimide methyp-toluene-Sulfonate (CMCJolyethylene glycol diglydyl
ether (PEGDE), ), polyethylene glycol 400, polyethylene glycol 2808phmate buffered saline (PBS), strontium
nitrate (Sr(NQ)2), potassium chloride (KCI), Sodium acetatetgssium hexacyanoferrate(lll) sffe(CNy, 99+%),
ruthenium hexamine chloril(lll),and ethanolamine hydrochloride were purchased from Sigktdrich. SPCEORP
110)purchased fronDropsense with a diameter of 4 mrsynthetic HPL-Grade oligonucleotides DNA probes were
purchased from Biomers.net (Ulm, Germany):

Karlodinium armiger tailed forward primer (KA. FWRBNB2ttt ttt ttt ttt ttt ata gct tca cag cag agg tta caa Sa

Karlodinium armiger tailed reverse prin{@&A. RevP primerJattt ttt ttt ttt ttt tgt aaa acg acg gcc agt-5 - aca cac

atc caa cca tyt cac t§a

Karlodinium armiger reporter (complementary/KA.HRP reportéF3? act ggc cgt cgt ttt ace3a

Karlodinium armiger DNA (templatejta gct tca cagcag agg tta caa cac caa tgc tge tcc get acc cge gat ctc atg cac

cag gga gcg gca aga agc cag agc ttc aag aca ccc cta ccc ccg tgc agg agc tca caa aga aag ttc aca gtg aga tgg ttg gat
gtg tgt

Karlodinium veneficum DNA (nspecific control): ata gct tcg cagaeag gtg aat ccc aat gct gt cca cta ccc geg aac

tgc taa cgc cag ggt gcg gaa gag aac tac ccc aac ccc cge geca aga gct cac aaa gaa gtt cac agt gaa atg gtt gga tgt
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All the electrochemical measurements were perfornveith a PC controlled PGSTAT12 Autolab potentiostat
(EcoChemie, The Netherlands) using screen printed carborXDBPTheelectrochemical setufor SPCEs:
g2NJ Ay3a St SOGNRRSY Olctl@ettypdeRgiABGI counterTelectrodd” salbonNB T S NB y

SPCEs surfaosodification

A 25 L of a mixture of 25% v/v of 0.5 mM PLL solution, 0.25 mM PEGDE solution, 5 mM PEG 400, and 8.1 mM NH
FwP was drojgasted on the SPCE surface. Electrodes were incubated overnight (or until complete dryness)
under vacuum. After dryness, the SPCEs were, and incubated with 5 mM PEG400 for 3ththeA@vashed for 2

min with a stirred distilled water. Reagent concentrations for optimization erpanis were as follows:

Reagent Concentrations used (mM) constant reagent Concentrations used (mM)
PLL 0, 0.05, 0.5 PEGDE, NHFwP 0.25,0.1
PEGDE 0,0.25, 2.5 PLL, NHFwP 0.5,0.1
NH-FwP 0,0.005, 0.01, 0.02, 0.05, 0.1 PLL, PEGDE 0.5, 0.25

Table 8.7): PLL, PEGDE, and NF£P concentrations optimization experimental design

dsDNA target generatian

The dsDNA target has been produced by running a PCR reastianthe same primers used for RIBA15 cycles

The product was purified anderified by running a gel electrophoresibhe concentration was determined as
follows: the product was quantified using the nanodrop. And by using a free online software to find the
complementary for the ssDNA target, the total molecular weight for thedpct was calculated then the final

concentration was easily calculated.

Solidphase RPA on SPCE surface:

RPA cocktaik. armiger dilutions, and CA detection were as described previously in the first section except for the
hybridization we have followetlvo strategies:(i) if the RPA mixture includes the tailed reverse primer then the
functionalized electrodewould beincubated with 2 nM complementary probéwhich it is complementary to the

tail in the reverse primerfK A.HRP reportein 10 mMtris buffer in1 M NaCfor 30min at40°C (ii) if the RPA mixture
includes the reverse primer labelled with HRBRen the detection could be performed directly aftehe
amplification.25 L of the prepared RPA mixture was dicgsted on the modified SPCEs surface with aminated FwP
and incubated for 20 min at 4Q inside atmosphereontrolled chambeifor SPCEdormation of any air bubbles
while drop-casting should & avoided. Then the electrodes were washed by immersing in a magnetic stirred distilled
water for 2 min, and they were ready for CA measurements. To perform the CA measurementf.dsihgotential,
100pLof 0.5 M PBS buffevas dropcasted on the fundébnalized surface and the CA response was recorded for 200
sec, then another 100L for 100 sec of TMB for ELISA was added to follow the change in signal due to the reduction

and color change from colorless to blue could be observed as well.
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3.2.4 Results and discussion:

/ 1. Functionalization \ / 2. RPA mixture ‘\ /‘ 3. Detection ﬂ
g ) (()uMRevP

/- N
/05mMPLL "\
[ 0.25 mM PEGDE | tempiate
0.1 mM NH,-FwP
mM PEG400 ol
j, RPA palates 280mM MgAC
ﬂ "'i )' Rehydration buffer
’ dH2o0

F > '\l , ) LL > ,\' / -
SPCE surface SPCE surface
\ Overnight drying j K 20 min incubation /
Figure (3.12): Schematic representation for surface functionalization with PLL apd-iNkrimer, and RPA mixture components
and reaction on the functionalized surface for 20 min &C10

Parameters optimization:

As previously described section (1) ssDNA K. armiger target has been used to optimize the system. The use of HRP
as an electrochemical redox indicator s drawback that it will be nospecifically adsorbed on the SPCEs surface.
Considering the rough, irregular, and rRbomogenous surface, a suitable blocking agent should be used in order to
minimize the HRP nespecific adsorption. Different tests using different concentrations of PEG 400 has been
performed in order to block the surface of the SPCEs against HRIpacifc adsorption. Also, the use of the reverse
primer labeled with HRP versus the reporter HRP for the CA detection has been studied as in8afer(3o0lid

phase the amplification must take place on the surface, where the forward primer is immobilizbd sarface and

the reverse primer and the target would be added with the RPA cocktail. The use of the labelled reverse primer with
HRP showing the best difference between the negative control and the positive k. armiger sample. This leads to
ability forthe detection right after the amplification and eliminating one extra step for reporter hybridization. Then

by using this HRRbelled primer thenumberof reagentsand steps were decreased, and the assay was faster.

PLL (mM) PEG400 coimmobilized PE5400/1h (mM)  NGC (uA) KA positive (LA) Ratio* Reporting probe

(mM)
0.5 5 25 1.18 2.35 1.99 KA reportertHRP
0.5 - 7.5 1.48 3.69 2.49 Rev.PHRP
0.5 5 5 1.69 9.75 5.77 Rev.PHRP |
0.5 10 - 3.11 9.02 2.90 Rev.PHRP

Table (38): Testing two different concentrations of PEG400 for surface blocking or to reduce H&fcifin adsorption, the detection
has been tested either by using a k. armiger reporter complementary to a tail in the reverse primer or by a labellegrireersith
HRPthe Ratio* is the ratio between the response of the k. armiger positive sample and that of the negative control (NGC)
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A study has been performed to evaluate the effect of concentratbPLl. FwPand PEGDE> determine the

optimum concentratior(Figire 3.13). The results show that the optimum concentration for PLL and PEGDE to obtain

the maximum and reproducible signalfsolid phase RPA is 0.5 mM and 0.25 mM respectively (té)leTBe PEGDE

contains two very reactive epoxy groups can cikis& two amines, the PLL contains one primary amine that means

each one molecule of PEGDE will link two molecules of PLL. Theamveay this is a confirmation that there is a

mixed interaction on the surface, one is an electrostatic interaction where the FwP probes will be oriented randomly.

Also, a covalent crodmking interaction where the FwP probes will be chemically elioged by the PEGDE to the

amine in the PLL, this interaction provides the probes orientation for amplification and hybridization.
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Figure (3.13): Concentration optimization for ss K. armiger tarfatthe described systera) PLL using 0.25 mM PEGDE and 0.1
mM NH-FwP b) PEGDE using 0.5 mM PLL and 0.1 mMRMHP, anct) NH-FwP using 0.5 mM PLL and 0.25 mM PEGDE

a)

[PLL] (mM) ] Ratio*

0 2.5
0.05 2.8
0.5 4.0

b) <)
[PEGDE] (mM)  Ratio* [FwP] (mM)
0 [ 25 0
0.1 45 0.005
0.25 5.1 0.02
265 41 0.05
0.1

Ratio*

2.03
2.71
5.51
5.32

Table (39): Ratio* is the ratio between the negative and the ss k. armiger positiva)ei:L using 0.25 mM
PEGDE and 0.1 mM NAwP b) PEGDE using 0.5 mM PLL and 0.1 mMANHP, and) NH-FwP using 0.5

mM PLL and 0.25 mM PEGDE

To optimize the RPA time on the@Es surface, another systematic study was performed for different RPA times. It

was foundthat 20 min for RPA on the surface is showing the maximum response, i.e. the amplification reaches

saturation after 20 min (table 30 summarizes the values for the negative contrilsarmigerpositive samples, and

the ratio between the negative control and the positive). The signal has been evaluated by taking the ratio between

the positive and the negative control (blank, i.e. nagt). To confirm the 20 min RPA time on the surface, different

target concentrations have been compared for 20 min and 40 min RPA on the surface.(8it4) and confirms

the amplification saturation after 20 min. Then we can say we have developed m2&say for RPA and detection.
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Figure (3.14): CA measurementsr the described system usifigg mM PLL, 0.25 mM PEGDE, and 0.1 mMAMIPSPCEs
a) RPA time optimizatior) Different k. armiger target concentrations responses comparison at 20 min and 40 min RPA
reaction time for modified SPCEs surface with

RPA time (min) Ratio*

10 3.65
| 20 730 |
30 6.75
40 5.30
60 4.62

Table (310): Ratio between the negative and the ss k. armiger positive for different RPA times on SPCEs surface

PLL film baracterization:

Figure (3.15) shows the electrochemical @Waracterization the linearity observed after modification with the PLL
and theNH-FwP compared with the bare electrode indicates that the electron diffusion process has not been blocked

due to the modification.
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Figure (3.15): Cyclic Voltammetry characterization using 1 mM [Fed&M)containing 50 mM SING;) electrolyte a) Peak
current VS (scan raté) for bare electrodeb) Maximum of peak current VS (scan rédfefor the bare SPCE)) Peak current VS
(scan ratey? for modified SPCE surface wiRhLand d) Maximum of peak current VS (scan r&fefor the modified SPCE

surface withPLL, the modification performed by using 0.5 mM PLL, 0.25 mM PEGDE, and 0.3-RviPNH

As in Figre (3.16a), the CV surface characterization shows that there is an ineri@asapacitance with every
modification stepwith every modification stepThe difference in the CV shape for bare and modified electrode is

not significant and not showing any evidence for any surface modification with the PLL, but after RPA on the surface
the shape changes. The shape is more like a polymeric surface coating which indicates the presence of a dense layer
on the surface yet permeable to the diffusing species. This could be due to the amplification on the surface as well

as the presence of alésidues of the RPA reaction on the surface even after washing.

- Bare SPCE = Bare SPCE
30- | — Modified SPCE with PLL and FwP Modified SPCE with PLL+FwP
— After RPA 4 * After solid-phase RPA
151 3 .
o a o ’
< O x 2 . ]
2 . . 2" "
= -1 5 an 1 o* * .l u
N 0o
-0.6 -0.3 0.0 0.3 0.6 0 1 2 3 4
Potential (V) Z(KQ)

Figure (3.16): a) Cyclic Voltammetry characterization using 1 mM [Fedl&N)containing 50 mM SING;) electrolyte for bare
SPCE and modified SPCE (using 0.5mM PLL, 0.25 mM PE®OEnMMNH-FwP), and after RPA on the surface of SPC&0at
mV/s scan rateb) Electrochemical impedance spectroscopy at 0.1 V, frequency range from 1000 to 0.01 HZ, and 10 mV points
per decade for bare SPCE, modified with PLL and FwP, and affer BSIANA target
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EIS measurements for each modification step compared with the bare SPCEs3Hg, and table (3L1) show a
significant change between the bare and modified SPCE. the system electronic circuit has changed from having a

chaming capacitance behavior to fully permeable membrane for modified SPCEs with PLL and FwP.

Electrode Z(Km0 -Z" (Km0

Bare SPCE 495.6 91.9
modified with PLL anBwP 590.4 24.6

After RPA 594.8 6.1

Table (311): EISreal and imaginargomponents ofesistanceobtainedat 0.1 V, frequency range from 1000 to
0.01 HZ, and 10 mV points per decade and using 1 mM [R¢¥€Npntaining 50 mM SINGs) electrolyte for
bare SPCE, modified SPCE with PLL and FwP, andP4ften fhe surface of SPCE

CA detection:
Selectivity:

To demonstrate the selectivity of the developed system for ssDNA target and dsDNA target of karlodinium armiger,
a test against karlodinium veneficumwas performed as in fige (3.17). The ssDNA target used for the selectivity
measurements is half the coewtration used for optimization. This explains th& 3imes difference between the
negative control (NGC) or the n@pecific control (NSC) compared with the 7 times difference on the optimization.
The dsDNA target was generated from the ssDNA target@R using the same primers used for the RPA for 15
cycles. The concentration was determined as follows: the product was quantified using the nanodrop. And by using
a free online software to find the complementary for the ssDNA target, the total molewdigght for the product

was calculated then the final concentration.

a) b)

9 6

6 4

3

—
<
5 - .

, N . |

NGC (blank) KV (NSC) KA positive Blank (NGC) KV (NSC) KA positive
Target Target

Figure (3.17): System selectivitfor the described systeagainst karlodinium verfeeum species (KV20 min RPA
a) ssDNA target using 5 nMrget final concentration antd) dsDNA target using 5 pM target final concentration;
the NGC is the blank with no targée KV is the nespecific control (NSC)
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Calibration curves:

To determine the LOD a series of concentrations have been testesbEIXA and dsDNA taregt, shown iruFég
(3.18). The LOD for ssDNA target is found to be p&&nd a linear range from 50 pM to 50 nbt the 20 min RPA.
The LOD for dsDNA target was found to be 0.13 fM, and the liner range is from 0.75 fM to 7 fM. All the parameters

obtained for the CA detection are summarized in tabléZB.

a) b)
11 y=18487x+22.166 8
38 R?=0.9205 "
s S5 ’ S hd } L ] +
2 NGC - 6 ’
11 -1 -9 7
i 9 - y=2.3375x+39.557
Log [k. armiger] (M) = 2.
_ ) g o | Fromie
§ 8 = NGC ES ¥
:— 4 ZLDD......+ “0 n&c
5 -165 -15.5 -145 -13.5
NGC
Loo * + Log k. armiger (M)
2 0
11 10 9 8 7 I 4451 -142 -13.2 -121 -11.2
Log [k. armiger] (M) Log [k. armiger] (M)

Figure (3.18): Attempts to calculate the KA target L&D the describedolidphase RPAystembased orPLLdrop-castingfor 20
min RPAn SPCEs surfafte: a) ssSDNA target with a LOD of 16.8 pM and a linear range from 50 pM to 50)mi¥DNA target,
the LOD is 0.1fM , and the linear range is from 0.75 fM to 7.fNIGC is the netemplate contro] measurements were
performed at-0.2V potential for 250 s using 100 puL PBS 0.5 M for the first 100 s and 100 uL TMB substrate was added after 100 s

Parameter Target

ssDNA dsDNA
SelectivityagainstkK. veneficum K K
LOD 16.8pM 0.13M
Linear range 50 pM¢ 50 nM 0.75¢ 7 fM

Table (312): CA detection parameters

Real sample analysis:

Genomic samples were analyzed using the developed syatehthe developed calibration curder dsDNA solid
phase amplificationThe results obtained are listed in tableX3) and compared with the values obtained by other
amplification techniques. Theystem was able to estimate the genomic sample which are above the blank

measurements and could detect a mixture of two different karlodinium species.

Sample PLL(fM) gPCRfM) FClabelled Recovery (%)
dATP (fM)
S - 0.5 0.7 -
S 0.67 1.3 1.3 51.5
S 1 11 6.7 10

Table (313): Genomic real samples measurements compared with other methddlsS is K.
veneficum, Sand S are a mixture of K. armiger and veneficum.
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3.2.5.Conclusion:

A novel, fast, simple, easy, and direct method has bemrelbped for DNA amplificatioand detection on SPCEs
surface using poly {Lysine) polymefThe interaction between the PLL and DNA is a mixture between an electrostatic
interaction and covalent interaction by using PEGDE as alin&ss. The method has been tested for ssDNA target
amplification as well as for dsDNA target, andats showrto work for both targets with more favorable for dAsDNA
target. This confirms the suitability of our approach for real sample analysis. The LOD for ssDNA target is found to
be 16.8pM and a linear range from 50 pM to 50 rivid for dsDNA target was found to Bel3 fM, and the liner

range is from 0.75 fM to 7 fM.
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Chapter IV

Applications

2. Liquid -phase RPA
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Introduction

In this chapter we are performing RPA in ligpltase. The RPA was performed by usingftmeard and reverse

primers with the RPA reagents. The incubation was performed for the specific tim&@t #be surface of SPCEs

has been optimized and tested for functionalization with the capture probe. After amplification the hybridization on
the SPEs surface was achieved. The reverse primer labelled with HRP has been used as well, to reduce the number
of assay steps. The analysis time for the two developed systems is 35 min, which is good and well below the design

requirements we had set for the deloped POC system.

The results in this chapter indicates that the systems are more stable and reliable for the solid phase RPA compared
with the liquid phase RPA. Solid phase RPA is easier, simpler, and faster; besides the results aragodochiep
Also, solid phase RPA provides lower LODsdpecially for the systerdevelopedfor large scale production, i.e.

polymerbasedsystem
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l. Liguidphase RPA

4.1.1.Problem

Liquidphase RPA parameters optimization
4.1.2. Solution

Recombinase polymerase amplification (RPA) is a fast and simple approach for DNA amplification. It is a rapid process
because there is no need for cycling, and it can be performed for a wide range of temperature (XTjo 145
simplebecause you just need two sets of primers, forward primer and reverse primer, binding proteins, amplification
enzyme, and some crowding reagents. The detection can be done by gel electrophoresis as well as electrochemistry
or fluorescence. The gel electropresis allows better insight of the amplification process because it separates
products according to their size. Especially with the use of the labelled reverse primer with the HRP the amplicon
size can be altered and detected on the gel. In this sedkiere is a full description for the amplification in solution

and gel characterization afterwards. Also, we are studying the influence of using labelled reverse primer with HRP

compared to using an ulabelled one.
4.1.3. Materials and methods:

Agarose gellx TBE buffer, Synthetic HRir@de DNA probes were purchased from Biomers.net (Ulm, Germany)
having the following sequences:

Karlodinium armiger tailed capture probe (KA. Capture prolsyHR ttc att gag ttc gtc gta at ttt ttt ttt ttt ttt -36
Karlodnium armiger tailed reverse primer (KA. RevP prinBet)t ttt ttt ttt ttt tgt aaa acg acg gcc agt-5 - aca cac

atc caa cca tyt cac tga

Karlodinium armiger tailed forward primer (KA. FwP prim@)att acg acg aac tca atg asb - ata gct tcacag cag

agg tta caa €30

Karlodinium armiger reporter (complementary/KA.HRP reportéH)f3? act ggc cgt cgt ttt acaa

Karlodinium armiger DNA (templatejta gct tca cag cag agg tta caa cac caa tgc tgc tcc get acc cge gat ctc atg cac

cag gga gcgyca aga agc cag agc ttc aag aca ccc cta ccc ccg tge agg agc tca caa aga aag ttc aca gtg aga tgg ttg gat

gtg tgt
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Liquidphase RPA:

RPA cocktailThe final volume was adjusted to be 50 puL as described by the manufgcRIPéY reaction was
incubated for 40 min at 4T and the product was purified before running the gel electrophordsis mixture was

as follows: 10.6 L distilled water, 29.5 uLyeéfation buffer, 2.4 uL RevP (10 uM), 2.4 uL FwP (10 uM), 1 pellet, 2.5
pL MgAset (280 mM), 5 pL of 20 nM target. For the negative control, 5 pL of distilled water wasRustzinasekK

was added to digest all the proteins involved in the RPA amplifitatiocess. The product was purified and verified

with gel electrophoresis.

PCR for ssDNA targeet generate dsDNA target

The dsDNA target has been produced by running a PCR reastianthe same primers used for RIBA15 cycles
Theconcentration was determined as follows: the product was quantified using the nanodrop. And by using a free
online software to find the complementary for the ssDNA target, the total molecular weight for the product was

calculated then the final concentratn. The product after purification seeas inFigire (4.1).

4.14. Results and discussion:

Parameters optimization:

In order to optimize the time needed for the amplification to reach saturation, the RPA reac®nunfor different
times as in figre (4.1a). From the figure, 30 min is enough to reach amplification saturation. The dsDNA target has

been produced by ruming a PCR reaction for 15 cycles, the product after purification se€igire (4.1b).

a)

Time in min

e 1300110 120030 140 50 60 L

1: reverse primer
2: reverse primer HRP

Figure (4.1):a) RPA time optimizatiorn) PCR purified product for ssDNA target amplification
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As seerirom figure (4.1a), there is an extra band with higher molecular weight than the amplified targetriipare
between the use of ssDNA and dsDNA target, a calibration curve for different concentrations for ssDNA target and
dsDNA target has been performedd the extra band appears for the ssDNA target but not for dsDNA target. To
verify this extra band an extra study was performed usindabelled reverse primer vs labelled reverse prirasr

shown in figure (4.2).

a) b)

L' 12 3456 7891011 L L1 2 34 568 910

No 1 2 3 4 5 6 7 8 9 10 11
[target 0 5pM 10pM | 50pM | 100pM | 500pM | 1nM 5nM 10nM | 50nM | 100nM

Figure (4.2):Liquid phase RPA for different target concentrati@)ssDNA targeth) dsDNA target

In order to evaluate thaature of this second product, different RPA reactions have been performed for ssDNA and
dsDNA target with and without the pelleAs seen frm figure (4.3), without the pellet there is no amplification take
place. The dry pellet contains the required enzymes, chelating agents, and proteins for amplification. It's noted that
there is no primer dimer or template dimer when the reagents mixechindabsence of the pellet, and there is no

by product amplification with the use of the ndabelled reverse primer with HRP. Then we can conclude that the
extra band for ssSDNA amplification is because of the use of the reverse primer labelled with HRRe anadre
evidence is well shown in fige (4.1) where the PCR for the ssDNA performed to obtain the déDalfigertarget.

Despite the dissolution and rstability of the labelled reverse primer with the HRP, the extra band could be seen

and identified in the gel even after purification.
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L = Ladder

1 = RPA reaction mixture without the pellet and ssDNA k. armiger target

s
:. using tailed reverse primer
k 2 = RPA reaction mixture without the pellet and ssDNA k. armiger target

using reverse primer labelled with HRP

3 = RPA reaction mixture included the pellet and ssDNA k. armiger target

Figure (4.3): Liquid phasd&rPA for ssDNA and dsDNA target for k. armiger with and without the pellet

4.1.5. Conclusion:
Using the reverse primer labelled with HRP for liquid phase RPA has been proven working for ssDNA and dsDNA
target. The ssDNA target amplification shows an a&dmplified band, this may affect the LOD when performing the

electrochemical detection because the two amplified products will compete for hybridization with the surface probe.
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[I. Diazonium electrografting on screerprinted electrodes
4.1.1.Problem

K. armigeramplification using liquighhase RPA and electrochemical detection of the ameptifan SPCEs surface

using diazonium electrgraftingand covalently linkngthe NH-capture probe
4.12. Solution

The electrochemical detection could be performed on SPCEs surfacekusingigercapture probe.A response
could not be obtained for ssDNA due to the formation of unlabelled dsDNA before any label could be incorporated.
The developed system was-succesful for electrochemical detectiofor ssDNAAnd in order to be able to

calculate the true LOIr dsDNAa smaller concentration range should be performed.
4.1.3. Materials and methods:
All reagentsare as described in chapter (3) section (1).

Diazonium gratfting:

Same as described in chapter (3) section (1).

Aminated KA. capture probe immobilization:

The surface was activated by 200 mM CDadisincubated for 30 min at 4 andwaswashed with distilled water.
30 puL of 5 uM KACapture proben 0.05 M PBS buffer pH 7wlas drop-casted on the surface for 2 h; themas
washed with distilled water. 30 uL of 5 mM ethanolamine in distilled water at ppv&9drop-casted andwas
incubated for 30 min at 44 to block all notinked diazonium carboxyligroups on the surfacéhen waswashed

with distilled water dried with argon. The electrodes were stouedil used.

Liguidphase RPA:

RPA cocktailThe final volume was adjusted to be 50 yL as described by the manufacturer as in table (3.2.1). k.
armiger dilutions, and CA detection were as described previously in chapter (3) section (2), where the RPA mixture

includes the reverse primer labelled with HRP then the detection could be performed directly after the amplification.
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Volume per reaction (uL)

milliQ 12.2
Rehrydation buffer 295
RVP tailed 10uM 24
FwP tailed 10uM 2.4
Pellet 0.5
MgAcet 280mM 2.5
target 1nM/milliQ 1

TOTAL 46.5

Table @.1): Liqud-phase RPA mixtuiacubated for 40 min at 4& thendrop-casted on the
modifiedSPCEs surfaegth mixed layer diazonium electgrafting and NHZapture probe

Hybridization on SPCEs:

Same as described in chapter (3) section (1).

3. Hybridization

1. Functionalization 2. RPA mixture
and Detection

.

=
S
=
=

SPCE surface SPCE surface -

SPCE surface

Figure (44): Schematic representation for surface functionalization with PLL apd#&fiture probe RPA mixture components
and reaction, and hybridization and detection on the functionalized surface

4.14. Results and discussion:

Electrografted mix-layer characterization:

As explained beforen chapter (3) section (Ifpr the solidphase RPAhe electron transfer seems to be inhibited.

This confirms the surface blocking by the mixed layers of diazonium salts.
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