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Abstract - English

The quantication of signicant amounts of disease biomarkers circulating in the blood-
stream represents one ofthe challenging frontiers in biomedicine. The complexity of
blood composition has opened the quest for novel detection technologies, capable of dis-
cerning small amount of specic biomarkers from other blood proteins/oligonucleotides
and of reliably measuring them. In this context, we have developed a device based
on dierential double-layer capacitance readout at microfabricated gold electrodes and
demonstrated its detection performance in real bio-sample volumes.

In particular, in this PhD thesis, | will show my results in improving and implement-
ing a biosensor based on a three-electrodes electrochemical readout using two miniatur-
ized gold (working and counter) electrodes and a mm-sized AgCbpellet reference elec-
trode, with the nal scope of detecting cancer biomarkers circulating in blood in real-time
and in-situ. This biosensor has demonstrated to be able to detect DNA-hybridization
with a detection limit of 1 pM, starting from a probing ssDNA-SAM (self-assembled
monolayer) on the gold-coated working electrodeThe measurements were rst carried
out in pure saline buer solution, monitoring the dierential capacitance at the Working
Electrode versus the incubation time.The kinetics studies, modeled using the Langmuir
adsorption isotherm, not only give us important information on DNA hybridization ki-
netics but also allow to detect eventual mismatches along the target DNA sequence
proving to be sensitive to the position of the mismatch with respect to the surface of the
device. Furthermore, we are able to detect and quantify, in human extract and plasma,
an unknown concentration of a specic microRNA (miRNA) biomarker connected to
heart failure disease,using miRNA/complementary ssDNA calibration curves. The re-
sults were then conrmed using a real time gPCR by our MD partners at the University
of Udine, D. Cesselli and A.P. Beltrami.

Beside miRNA, | have demonstrated that my device can detect more complex com-
ponents such as protein biomarkers on single-domain antibodies (e. HH fragments)
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DNA conjugates in human serum. In particular, | have focused on the detection of the
protein HER2, overespressed in many types of cancein addition, | have performed a
systematic characterization of the device varying the physiological conditions (e.galt
type: KCI, NaCl, MgCI2, PBS, etc.and concentration), at dierent ssDNA SAM den-

sity conditions (estimated by using an XPS) and applying dierent potential in order

to have a more comprehensive understanding of the phenomena occurring at the elec-
trode/electrolyte interface. Such studies have led to the implementation of a theoretical
model, to provide an explanation, consistent with the experimental data, of the biophys-
ical phenomena that contribute to the biorecognition of the events of interesRecently,

| started exploring new routes to improve the sensitivity of our devices: on one hand,
through Au nanoparticles amplication; on the other hand, through the development of

a multiplexing system, which also requires the miniaturization of the reference electrode
on the same plane of the other two gold electrodes, to increase device portability and its
limit of detection.

In conclusion, by means of EIS measurements in a three electrodes setup, we built a
device based on DNA hybridization detection, which was carefully calibrated for optimal
biorecognition. With such device we were able to quantify the presence of microRNAs
(miRNAS) in cellular extract and in human plasma.We demonstrated that our device is
fast, sensitive,reusable,reproducible and perfectly suited to measure binding anities
in complex matrices, as cell lysate, serum and blood plasn¥se applied this platform to
the bioanity detection of protein biomarkers with the possibility to detect circulating
drugs in blood, for therapeutic drug monitoring applications.



Abstract - ltaliano

La detection e misurazione di biomarcatori tumorali e non circolanti nel sangue umano
rappresenta una delle nuove e piu impegnative frontiere in campo biomedicouttavia,

la complessita delsangue umano ha reso necessario lo sviluppo diuove tecnologie di
rilevamento, in grado di discernere piccole quantita dibiomarcatori specici dagli altri
oligonucleotidi o componenti proteiche presenti nel sangue e di misurarle in modo ad-
abile. Ed € in questo contesto, che abbiamo sviluppato un biosensore in grado di misurare
le variazioni della capacita dierenziale che avvengo all'interfaccia elettrodo/elettrolita

(per questo nota come capacita di double-layer ) e connessi ad eventi di bioriconoscimento
dimostrando buone capacita di rilevamento anche in ambienti reali quali plasma umano

ed estratto cellulare.

In particolare, in questa tesi di dottorato, vi mostrero i risultati da me ottenuti nel
miglioramento di un dispositivo costituito da un redout elettrochimico a due elettrodi
d'oro microfabbricati (di lavoro e ausiliario) e un elettrodo di riferimento di AgCl di
dimensioni millimetriche, con la scopo nale di rilevare biomarcatori tumorali circolanti
nel sangue, in tempo reale e in-sit@Questo biosensore ha dimostrato di essere in grado di
rilevare il processo di ibridazione del DNA con un limite di detection di 1 pM, a partire da
un monostrato di DNA a singolo lamento (ssDNA-SAM) auto-assemblato sull'elettrodo
di lavoro. Le misurazioni sono state eettuate in una soluzione tampone salina pura e
la capacita dierenziale in corrispondenza dell'elettrodo di lavoro in funzione del tempo
di incubazione € stata poi monitorata.

Gli studi cinetica, attraverso il modello di adsorbimento di Langmuir, non solo ci
danno informazioni importanti sulla cinetica di ibridazione DNA ma anche permettere di
rilevare eventuali spaiamenti di basi lungo la sequenza del DNA d'interesse dimostrando,
inoltre, di essere sensibile alla posizione del disallineamento rispetto alla supercie il dis-
positivo. Inne, siamo in grado di rilevare e quanticare, sia in estratto cellulare che in
plasma umano, una concentrazione sconosciuta di uno specico frammento di RNA (mi-

10
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croRNA, o miRNA) biomarcatore specico dell'insucienza cardiaca, utilizzando curve
di calibrazione dissDNA/miRNA complementare. | risultati sono stati poi confermati
attraverso l'uso di una qPCR in tempo reale grazie ai nostri partner presso I'Universita
di Udine, i MD D. Cesselli e A.P. Beltrami e collaboratori.

Oltre lo studio e rilevazione dei miRNA, ho dimostrato che il dispositivo € in grado
di rilevare componentipiu complessiquali biomarcatori proteici su anticorpi a singolo
dominio (ad esempio frammenti VHH) coniugati a lamenti di DNA in siero umano.

In particolare, ci siamo concentrati sulla rilevazione della proteina HER2, la cui sovrae-
spressione e stata rilevata in molti tipi di cancro ma in special modo in forme par-
ticolarmente aggressive dicancro al seno. Inoltre, ho eseguito una caratterizzazione
sistematica del dispositivo variando le condizioni siologiche (ad esempio il tipo di sale:
KCI, NaCl, MgCI2, PBS, etc. e lo loro concentrazione),a diverse condizionidi densita

del ssDNA-SAM (stimata utilizzando un XPS) e applicando diversi potenziali in modo

da avere una comprensione piu completa dei fenomeni che avvengono all'interfaccia elet-
trodo/elettrolita. Tali studi hanno portato alla realizzazione di un modello teorico, in
grado di fornire una spiegazione, coerente con i dati sperimentali, dei fenomeni biosici
che contribuiscono al bioriconoscimento degli eventi di interesse.

Recentemente, ho iniziato a esplorare nuove vie per migliorare la sensibilita dei nostri
dispositivi: da un lato, attraverso l'uso di nanoparticelle d'oro in grado di amplicare
il segnale delle variazionid'interesse; dall'altro, attraverso lo sviluppo di un sistema
di misurazioni a multicanale, che richiede anche la miniaturizzazione dell'elettrodo di
riferimento sullo stesso piano degli altri due elettrodi in oro, al ne di aumentare la
portabilita del dispositivo e inoltre il suo limite di rilevazione.

In conclusione, mediante tecniche di spettroscopia ad impedenza elettrochimica (EIS)
in una congurazione a tre elettrodi di cui due microfabbricati, abbiamo realizzato un dis-
positivo basato sulla rilevazione dell'ibridazione, in-situ, di oligonucleotidi (DNA/RNA)
che é stato poi accuratamente calibrato per un ottimale bioriconoscimento. Grazie
a questo dispositivo, siamo stati in grado di quanticare la presenza di microRNA
(miRNA) in estratto cellulare e in plasma umano. Abbiamo dimostrato che il nostro
dispositivo € veloce, sensibile, riutilizzabile, riproducibile e perfettamente adatto per
misurare anita di  legame in matrici complessecome lisato cellulare, siero e plasma
sanguigno.



Chapter 1
Introduction

In the last decades the growing interest towards personalized therapies has motivated
the development of an increasing number of miniaturized, label-free devices to be used as
fast diagnostic tools for medical treatment ([1, 2, 3, 4, 5])Moreover, in recent years the
measurements of blood (and its components) impedance through an alternating current
has been suggested as a non-invasive approach to determine some blood disord¢B$.
The nal goal, of all these devices, is the detection of biological biomarkers (as proteins,
microRNA (miRNA), small pieces of DNA, etc.) circulating in the bloodstream, and to
selectively distinguish them from the huge amount of other,non-disease-representative
molecules.

Label-free biosensors require only a single recognition element, leading to simplied
assay designdecreased assay time and reduction in reagent costsAnother advantage
of label-free method is the ability to perform quantitative measurement of molecular
interaction in real-time, allowing continuous data recording. Moreover, target analytes
are detected in their natural form without labeling and chemical modication. The
label-free sensing strategies operate through a binding-event-generated perturbation in
optical, electrical or mechanical signals.

Optical transducers are widely used due to their high sensitivity with several well
established optical phenomena such as surface plasmon changes [7, 8, 9, 10], light scat-
tering/adsorption [11, 12, 13, 14]. Most label-free optical biosensors require precise
alignment of light coupling to the sensing area, which is a major drawback for point-of-
care applications. Therefore, optical sensing can be signicantly improved integrating
this approach to severalpassive and active opticalcomponents on the same substrate,
allowing the fabrication of multiple sensors on one chip.

12
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Advances in micro- and nanofabrication technologies have facilitated the emergence
of micro- and nanoscale mechanicailransducers capable ofdetecting changes in force,
motion, mechanicalproperties and mass that come along with molecular recognition
events [15, 16, 17, 18Among the dierent mechanical biosensors, cantilever and quartz
crystal microbalances (QCMs) are the most established techniquédechanical bending
of a micro- or nanocantilever is monitored as analytes bind, with optical readout typically
used to detect the deection or change in stress/strain prole of the cantilever. In one
example, Kosaka et al., 2014, [19] developed a sandwich assay that combines mechanical
and optoplasmonic transduction which can detect cancer biomarkers in serum at ultra
low concentrations.In this array the second antibody is tethered to a gold nanoparticle
that acts as a mass and plasmonic label;the two signatures are detected by means of
a silicon cantilever that serves as a mechanical resonator for ‘'weighing' the mass of the
captured nanoparticles and as an opticalcavity that boosts the plasmonic signal from
the nanoparticles, achieving a detection limit of 1010'® g mI™" in serum which is at
least seven orders ofmagnitude lower than that achieved in routine clinical practice.
This class of biodetectors is very appealing in terms of limit of sensitivity and it is well
suited to laboratory applications; however,the application of an external potential to
a piezoelectric material (in this case the quartz crystal) produces internal mechanical
stresses that induce an oscillating electric eld.Moreover, the resonance frequency shift
can be inuenced by many factors, such as changes in mass, viscosity, dielectric constant
of the solution and the ionic status of the crystal interface with the buer solution.

The best performances are expected by detectors based on electricedadout, both
in terms of cost reduction and of multiplexing analysis of dierent biomarkers. These
sensors integrated with microuidic networks in a Lab-on-a-Chip platform, can develop
into easy-to-use, rapid and reliable diagnostic kits to be operated as medical practi-
tioner's bench tool [20]. In contrast to the others that are interesting in terms of limit
of sensitivity and well suited to laboratory applications but whose cost cannot easily be
decreased to make them not available for systematic point-of-care diagnostics.

Electrical readout assays monitor the response othe system to the application of
a small amplitude (hundreds of mV) AC voltage to functionalized gold electrodes,and
can measure as a function of the AC frequency, the capacitance variation at the elec-
trode/electrolyte interface upon the occurrence of biorecognition events. These types
of measurements are known as electrochemical impedance spectroscopy (EIS) measure-
ments. The application of an AC-voltage instead of a DC-voltage is a fundamental trick
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to avoid charge-transport from the electrode to the electrolyte and vice-versa which are
inducing a rise of electrochemicalreactions that can change the ionization state of the
atoms at the surfaceln this way, at the interface, the moving ions in solution are period-
ically attracted and repelled from the surface oscillating around a central position and,
in rst approximation, they behave like a planar capacitor. This capacitance is called
double layer capacitance&;p, , and it is formed by the charged electrode (because of the
applied potential) and the layer of mobile ions in the diusive layer within a distance
equal to the Debye lengtii of the solution.

In 1853 Helmholtz, knowing that at the equilibrium, the charge in the metallic elec-
trode is distributed at its surface, modeled the electrode/electrolyte interface as com-
posed of two layers of opposite polarity where the ions in solution counterbalance exactly
the charge on the metal and form, together with the electrode, the double layer capac-
itance, Cp_ . After this rst model severalscientists rened the theory but the name
given by Helmoltz to the double layer capacitance remained.

For a mathematical treatment of the interface one can introduce an equivalent circuit
described in Figure 1.1, where the twomain components of the equivalent circuitCp,
and Rchanne @re highlighted ([21, 22]) As already explainedCp. models the solid/liquid
interface whereaRchanner idealizes the ionic resistance of the electrolyte solution in the
pool.

In literature can be found many examples of bio-detectors based on Electrochemi-
cal Impedance Spectroscopy [122, 23, 24]. In general, according to the frequency of

"In electrochemistry the Debye length is the measure of a charge carrier's net electrostatic eect in
solution, and how far those electrostatic eects persist. For a symmetric monovalent salt, is dened as:

RT
k"= 2 1.1
2F2Cy (11
where R is the gas constant, T the absolute temperature, F the Faraday constant, Cy, the molar
concentration of the electrolyte,  and o are the dielectric constant of the solution and vacuum,

respectively. k™! gives us information about the electrostatic screening eect of the solution and, as we
can see in Equation 1.1, decreases for increasing ionic strength.
The ionic strength provides the concentration of all ions present in a solution,

1 X
= - Gz (1.2)

where ¢ is the molar concentration of ioni (M, mol/L), z is the charge number of that ion, and the
sum is taken over all ions in the solution.

2considering negligible and therefore not reported the parasitic contribution of the surrounding en-
vireoment (cables, wires, etc.).
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Figure 1.1: a) ldealization of the physical system of the measuring setup. Equivalent
electrical circuit of our biosensor. Cp. models the interface electrode/electrolyte while
Rchanner represents the ionic resistance of the channel.

the applied voltage, the capacitance at the electrode/electrolyte interface or the resis-
tance of the electrolytic solution is measured [1, 22]. The devices based on resistivity
measurementsshowed high sensitivities [23, 24] whenever an appropriate choice of the
functionalization of the substrate. In resistance immunosensors a redox species is al-
ternately oxidized and reduced by the transfer of an electron to and from the metal
electrode. Thus, faradaic EIS requires the addition of a redox-active species and DC
bias conditions such that it is not depleted [24-1].

Capacitive readout oers the ability to create label-free integrated microsystems with
miniaturized dimensions thus saving costtime and system complexity. The possibility
to integrate capacitive biosensor arrays into a single chip along with the enablement of
electrical detection are perhaps the most signicant advantages of this kind of sensors.
Integration, on one hand,signicantly increases throughput and automation of the de-
vice and reduces the size ofthe biosensor as wellas the cost of the diagnostic assays
avoiding to consume hundreds of microliters of expensive reagentsshile electrical de-
tection eases readout electronics design and implementation thus leading to compact
portable instruments for point-of-care diagnostics with great results in terms of device
sensitivity, e.g. 0.1 pM is the detection limit achieved by Limbut and co-workers[25]
in the Bacterial Endotoxin detection using gold electrodesQureshi et al.[26], showed a
limit of detection of 25 pg/ml for the detection of biomarkers connected to cardiovascular
risk by using an assay of interdigitated gold electrodes.

On the other hand, in the capacitive biosensor world, very few works have been
presented indicating reliable detection of an analyte in real complex sample8lthough
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the biological receptors are usually specic, interfering substances in the analyte solution
may aect both the sensor selectivity and sensitivity[27, 28]False positive or false nega-
tive results may be due to the matrix componentsA common practice for compensating
the eect of interfering parameters is dierential measurements using reference sensors
without biological receptors on their surface or with molecules that are expected not to
interact with the analyte.

This type of devices may have a great impact in the future of medical diagnostics
but, at the same time, the fabrication steps and the functionalization with biomolecules
are still very complex.

For all these reasons we decided to concentrate our attention on detectors based on
capacitance read-out[29]working thus at low frequencies (which,given the dimensions
of our setup and buer conditions, means frequencies lower than 1.3 kHz) where the so
called double layer capacitance dominatesas demonstrated by Zou et al.[30]. In this
regime, it is crucial to control the voltage applied to the electrodes with high accuracy, to
avoid voltage-induce damaging of the functional molecules adsorbed on the gold surface.
To this aim, a third reference electrode is often used.In fact, it was demonstrated in a
previous work of our group that a three-electrode, miniaturized capacitive device allows
for high time stability, enables rapid, real-time response and improves resolution[29],
hence being an ideal candidate for fast personalized diagnostics, and/or therapeutic
drug monitoring ([31, 32]).

In particular, we concentrated on DNA detection. Oligonucleotides are in fact inter-
esting for biomedical and technical reasons:

&k DNAis the most stable biological molecule that contains information about the
source organismThis makes it the ideal molecule for pathogen detection and drug
discovery.Moreover, the ability to synthesize DNA oligonucleotides allows for the
low-cost design of DNA biosensor microarrays;

& The unique biomolecular recognition properties of DNA, based on Watson and
Crick base pairing, can be exploited to detect complementary DNA (or RNA)
strands in solution and to bind antibody DNA-conjugates with a high bioanity
level;

K In DNA sensors,the target gene sequence is identied by a DNA probe that can
form a double-stranded (dsDNA) hybrid with its complementary nucleic acid with
high eciency and extremely high specicity in the presence of a mixture of many
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Figure 1.2:Cross section of the mixed Self assemble Monolayer (SAM) formed by ssDNA-
and dsDNA-molecules immobilized on Au(111) gold Im.  Because ofthe variation in

the persistence length of the DNA-molecules after hybridization (from 1 to 50 nm), the
ssDNA is more exible than dsDNA which results in a shorter rod.

dierent, non-(or not fully-)complementary nucleic acids. A single mismatch for a

20 bases long probe can destabilize the complex such that its melting temperature
is reduced by 5°C [33]This makes detection using DNA strands extremely specic,
given that the probe length is short enough for the mismatch to be signicant, but
long enough for the global stability of the molecular complex;

& DNA molecules remain intact up to about 80° C.As temperature is lowered,the
denatured DNA will self-recognize and hybridize once again, so the device can be
reusable;

Xk Label-free DNA sensors have been built on many dierent substrates and materi-
als, including gold and carbon, silicon dioxide, diamond, quartz, optical ber and
conducting polymers[34].

One of the challenges in building surface-based DNA sensors is the link of the probes
to the transducer substrate. This is particularly important for sensors that rely on elec-
tron transfer reactions that involve the DNA molecule Single stranded DNA probes can
be immobilized on a surface via long-range electrostatic forcesor by chemical attach-
ment to a surface. For a durable, highly sensitive biosensor a particular care must be
given to probe immobilization on the surface. Achieving control over the construction
and operation of microfabricated label-free DNA biosensors would be a big leap in the
quest for highly reliable clinical laboratory tests. A rst step towards this goal is the
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characterization of the device, which means the research of the best operating conditions
to perform the various experiments.

It becomes clear that, whether it is for genomic protein application for early screening
of diseasesroutine walk-in medical checkups,or forensic analysis,controlled design of
these sensors is essentiaReliable outcomes of critical medical tests mean less need for
repetitions, oering better diagnosis with earlier intervention and more ecient thera-
pies. The problem of achieving a repeatable outcome is stilopen. Even in the case of
the electrochemical based DNA sensors, the output is tted with an empirical or semi-
empirical model, and some conclusions are derived.lt is, however,very important to
know what mechanisms cause the biosensor to operat8imulation of the sensors using
physical models can shed light into these mechanisms and help answer this question [35].

The aim of the present Ph.D. work is to design, develop and characterize a DNA-
biosensor with electrical read-out proving its clinical utility through the detection of
circulating cancer biomarkers as microRNAs, in real, complex environment (e.dplood,
serum).

To achieve the aims described above, a miniaturized electrochemical cell was de-
signed and developed (cfFigure1.3). So, starting from this measuring setup, our nal
purpose is to implement and microfabricate a biosensing platform based on electro-
chemicalimpedance readout with the ultimate goal of performing label-free, real-time
measurements of clinically relevant biomarkersThe idea is very simple and consists in
functionalizing the gold surface of the WE with surface-immobilized ssDNA-molecules
with dierent sequences and perform EIS measurements of oligonucleotides hybridization
(DNA, miRNA), in order to exploit the expertise of the group in the functionalization
of gold surfaces,or measuring the electrical response ofthe device due to an antigen-
antibody biorecognition event, conjugating the protein to an oligonucleotide strand via
DNA directed immobilization (DDI) [36, 37].

First, a systematic analysis of a single stranded DNA Im deposited on a gold elec-
trode was performed. In particular, dierent geometrical, physiologicaland read-out
parameters (e.g. ssDNA probe surface density,ionic strength, potential applied to the
electrodes) were exploited to calibrate the device and optimize its performance in order
to dene the best operating conditions for the detection of complementary DNA and/or
RNA hybridization processes occurring at the electrode/electrolyte interface We mod-
eled our sensor by means of mean-eld simulation in 3D using nite element analysis.
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Then, the optimized device was used to detect the unknown concentration of miRNAs
in cell extract and in human plasma of patients with heart failure disease, using derived
calibration curves to quantify it. We distinguished two contributions to the variation
of dierential capacitance:one, due to the blocking eect of the complex matrix (e.g.
human plasma) and a second one, showing a time dependent kinetics, due to the specic
miRNA/DNA biorecognition.

Yy

|WE| |RE| ICEI

a)

Figure 1.3: a) Scheme of the connections ofthe three-electrode setup. The potential
is applied across WE and RE whereas the current is measured across WE and CH)
Cartoon showing the assembling method of the three-electrode setupthe foreground,
the small silicone pool where the experiments were carried oul.he dimensions are not
to scale.

We are condent that our device constitutes a novel, sensitive,fast and cheap bio-
analytical methods to detect disease biomarkers and/or genetic mutations and possibly
usable in therapeutical drug monitoring.



Chapter 2

Materials and Methods

2.1 Device Fabrication & Measuring Setup

As already explained in the work of laneselli et al.[29], it is possible demonstrate that a
device composed of three electrodes guarantees a more stable signal than one with only
two electrodes[29,38]. Therefore an electrochemicakell composed ofthree electrodes
was realized:the Working (WE) and the Counter (CE) electrodes are in the micrometer
scale while the Reference (RE) is an electrode commonly used in electrochemical calls:
millimeter size d '4 mm) Ag/AgClI electrode obtained from the chlorination of a silver
pellet. This kind of electrodes, called second-species reference electrodes, were chosen for
their simplicity of manipulating and for their proper working in contact with a solution
containing chloride anions (Nernst equation for these half-reactions depends only with
the chloride concentration).

Devices were fabricated using proximity UV-optical lithography based proceé&rk-
ing and counter electrodes were produced on clean microscope slides by a classical lift-o
process.

First of all, the clean' slides were dehydrated at 200 °C for 5 min and then treated
with O ,-plasma in order to increase the adhesion ofthe photoresist. The parameters
that we used to increase the hydrophilicity of microscope slides are listed in Table 2.1.

"The cleaning protocol consists in three successive baths in acetone, 2-Propanol and soapy milli-RO
water in a sonicator water bath for 45 minutes in total, and thus rinsed with milliQ water.

20
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| _Element | Power (W) | Flux(sccm) | P (mbar) | Bias (V) | Exp. time (min) |
"OxygenO,| 60 | 30 |15x10'] '300 | 5 |

Table 2.1: Parameters for the oxygen plasma that we set in order to increase the adhesion
of resist on glass substrateThe plasma treatment was performed in the chamber of the
machine for reactive ion etching (RIE).

Successively the slides are rapidly cooled down in a nitrogen stream and immediately
spin-coated with a UV-photo-sensible resist. In this thesis work we employed mostly
MEGAPOSIT™ SPR™ 220 1.2 (Series Photo-Resist) as a positive resist. The type
of the resist, negative or positive (as here),denes how the mask image is transferred.

For negative resist the exposed areas remain on the slides after development whereas for
positive resist the exposed areas are removed during development becoming soluble to the
developer solution. According to the fabrication needs,one can vary the Im thickness

by varying the rotational speed of the spin-coater, in our case, the resist was deposited

on the glass slide to a thickness of 1.4im. After spinning, the slides were put on a hot
plate in order to perform the soft-bake (or Pre-Bake) of the resist. Temperature and
baking time are dened by the resist and its thickness. At this point the samples were
exposed to UV-light through a Chromium mask and the mask pattern was transferred

into the photo-sensible Im. After the exposure the samples were immediately developed

in a solution related to the specic resist. Again, after the developing step, the samples
were subjected to a further thermal treatment called hard-bake in order to increase the
thermal, chemical and physical stability of developed structures for subsequent processes.
In the following Table 2.2, we listed all the details regarding the resists and procedures
that we employed.
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] Resist \ SPR™ 220 1.2 \ SU8-2002 \
Dehyd. glass slides 200°C for 5 min 100° for 5 min
o 500 rpm for 5s
Spinning 2500 rgm for 25 s 3000 rpm for 35 s
95°C for 1 min 65°C for 1 min
Soft-Bake thermal ramp 95°G~> 115°C | thermal ramp 65°G~» 95°C
115°C for 90 s 95°C for 2 min
Exposure 13 sec @ 3 mW/crh 9 sec @ 5 mW/cm
65°C for 1 min
Post-Bake No thermal ramp 65°G- 95°C
95°C for 1 min
Development ~ 28 sec in MF24A ~ 40 sec in SU8-Dev.
Rinse in milli RO water in IsoPropanol
Hard-Bake 115°C for 2 min No

Table 2.2: Lithographic steps to be performed for the positive photoresist SPRM 220
1.2.

After the described photolitographic steps, the so patterned slides were metalized
using an e-beam evaporator.First the micro-patterned microscope slides were inserted
in the evaporator and two metal layers, 20 nm of Titanium (in order to facilitate the
adhesion on glass,) followed by an 80-nm Au layerwere deposited under high-vacuum
('3 x 10 ~® torr) in order to prevent oxidation and obtain smooth and uniform layers.
Following evaporation, the slides underwent lift-o where the inverse patter layer is
sacriced. In this process the samples were immersed in an acetone bath overnight
and rinsed thoroughly with acetone to remove the last remnants of sacricial covered
resist and eventually cleaned with isopropanol to remove any halo left by acetone bath.
After lift-o process the samples with the two metalized electrodes required another
complete lithographic sequence in order to dene the area of the working and counter
electrode in contact with the solution and isolate the restn this last part of fabrication
protocol, electrodes were coated with an insulating layer (aboupi®1) of NANO™ SUS8-
2002 (negative resist),shaped to expose only the circular part of the WE and the CE
performing an aligned lithography using the mask aligner MJB3 by Karl Suss, Germany.

Pictures of the slides patterned with the micro-electrodes,are shown in Figure 2.1.
The microfabricated electrodes are composed by two gold pads for wire-connectibime
WE has a diameter oDywe = 100 um (= A we ' 7.85 x 107° cn?), and is connected to
the gold pad by a path with variable width. The CE is an arc with a smaller diameter
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Figure 2.1: a) Picture of the microfabricated WE and CE for the three-electrode setup.
b) SEM image of the microfabricated working (WE) and counter (CE) gold electrodes.
The gold electrodes appear lighter than the background of the picture) The patterned

insulation layer is shown and it is higher with respect to the plane of the electrodes.
EHT=2 kV and Mag 82x.

of 300 um that encloses the WE. A layer of SU8 2002 with a thickness of 2.9um (rec-
ognizable in Figure 2.1) was realized in order to reduce the active area of the electrodes
(pac-man shaped in Figure 2.1b) ) and insulate the electrical path that connect WE and
RE with the connection-pads.

In order to connect the electrodes with the electrical instruments, a sample holder
suitable to the features of our patterned slides has been developedhe sample holder
is shown in Figure 2.2a). From the picture, the micro-electrodes have been constrained
between two Plexiglas slidesThe measurements were carried out in a small silicone pool
with a diameter of 6 mm and a height of 4 mm, holding a 125 pL volume. In this way
the reference Ag/AgCI pellet electrode (diameterd = 5 mm), could be inserted directly
in the solution through the hole in the top Plexiglas slide and placed just above the
microelectrodes (see Figure 2.2)The electrical signal was collected from the gold pads
(4 x 4 mm?) by a circuit board with a specic design equipped with SMA connectors
and spring-loaded pins (see Figure 2.2). In order to shield the device from parasitic
contribution of the surrounding environment, we further designed and realized a very
robust Faraday cage (see Figure 2.3a) and b)).The cage was made of solid 1 cm thick
aluminum plates and with a total weight of about 10 kg. In this way also mechanical
vibrations could be eectively shielded and measurements at low frequencies became
easier.

The whole setup was then connected to a bipotentiostat model PG340 usb by Heka
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Figure 2.2: a) Sample holder for our miniaturized biosensorThe microscope slide with
the micro-electrodes are constrained between two Plexiglas slidesThe measurements
were carried out in a small pool with a diameter of 6 mm and a height of 4 mm, holding
a 125 yL volume. The reference Ag/AgCI pellet electrode is immersed directly in the
solution through the hole in the top plexiglas slide and placed just above the microelec-
trodes. The electrical signal is collected from the gold pads (4x4 iy a circuit board
of custom design with SMA connectors and spring-loaded pins.

(programmable via Potmaster Software) shown in Figure 2.3c). The advantage of the
bipotentiostat, was the possibility to handle three electrode3he third electrode in fact,
which acts as Reference Electrode (RE), made of Ag/AgCl is used for the high stability
of its potential in contact with the electrolytic components of human blood, to assure a
ne control of the absolute value of the potential applied across WE and RE and thus
the measurements of the current owing between WE and CE.

The potential applied during the measurements was an AC sinusoidal voltage center
at 0V, whose amplitude was optimized to the needs of the specic experiment and
usually ranged from 10 mV to 150 mV. The stimulus signal for each time was mediated
on four frequencies:100 Hz, 200 Hz, 250 Hz and 400 HZ hese frequencies were chosen
because in this regime the system has a purely capacitive response, (see Figure 2.3d)).
At each frequency we collected 200 complete periods from which we computed the root
mean squared value ofthe measured current, | s = 21f -V s - Cq4, and the relative
uncertainties using error propagation analysis.

The procedure was implemented in Igor,a software for data analysis developed by
Wavemetrics. The procedure was inserted in a loop in order to analyze the variations of
Cq4 as a function of the time. Each time t is associated to a time-sampling of 2 seconds
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Figure 2.3: a) and b) Faraday cage designed in order to shield the external electro-
magnetic noise (the experiments were carried out at low frequencies1.3 kHz) and to
prevent mechanical vibrationsmade of Aluminum plates with a thickness of 1 cm and
a total weight of roughly 10 kg. The cage permits the use of 5 BNC connection cables.
c) Frontal point of view of the bipotentiostat, model PG340 usb by Heka.d) For small
excitation signal, cell's response (C-V curve) can be approximate to be linear. In the
inset, in frequency range 100-400 Hz the system has a pure capacitive resporis@age
d) courtesy of Serena Rosa Alfarano).
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(500 ms per each of the four frequencies).
In conclusion, by calculating the dierential capacitanceCy from the current | s, it
can be possible to derive information about the DNA-SAM composition and assembling.
As already explained in the work of laneselli et al.[29],in fact, our device measures
the dierential capacitance Cq at the electrode/electrolyte interface that, in our cong-
uration, can be set equal tdCp_ , the double layer capacitance already introduced in the
previous section, and dened as:

CDL 'C d= 3—¢ (21)

Cq4 reects the charge density (oy ) change at the metal surface for a small variation
of the applied potential (¢) between electrode and solution. In the case of a biofunc-
tionalized metal electrode immersed in a saline solutionC4 can be modeled as a series
connection of two capacitances ([39, 40])the capacitance due to the absorbed layer of
molecules Cn in Figure 2.4a)) and the one related to the ions in solution, the so-called
diusive layer capacitance (Cions in Figure 2.4a)).

According to this model, proposed by Helmholtz in 1853, the molecules in solutions
can either lay down on the surface or stay in the diusive layer according to Boltzmann's
distribution at a distance from the surface equal to the Debye length of the solution.

Normally, Cions has densities of the order of 40 yF/cm?, larger than Cpo (= 10
uF/cm?, in agreement with literature [41]). The nal capacitance is the inverse of the
sum of the inverse of the two linked capacitors and thus the dominant contribution
is due to the variations of C,,; that raised upon molecular adsorption on the electrode
surface including height changes, changes in the electrical charge density and substitution
of water molecules in the biological layer since the SAM layer is composed of DNA
monolayer and of the ions solvating the strands (Figure 2.4b)).

The resulting capacitor can be treated as a planar capacitor and thus:

A Awe

Ci= or % = or . (2.2)

where , is the dielectric constant of the molecular layer and , the vacuum permit-
tivity, A is the surface occupied by the layer (here is equal to the area of the gold working
electrode,Awe '7.85 x 107° cm?) and d is the thickness of the monolayerF-rom Equa-
tion 2.2 we recognize immediately the weakness othe model proposed by Helmholtz,



CHAPTER 2. MATERIALS AND METHODS 27

IO R Y "“ g +++‘-“‘ —c,

IR Y SIS S

Working Electrode— Au(111)

b)
Cmo! Cions Cmol Cions Cmol 0i0ns Cmol Cions

AR R

Working Electrode— Au(111)

Figure 2.4: |dealization of the electrode/electrolyte interface.a) The rst layer consists
of ssDNA on Au(111) surface. The counterions in solution, just above the molecular
layer, composes the second layer modeled with a second capacitanceCiyns, in series
with the rst one. b) The total capacitance at the interface is the sum of capacitances
linked in parallel and associated to the area composed of DNA strands or ions.

although it represents a good approximation of our device,, Cq4 is independent of the
applied voltage, and this is the main reason that prompted me to look for a model that
took account the applied potential and also shows the dependence ofand d from the
target concentration in solution.

2.2 Oligonucleotides

DNA and RNA are nucleic acids whose purpose is the transport of genetic information
and consist of monomers called nucleotides. Therefore, oligonucleotides (from the
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Figure 2.5: The structure of the DNA double helix. The red-colored backbone is com-
posed of sugar-phosphate bonds and the bases in the structure are color-coded by element
and the detailed structure of two base pairs are shown in the right. Image courtesy of
Serena Rosa Alfarano.

Greek "oligo" which means few or small) are short DNA or RNA molecules characterized
by a sequence of nucleotide residues that make up the entire molecule and constitute the
keystone of the research described in this thesis work.

A nucleotide is made of a nucleobase (also termed a nitrogenous base), a ve-carbon
sugar (either ribose or 2-deoxyribose depending on if it is DNA or RNA) and one phos-
phate groups.

Nitrogenous bases are typically classied as the derivatives of two parent compounds,
pyrimidine (include uracil,  thymine, cytosine) and purine (adenine and guanine),
abbreviated as U, T, C, A, and G, respectively. Uracil and thymine are identical except
that uracil lacks the 5' methyl group.

Most of DNA exists as double stranded DNA, consisting of two oriented, comple-
mentary, polynucleotide sequencefouble helix is2.2 + 2.6nm large and one base-pair
corresponds to approximately0.34 nm of length along the strand.

From Figure 2.5 one can see that lateral DNA structure (backbone) is composed by
repeated phosphate groups between two sugars with ve carbon atoms (deoxyribose for
DNA and ribose for RNA): each phosphate group is bound to the3° carbon of the rst
sugar and the 5° carbon of the following sugar. In this way DNA is oriented in the
direction of phosphate bonds. Double helix is created by bonds between nitrogenous
bases and purines pair with pyrimidines mainly for dimensional reasons,in fact, only
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this combination ts the constant width geometry of the DNA spiral. The G =C pair
is bound by three hydrogen bonds,while A=T bound by two hydrogen bonds,which
means that DNA sequence with a high GC-content has a greater thermal stability than
DNA with a lower percentage of GC bonds.

The rst interesting (for ours studies) property of DNA that deserves to be empha-
sized is its ability to create a self-assembled monolayer on (and not only) gold surfaces.
Among the many SAM system investigated, those made by adsorbing alkanethiols on
single crystal surfaces have been more frequently studied and, chemically modifying the
end of a DNA single strand with a thiol group, a Self Assembled Monolayer of DNA on
a gold surface where thioloxidizes and bends to the single gold crystalcan be formed
where the strands, inside the monolayer, can interact through electrical and Van der
Waals interactions.

Another, most relevant feature for this work is that DNA is a highly charge poly-
electrolyte. As already stated, DNA is basically a polymer of nucleotides which are held
together by covalent bonds formed between the phosphate groups, each of which forms
an ester with a hydroxyl group of the pentose of the next nucleotideThis involves two
of the three OH groups of the acid, leaving the last one free to ionize. This ionization
leaves a negative charge on each phosphate group [88kh molecular structures can be
used to detect complementary DNA (or RNA) strands in solution and to bind antibody
DNA-conjugates in bioanity assays for novel applications, ranging from the study of
protein networks to monitor the progress of diseases.

2.3 Aninsight on SAM formation

Self-assembly forms the basis for many natural processes including protein folding, DNA
transcribing and hybridization, and the formation of cell membranes. The process of
selfassembly in nature is governed by inter- and intra-molecular forces that drive the
molecules into a stable, low energy stateThese forces include hydrogen bonding, elec-
trostatic interactions, hydrophobic interactions, and van der Waals forces.

In the 1980's, scientists discovered that alkanethiols with dierent chemical end-
groups spontaneously assembled on noble metals. This new area of science opened
the doors to a simple way of creating surfaces of virtually any desired chemistry on
a gold substrate. This results in crystalline-like ordered molecular assemblies formed
on the metal surface, called self-assembled monolayers (SAMs). Over the years, the
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mechanism of the self-assembly process has been well studied and elucidatexhg and
Whitesides[43],via electron diraction studies of\/ tjigh\fiiensity monolayers,have found
that a typical alkanethiol monolayer formsa ( 3 x 3 R30°) structure on Au(111)
with the thiol chains tilted approximately 30 degrees from the surface normal.

As with self-assembly in nature, there are severaldriving forces for the assembly
of thiols onto noble metal surfaces. The rst is the anity of sulfur for the gold sur-
face. Dubois et al., have found that the sulfur-gold interaction is on the order of 45
kcal/mol[44], forming a stable, semi-covalent bond,in comparison, the C - C bond
strength is ~ 83 kcal/mol.

The next driving force for assembly is the van der Waals interactions between the
methylene carbons on the alkane chains. For alkanethiol monolayers,this interaction
causes the thiol chains to tilt in order to maximize the interaction between the chains
and lower the overall surface energy[45].

An alkanethiol is compound containing an alkyl group ¢C xH,+4 ) joined to a mer-
capto group (-SH ). The substrate here discussed is Au(111).

Each alkanethiol chain can be divided into three parts:

X headgroup (linking group) which guides the self-assembly process on each type
of substrate through a strong bond;

Xk the backbone (main chain) that interacts with other chain backbones via van der
Waals and hydrophobic forces.This ensure an ecient packing of the monolayer
and contribute to stabilize the structures;

& the specic terminal active group which confers specic properties to the sur-
face and is able to bind dierent molecules by weak interactions or covalent bonds.

In the case of SAM-alkanethiol, the reaction may be considered formally as an oxidative
addition of the S-H bond to the gold surface, followed by a reductive elimination of the
hydrogen.

From Figure 2.6a), we can follow the steps of how a SAM composed of alkanethiol
chains on Au(111) forms as a function of deposition time[46]:

1. Physisorption.  Upon thiol dosage there is an initial physisorption step. The
physisorbed state on Au(111) can be described as a gas-like, highly disordered
system;
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2. Lying down phase. After physisorption, thiol molecules chemisorb on the Au(111)
substrate through the sulfur headgroup in a process that takes at least some min-
utes. During the process the thiol molecule loses the mercaptan H atom,trans-
forming itself in a thiolate. This kind of nucleation happens easier at Au step edges
and forms islands composed of adsorbed chainbhe phase is called "lying down"
because the axis of the chain is parallel to the substrate;

3. Nucleation of  standing up phase. After nucleation, the islands grow and
there is the increase the surface coverage otthiolate species on the Au surface.
"Standing up" is referred to molecules which have their axis perpendicular to the
substrate. This phase is governed by the balance between intermolecular and
molecule/substrate interactions and the gold surface response to the chemisorp-
tion process. The competing forces that determine the SAM ordered structure are
the interaction between the headgroup and the substrate,which involves a large
chemisorption energy (30 kcal/mol), and the interchain van der Waals forcesAl-
though van der Waals interactions are weak with respect to chemisorption ones,
they inuence and stabilize molecular self-assembly.

4. Standing up phase. The self-assembly takes place in two consecutive nucleation
and growth processes.The standing up is the second one and it leads to rotated
domains of lying down molecules, and later to domains of standing up molecules,
irrespective of the environment used for SAM preparation.

The self-assembly takes place in two consecutive nucleation and growth processes
that lead to rotated domains of lying down molecules, and later to domains of standing
up molecules, irrespective of the environment used for SAM preparation.

From the alkanethiol SAMs the extension to DNA-SAMs was easyghemically mod-
ifying the end of a DNA strand with a thiol group permits to form a Self Assembled
Monolayer of DNA on a metal surface where thiol oxidizes and bends to the metal, with
the strands interacting through electrical and Van der Waals interactions. The main
dierence is that DNA is negatively charged and, in order to screen the negative charge
of DNA backbones, a saline buer solution is usually usedIn fact positive ions of saline
solution shield the DNA chains electrostatic repulsion and allow the SAM to form.

Furthermore, alkanethiols are smaller than DNA chains and these last have steric
eects which dene the structure of  the DNA-monolayer far less packed than thiols-
SAM[47]. In addition, DNA-SAM can adsorb on the surface also via aspecic bond
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Figure 2.6:a) Scheme of the dierent steps taking place during the self-assembly of alka-
nethiol on Au(111): (i) physisorption, (ii) lying down phase formation, (iii) nucleation of
fhe standing up phase, (iv) completion of the standing up phase[46]o) commensurate

3 x 3 R30° structure on Au(111). Blue lines are primitive vectors of the substrate
and red lines are the primitive vectors of the adsorbate lattice that are larger and rotated
with respect to the blue ones.Image courtesy of Serena Alfarano.
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Figure 2.7: Representation scheme ofDNA-SAM on gold surface. DNA is a thiol-

modied oligonucleotide that can be adsorbed on the surface via specic and aspecic
bonds.
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(cross-linking bases), which means that DNA can physiadsorbed to the gold surface via
N-Au bonds (see Figure 2.7 for a representation schemehis last case of physisorption
bonding, usually occurs at energy of 6 kcal/ mol, at variance with a chemiadsorption
bonding S-Au at higher energy (30 kcal/ mol)[45].

2.4 ssDNA-SAM Density

The density of our ssDNA-SAM in solution can be controlled varying the incubation
time, that is the time that the solution, containing a given concentration (1 uM in our
case) of thiolated DNA molecules, is left in contact with the Au(111) surface of  the
WE. Obviously, increasing the incubation time more dense will be the DNA-SAM layer.
Principally we used in this work two dierent incubation times: low density SAM (LD-
SAM) realized keeping the samples in contact with the functionalizing solution for 10/15
min whereas high density SAM (HD-SAM) formed increasing the time to 70 min.

129 =  ssDNA-C-SH '
- & 7 &
104 ‘ ‘ A
i Au(111)

Probe molecules / em’ (x10'

Au(111)

Time (hours)

Figure 2.8: Georgiadis et al.results[48]:ssDNA and dsDNA exponential density behav-
ior as function of incubation time.

Both single-stranded and double-stranded SAMs-DNA show the same density vs
incubation time trend (see Fig.2.8), that Georgiadis et al.recognized as an exponential
function of the incubation time, making use of a two-colors SPR (Surface Plasmon
Resonance) to estimate the SAM density and to characterize it[48]. In their studies,
they demonstrated that lower ionic strength solutions correspond to less probe adsorption
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(due to the electrostatic repulsion between DNA strands) whereas, higher ionic strength
solutions are associated to higher probe coverageMoreover, at a lower ionic strength
adsorption is slower in the rst few hours than at higher ionic strength. This is due to
electrostatic phenomena connected to the Debye's length of the solution.

In order to quantify the density of ssDNA layer autoassembled on the surface of
WE, XPS measurements were carried out.The idea was based on the experiments of
Tarlov and co-workers[49] and the density results were compared with those obtained by
Georgiadis et al.[48]. Dierent incubation times has been considered: 5, 12, 20 and 30
minutes, 1, 3, 5 and 24 hours.

The analysis were performed onto nitrogen spectra N13hey are univocally related
to the presence of DNA on Au(111): so spectra were taken in the binding energy range
390-410 eV, because N1s peak is centered at 395 eV. The 24 hours incubation was selected
as reference density and it is associated to the maximum possible density for ssDNA and
all spectra are normalized with respect to it.In fact, at suciently high probe densities,
DNA is expected to be in the strongly charged regime of polyelectrolyte brushes ([50, 51]).

The electrodes were post-treated for 1 h in contact with a solution of TE NaCl 1
M containing mercaptohexanol (MCH) 1 mM. MCH-molecules chemisorbed onto the
surface through S-Au bond ensuring the displacing of aspecic ssDNA bondsWe have
chosen to work in this way because the XPS data analysis modetan be simplied by
excluding those nitrogen bases of the molecules laying down on the surface which will
not participate in DNA-hybridization processes.

The ssDNA-SAM probe density was calculated assuming an hexagonglackage for
DNA onto Au(111) (see Figure 2.9)DNA is treated as a solid and rigid chain of diameter
1nm, it can be done because the high density structure forces DNA strands to stand up
from the surface. Steric interaction are taken in account assuming that DNA strands in
HD phase locate themselves at a minimum distance of 2nm[52].

The measurements were performed using a conventional AlKsource with an elec-
tron pass energy of 20 eV. The spectra were collected as the sum of following scan on an
energy window of 20eV and sampled with a step of 0.1 eV and with a time of 500 ms.
For each sample the Fermi level (that should be positioned at binding-energy 0 eV) was
taken and all spectra were thus rescaled with respect to it.

XPS spectra for Nitrogen 1s are analyzed using a Voight prole estimating the area
of the selected peak. Graphs in Figure 2.10and Figure 2.11 show the peak intensity
associated to N1s for a samples in contact with the functionalizing solution for 24 hours,
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Figure 2.9: a) Top view of hexagonalpackage ofssDNA molecules (cylinder) on gold
surface.b) ssDNA molecules (solid blue cylinder) are large 1nm and because of coulomb
electrostatic repulsion they are separated by 2nm distance (transparent blue dotted
cylinders). Image courtesy of Serena Rosa Alfarano.

and the nal density evaluated for each incubation time, respectively.
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Figure 2.10:N1s peak for a sample incubated for 24 hours and t with a Voight function.
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Figure 2.11: ssDNA density as function of incubation time Results are comparable with
those obtained by Georgiadis et al.[48].

2.5 Experimental procedures

DNA functionalization of the gold electrodes was carried out using the well-established
procedures for single stranded (ss) DNA self-assembled monolayers on gold ([348]).
The electrodes were wetted for 12 min, with a drop of 1 pM thiolated (C6) ssDNA
(HS - (CH ,)4-5'-ctt atc gct tta tga ccg gac c-3', called F5-SH ) in a high-ionic-strength
buer TE NaCl 1 M at pH 8. In this way a low density ssDNA SAM ( 2.1 £ 0.4 x 1(?
molecules/cnt) was obtained (more details can be found in Section 2.4 and accord-
ing to[48]). After DNA-SAM formation, in order to remove aspecically bound DNA-
molecules, the electrodes were thoroughly rinsed with the same buer solution, at phys-
iological concentration, used for the measurements,e.g. KCI 100 mM, PBS 1x, etc.
Then the dierential capacitance at the electrode-electrolyte interface was measured.
Hybridization was performed by wetting the functionalized working electrodes with a
drop of the same buer solution containing the complementary DNA strand (5'-ggt ccg
gtc ata aag cga taa g-3', called cF5 ), in dierent concentration§he used 44-mer ssDNA
oligonucleotide has a sequenckl$ - (CH ,),-5'-caa aac agc agc aat cca aag atc aga cac
ccg att aca aat gc-3', called dpnll_SH ).

2The used DNA-molecules were purchased from Biomers.net GmbH, unless otherwise stated
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We chose to work at low surface probe densities becausén this way, electrostatic
and steric eects are minimized and a complete hybridization and relatively fast kinetics
can be achieved. Instead, in a high density regime, experimental measurements have
revealed a strong suppression of DNA target hybridization ([37, 48, 53])Moreover, we
noted that a further passivation treatment of the surface of the electrode with molecules
as MCH-molecules, prevented the detection of the DNA-hybridization masking the signal
and thus reduced the sensitivity of the device.

In the DNA/miRNA hybridization experiments performed here, the DNA sequence
(HS - (CH ,)4-5'-cga agg caa cac gga taa cct a-3' ) was chosen to be complementary to
a miRNA target namely hsa-miR-154-5p (5'-uag guu auc cgu guu gcc uuc g -3'), up-
regulated in heart failure ([54, 55]). In addition, a murine miRNA, mmu-miR-351-5p
(5'-cag gct caa agg gct cct cag gga-3' ), was used as negative control and complementary
to the ssDNA sequence: mmu-miR-351-5p-comp-SH ( HS - (CH ,)4-5'-cag gct caa
agg gct cct cag gga-3' ).In these experiments the miRNAs detection was performed in
buer solutions (PBS 1X, KCI 100mM) and human extract and then implemented in
human plasma samples having dierent levels of heart failure.

All the used oligonucleotide-molecules were purchased from Biomers.net.

A complete list of oligonucleotide sequences and nomenclature can be found
in Figure 10 in Appendix D.

2.5.1 De-hybridization protocols for device regeneration

Thermal de-hybridization cycles were introduced to test the reusability of the device.
The thermal treatment in the case of DNA/DNA hybridized SAM on the WE, in buer
solution, consisted of sample incubation in a basic solutionpH = 9) of TE buer for 1
hour in oven at a temperature 10° C higher than the melting temperature of the specic
DNA sequence (e.g.55°C for the sequence F5 previously introduced).

In the case of DNA/miIRNA SAMs hybridized in human plasma samples a two-step
cleaning protocolwas used:the electrode was rst soaked in a PBS plus Tween 1.25%
solution for a time dependent on the miRNA buer dilution used, before proceeding with
the previously described thermal treatment.



Chapter 3

A Biosensor for Direct Detection of
DNA Sequences

As already mentioned in the introduction, the nal goal of this work is to produce a
portable capacitive device to be used as a point-of-care medical diagnostic tool. To-
wards this goal, the unique biomolecular recognition properties of DNA are exploited to
detect genomic biomarker with high anity.  To optimize the sensitivity of the device
we investigated DNA-SAM electrical properties using dierent physiological conditions
mimicking the complexity of blood composition. After ssDNA-SAM characterization,
the hybridization process has been characterized,in the case of fully- and partially-
matching target DNA sequences.

3.1 DNA-SAM Electrical Characterization

As already stated in Section2.1 Electrochemical Impedance Spectroscopy (EIS) mea-
surements were performed on a three-electrode conguration to characterize the DNA
SAM.

The WE and CE are microfabricated gold electrodes, immersed in an electrochemical
pool, whereas the RE is a classical mm-sized Ag/AgCI pellet electrode accessing the
experimental pool from the top. As in a normal electrochemicalsetup, the potential
is applied across WE and RE while the current, owing in the experimental pool, is
measured across WE and CE. In order to compare our measurements with standard
conditions in electrochemical setupsthe RE was calibrated with respect to a standard

38
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Ag/AgCI RE (sRE) placed in a solution of saturated KCI 3 M. Practically, we measured
the open circuit potential (OCP") of our RE with respect to the sRE (AVge-sre ) in the
dierent working buer solutions used in this thesis-work.  In this way, we can relate
the potentials measured in our setup to the sSREAV we-sre ) according to the following
equation:

AVwe-ske = AV we-re + AV Re-sRe (3.1)

whereAV ywe-re is the bias potential measured between WE and RE. In this way we
derive the correcting parameter to set in the bipotentiostat control software to assure a
ne control of the applied potential during the whole experiment and to allow a direct
comparison with other data available in literature.

After this calibration, we tested the eect of the applied potential (details in section
3.1.1) and of the buer conditions (see section 3.1.2) on the measurements of DNA-SAM
capacitance. To optimize the conditions for best DNA hybridization,  dierent SAM
densities were exploited.

3.1.1  The eects of the Applied Potential on the ssDNA-SAMs

Prior to SAM-formation we treated the gold surface with plasma etching which makes the
surface at and smooth (0.5nm roughness, as measured with Atomic Force Microscopy).
Then, we prepared the DNA-SAm as described in section 2.5, using the sequence F5-SH.
Capacitance measurements as a function of the applied potential were performed in KCI
100 mM buer solution, as described in section 2.1.

In Figure 3.1a) we show, as an example, the dierential capacitance measured for a
low density (LD) ssDNA-SAM obtained by incubated 1 pyM of ssDNA for 12 minutes
and applying a bias potential ranging from 10 mV to 100 mV. ¢has been measured for
more than a hour, to prove the stability of the system.

From the solid red line in Figure3.1b), we noticed a sharp increase of the capacitance,
raising the applied potential from 25 mV to 100 mV. This sharp change of C4 can be
related to thiols desorption which led us to terminate the measure in order to avoid SAM
damaging. At this point, EIS measurements with dierent applied potential at dierent
densities were carried out.Figure 3.1b) show the dierential capacitance measured for

'is the potential across WE and RE, for which no current ows across WE and CE.
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six dierent ssDNA-SAM densities obtained with six dierent incubation times: 12, 15,
20, 30, 45 and 70 minutes, as described in Section 2.4.
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Figure 3.1: a) Dierential capacitance measured for a low density (Tinc =12 min)

ssDNA-SAM in KCI 100 mM at four dierent amplitudes for the applied potential: 10,
50, 75 and 100 mV. b) Dierential capacitance, G vs the amplitude of applied potential
(Vapp) in KCI' 100mM at six dierent incubation densities, from the top, density with

12 minutes of incubation, then 15 minutes, 20 minutes, 30 minutes, 45 minutes and 70
minutes. Increasing the SAM-density we can observe a decrease of;Jurthermore, in

each case, for larger applied potential the measured capacitance is larger.

From Figure3.1a) it is evident that higher potentials correspond to higher C4, and
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that the system is stable vs time at each of the applied potential. In Figure3.1b) we
checked further the eect of the potential on SAM of dierential densities. The curves
of 3.1a) correspond to the same LD ssDNA-SAM of the top red curve of 3.1b). The
lowest two curves (dark green and orange markers) correspond to a high density (HD)
DNA-SAM, obtained through a DNA incubation of 70 minutes. While HD SAM can
support applied potential as high as 400 mV,for LD SAM a potential higher than 100
mV is already inducing a slow desorption of SAM molecules, as can be seen from parallel
AFM measurements. A dependence of the DNA-SAM stability to the applied bias on
the SAM density is not new in literature: LD SAMs have a poor degree of order, are not
stabilized by intermolecular interactions, and their desorption eciency is higher[56, 57].

The monotonic decrease of the dierential capacitance by increasing the ssDNA-SAM
density observed in Figure 3.1b), can be explained through the planar approximation
(cf. Eq.2.2) used to describe . According to this equation and since Aywe remained
constant for all devices,Cq4 variations depend mainly on changes in the height of the
molecular layer,d, and variations in the dielectric constant. As already said, LD DNA-
SAMs are less packed ([35, 37, 47, 48]) and much less ordered than HD DNA-SAMs.
corresponds to a higher free volume of individual ssDNA molecules, pinned to the gold
surface through the thiol linker. As a consequencethe corresponding average height
of the SAM is lower, the lower is the density. In turn a lower DNA density allows a
greater number of water molecules to penetrate the monolayergontributing more and
more to the total dielectric constant of the area close to the electrode, probed by our
measurements.The cartoon in Figure 2.8 provides a graphical representation of the LD
and HD-SAMs, and of the water molecules in between.

The eect of C 4 increase with the applied potential, at a given DNA-SAM density,
is instead due to polarization eects. The bias potential polarizes the hydrated ions[58,
59] within the layer closed to the electrode surface increasing the dielectric constant.
To prove the role of the hydrated ions polarization in C 4 measurementsthe complex
dielectric permittivity of KClI 100 mM buer solution has been measuring the electrical
response ofbare gold electrodes upon varying the amplitude of the applied potential.
These experiment are reported in Figures 3.2a) and b). Using the approximation 2.2,
assuming the thickness of the layer equal to the Debye length of the solution, the dielectric
constant value at each applied potential is estimated.
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Figure 3.2: Bare electrodes measurements carried out in KCI100 mM: a) Dierential
capacitance as function ofthe applied potential. b) KCI-doped aqueous solution's di-
electric constants showing their trend with a more and more high applied potential.

The study of the polarization in electrolyte solutions is not at the core of this thesis
and thus we will not discuss here in details. References [5960, 61] are given for more
details and the mathematical approaches.
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Figure 3.3: a) Dierential capacitance, C 4 vs the amplitude of applied potential (V4pp)

in MgCl, 33mM at four dierent incubation time, going down from the red curve at the
top of the graph, density with 12 minutes of incubation, 20 minutes, 45 minutes and 70
minutes. The slow increasing of the capacitance as function of the applied potential for
each SAM density is due to the double charge of the ions which screens the eect of the
potential. b) ssDNA with 44bases.Total capacitance as function of the applied dierent
potential in a buer solution of KCI 100mM. Dierent densities are explored. From the
top: density with 15 minutes of incubation, then 45 minutes and 70 minutes. In each
case increasing the applied potential, a higher capacitance is measuredes are guides
for the eye

3.1.2 Divalent salt eects

Experiments similar to the ones described in the previous paragraph were carried out
in the case of a divalent salt MgCl,. To get a direct comparison with KCI 100mM, we
chose kept the ionic strength the same, choosing a solution of MgCG33 mM in order to

have the same ionic strength.

The overall results are similar to what already found (cf. Figure 3.3a)): applying
larger potential, we can observe an increase in the measured dierential capacitance.
The dependence of the voltage, also in this case, is more evident at lower DNA densities.
Although the two buers have the same ionic strength, the screening eect of Mg ions
is higher than for K ions because of their dierent size and dimension of the hydration
shell, and because of the dierent valencel his leads to the formation of a more compact
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ssDNA monolayer in the case of MgGlsolutions [62, 63].As a consequence, we observe
a slower increasing of ¢ as function of the applied potential for each SAM density due
to a more eective screening the DNA backbone.

3.2 The biophysics of DNA hybridization

After the electrical optimization of the ssDNA-SAM and of the read-out conditions as
explained in the previous section3.1we concentrated on study of the kinetics of DNA
hybridization. The capability of detecting DNA hybridization in real time and in-situ

is of critical importance for applied genomicsdrug discovery,gene expression proling

and other applications. These studies are based on the detection of interactions between
oligonucleotides immobilized on the solid support, or probes, with analyte target
nucleic acids present in solutionBinding, or hybridization, between probes and targets

to form an immobilized duplex depends on the degree of complementarity between the
probe and target base sequences and on the steric availability of the surface-immobilized
probes.

Many techniques have been employed in order to study DNA-hybridization [6465,
66], including EIS-experiments [67]but never in-situ, i.e. following the process while
occurring, nor in capacitive conditions. As we will show in this chapter, monitoring
Cq as a function of hybridization time will give us additional information to be used in
DNA-detection.

To detect DNA hybridization, we proceeded as follows: the WE was functional-
ized with a low-density ssDNA adopting the procedure described in Section 2.5. The
averageCy value measured in 100 mM KCI saline buer at 10 mV applied potential
was (1.06 £ 0.01pF. An example of this type of measurement is shown in Figure3.4,
red curve. From the measuredCy, we estimated a capacitance density at the working
electrode of= 10 yF/cm?, in agreement with the literature[41] and with the theoretical
value extracted from eq.2.2n fact, assuming a SAM-height &.38+0.07, as determined
via AFM measurements [38], and using the ssDNA dielectric constant values found in
literature ([68, 69, 70, 71]), a Cq variation between 0.6 nF ( sspna = 20) and 2.3 nF
( ssona = 78) was expected. Furthermore, the measured height is consistent with the
polyelectrolye brush theoriesln particular, in our salted brush regime, the concentration
of added salt is approximately the same inside and outside the brush, and the thickness
of the layer is dominated by excluded volume interactions between the DNA laments.
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As a result, the height depends on the SAM densitypsav ) and salt concentration Co)
according to:

13

h~ psé\“” '2.18 + 0.41 nm (3.2)
0

Attested the stability of the signal, the ssDNA SAM hybridization kinetics was then
followed in-situ, in real-time. The Cy4 variation due to strand pairing is represented
by the blue curve of Figure3.4, for the case of 10 pM complementary DNA in same
salt solution. To follow hybridization kinetics, we initially measured at a rate of 4
measurements/min for 15 min, then we slowed down to 1 measurement/min untill G
dierential variations between successive points were lower than 6% which we considered
to be the steady-state of our measure. The two dierent sampling steps are due to the
need to highlight the part of the hybridization process more specically connected to the
direct channel of DNA-hybridization (target approaching directly from solution, without
diusing along the surface. More details can be found in Chapter 4).

The C4 measured at steady-state was (0.918 £+ 0.001)nF for this concentration of
complementary DNA, which correspond to a decrease in capacitanc&3ocf6 upon DNA
hybridization. The lowering of the capacitance upon hybridization can be explained by
the height increase of the SAM upon hybridization, due to the dierent persistence
length? of ss-and dsDNA, and by the replacement of water molecules (with a high
dielectric constant, y0 ' 76.7 £ 0.2, for 100 mM KCl-doped aqueous solution[72]) with
DNA strands (lower ) upon DNA pairing.

After this rst proof of principle, we proceeded with DNA-hybridization in real time.

As arst step, the device was calibrated for DNA/DNA hybridization in the same
experimental conditions exploring the dynamic range of detectable complementary DNA
concentration over 6 orders of magnitudes, from 1 pM to 100 nM. The reusability of our
three-electrode sensor obtained by using the thermategeneration procedure described
in Section 2.5.1, is shown in 3.5.

At each cycle, the Cq4 value after thermal regeneration recovers the initial Csspna
value with an error ranging from 1% to 3% (Table 3.1) attesting that the used protocol
does not damage the ssDNA probe layer on the electrode, despite of the long measuring

2Dened as the length beyond which the polymer direction is becoming random. From literature
([37, 66]) we know that the persistence length of ss- and dsDNA amountto p=1 nmand p =50 nm,
respectively
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Figure 3.4: Kinetics of DNA-hybridization via dierential capacitance measurements.
The red signal represents the dierential capacitance of a low density ssDNA SAM func-
tionalized WE measured in KCI 100 mM and applying 10 mV of biag.he hybridization
(blue points) was per-formed by adding in the experimental pool 10 pM complementary
DNA. Cartoon-insets show the variation of thickness and dielec-tric constant between a
layer of ss- (on the left side) and dsDNA (on the right side), respectivelythe green and
orange-dotted lines represent the ts based on rst-order Langmuir adsorption kinetics
and double exponential kinetics, respectively.

time, approximately 20 hours. Hybridization was then performed after each regenera-
tion cycle, using dierent concentrations of complementary-strand DNA (from 1 pM to
100 nM, see Figure 3.5),monitoring the dierential capacitance at the WE versus the
incubation time. At each hybridization process, the measurements were run until tlig
dierential variations between successive points were lower than 6%s just explained.
Such steady-state Cq4 values,named Cgyspna , are shown in Table 3.1. These equilib-
rium Cgy-values are monotonically inversely proportionalto the used concentration of
DNAtarget. This can be rationalized considering that the capacitance decrement is
proportional to the number of hybridized sites at the electrode as can be described by
the following adsorption model[73]:

(Kon * [cDN Ay
max 1 a

e(t)=6 &+ (Kon - [DN AJY

(3.3)

where B,,ox is the maximum probe coverage, ko, and kq¢ are the adsorption and
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Figure 3.5: Hybridization and de-hybridization cycles on the same low density ssDNA
SAM in KCI 100 mM. The [cDNA] concentration increases for every prole by one order
of magnitude going from the blue curve (1 pM) to the right of the graph, mauve curve
(100 nM). In the time scale (x-axis), it was considered the time delay necessary for the
thermal regeneration of the electrodes.

desorption rate constant, respectively.

CsspNa A sspNA Casbna

CONAL T Ry | o0) | (0F)

1pM 1.07 £ 0.01 1.7 0.93 + 0.01
10 pM 1.08 £ 0.01 25 0.92 £0.02
100 pM | 1.02 £ 0.02 2.9 0.89 + 0.01

1 nM 1.05 £ 0.01 0.83 + 0.01
10 nM 1.06 £ 0.01 0.4 0.69 + 0.01
100 nM | 1.06 £ 0.01 0.4 0.61 £ 0.01

Table 3.1: Dierential capacitance measured at the ssDNA functionalized WE before
(Cg-ssona ) and after hybridization process, Cqy-4spna - The experiments were carried
out on the same regenerated SAM-probe Im for all the six dierent [cDNA] shown in
Figure 3.5.

Note that this adsorption model in the limit where a = 1 reduces to the well-known
Langmuir model where all probe sites are energetically equivalent, independent and
available for binding. When a 6= 1 the equation describes a heterogeneous adsorption
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isotherm where the degree of heterogeneity (distribution of binding energies) increases
as the value of a decreases.

Cy, (%)
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Figure 3.6: Calibration curve of the three-electrode device. The response is shown as
percentage capacitance variation upon hybridization of the ssDNA-SAM WE, as a func-
tion of the complementary DNA concentration in solution (KCI 100 mM) and tted with

a Hill equation (dotted black curve). The solid red line represents the average variation
of C4 when a non-complementary DNA is present in solution at high concentration (1
MM), whereas the dashed red lines represent 3 standard deviations around this value.

In addition, the maximum variation of C4 upon hybridization, Cq4e, (calculated from
Cssona 1o Cgspna ) can be obtained and its plot versus the concentration of the com-
plementary DNA in solution, [cDNA], is shown in Figure 3.6. Fitting such data, one

Kon
can further compute the anity constant, K, = L, for DNA-hybridization. If we

of f
suppose in fact, that the DNA-pairing on the gold surface can be described by Langmuir

adsorption isotherm [48, 72], we obtain the following equation that connects the per-
centage change dfy, the varying concentration of the complementary DNA in solution,
[cDNA], and KA [64, 67], dotted black curve:

Ka - [cDN A]
1+Ka - [cDN A]

An anity constant for DNA hybridization Ka '(0.35+0.09)x10 ® M, cor-
responding to an equilibrium dissociation constantKp =K ;' = (2.8 £ 0.7) nM, was
derived. These values are in agreement with the literature [67, 74], where thiolated DNA

Caw = (3.4)
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strands of similar length were adsorbed on a gold surface.

From data of Figure 3.6, a limit of detection (LOD) of 1 pM for the device is de-
termined. This value is the smallest measured capacitance variation that can be un-
ambiguously assigned to the hybridization processLower concentrations of [cDNA]Jin
fact, lead to variations of Cy4 comparable to the control measurements obtained for
non-complementary strands in solution at high (1 uM) concentration. In gure this
region is highlighted with a solid line comprised between the two dotted red lines that
represent three standard deviations around this value/Ne think that once we will have
improved our experimental setup (especially the functionalization step by employing gold
nanoparticles,for example) the detection limit of these devices for DNA-hybridization
will be pushed towards the fM-range. Neverthelessthe LOD obtained with our device
is already a very good starting point for further measurements in more complex human
environments.

Obviously so far we made the assumption that the DNA-hybridization follows a
Langmuir kinetics. In the next section we discuss the applicapibility and the limit of
this approximation.

3.3 Kinetics and Dynamics of DNA Hybridization

In order to get insights into the DNA hybridization kinetics, we t our data with the
well-known Langmuir adsorption model.In this model the adsorption of adsorbate (A)
onto the surface of the adsorbant or solute (S) can be described using the following three
assumptions, (see Figure3.7):

& The surface of the adsorbant, assumed homogeneous, is in contact with a solution
containing an adsorbate which is strongly attracted from the surface;

& The surface has a specic number of sites where the solute molecules can be ad-
sorbed and all sites are equivalent;

& The adsorption involves the attachment of only one layer of molecules to the sur-
face, i. e. monolayer coverage only;

& The interactions between adsorbate molecules on adjacent sites are not permitted.
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Figure 3.7: a) A schematic showing equivalent sites, occupied (blue) and unoccupied
(red), in the Langmuir model. The adsorption sites (heavy dots) are equivalent and can
have unit occupancyAlso, the adsorbates are immobile on the surfadmage courtesy of
SmugBoy, https://en.wikipedia.org/wiki/Langmuir_adsorption_model. b) Gen-
eral form of the Langmuir Isotherm, the surface coverag, with respect to the concen-
tration of adsorbant in solution, http://infohost.nmt.edu/~jaltig/Langmuir.pdf.

Based on these points,adsorption can be described as a reversible process between
adsorbent and adsorbate:

P+T “ H (3.5)

koff

where H represents a solute molecule bound to a surface site on T akgh and k¢ are
the adsorption and desorption rate constant, respectively.

We introduce now the surface coveragdé(t), which is dened as the fraction of the
adsorption sites, occupied at time t, to which a solute molecule has attached. The
forward adsorption rate to the surface should be proportional to a driving force times an
area. The driving force is rst order with respect to the concentration of the solute at
time t, C(t), and the area is proportional to the amount of bare surface which may be
expressed in terms of the fraction of available adsorption sites at that time(1 - 0 (t)).
The desorption rate is rst-order with respect to the amount of surface coveredg« 6(t).
So, the Langmuir kinetics isotherm can be expressed as:

POk c-(1-00) ka0 ) (3.6)

Under the assumption that the capacitance change is directly related to the number
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of occupied binding sites on the surface,t is possible to point out an equation, called
Langmuir rst-order kinetics that describes the hybridization process on ssDNA in
terms of dierential capacitance, experimentally measured:

Ca=Cuasona + Co - exp [k (t —to)] (3.7)

Where Cq4 is the measured double layer capacitance, C4spna IS the capacitance
reached by the system when the hybridization process reaches the equilibrium,wken
the number of strands that desorb per unit time is the same of the ones that hybridize,
Co is the dierence between the capacitance of the ssDNA layer and the dsDNA layer
and k1 is the rst rate constant, related to the speed of the hybridization process. The
time t; is the time at which the solution containing the DNA complementary-strand is
added to the experimental pool.

In order to perform the tting in Figure 3.4 (green solid line) we further s@@yspna + Co) =
Cssona Where Cgspna IS @ t parameter that denes the dierential capacitance for
t <t o. The parameters obtained from our tting procedures are summarized in Table
3.2. Moreover, the overall DNA hybridization time derived from our measurements,
T=1/k 4'(13.1 £0.8) min, is in good agreement with both experimental and theoreti-
cal existing data for solid-phase hybridization reactions, at working conditions (i.mnic
strength, DNA target concentration in solution, surface probe coverage) very similar
to ours [75, 76]. Furthermore, tting data with 1 st order Langmuir kinetics a reduced
chi-square value of¢2 = 0.7 is obtained. Although this model is the most accepted for
the hybridization of ssDNA-SAMs, the Langmuir adsorption model fails in many cases,
especially because it ignores probe/probe interactions:or instance, cross-linking inter-
actions between adjacent adsorbed molecules wilect the target adsorption kinetics.
This can aect the highest reachable-coverage.

To come to a more general model, which takes into account heterogeneities othe
ssDNA SAM, we used the theory of Vincent Chan et al.[74] which applies and extends
the Axelrod and Wang model of DNA hybridization. According to this theory, two
dierent mechanisms describe DNA hybridization kinetics on immobilized probes on
a solid surface: three-dimensional(3D) diusion of targets from free solution to the
probe (direct hybridization) or through non-specic reversible adsorption from free
solution to regions not covered with immobilized ssDNA followed by 2D diusion of the
target to the probe (indirect hybridization). In this model of heterogeneous DNA-
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[CDNA] Fitting 15t order Langmuir Double Exponential
Parameters Kinetics Kinetics
Casona (0.918+0.001)nF (0.915+0.001)nF
Ki (0.08£0.01) min""
T (13.1£0.8) min
10pM Ty B4 0.1 min
Trmelt (45.1 £3.9)min
Xy 0.7 0.9

Table 3.2: Fitting parameters for DNA/DNA hybridization Cg-proles shown in Figure
3.4 obtained using the 1% order Langmuir adsorption kinetics (cf. Equation 3.7) and
Double Exponential model (cf. Equation 3.9), respectively.

DNA hybridization, severalassumptions are made:the number of available probes is
constant throughout the hybridization and covalently linked to an innite at surface
placed at a certain distance from a DNA source of a given concentration. Here each
of this DNA target reacts irreversibly with only one probe and that lateral interactions
are neglected. These assumptions are fully satised in our experiments both in the
WE functionalization protocols adopted (2.5) and in the geometrical features (circular
geometry and sincéAye > DNA target dimension). The latter condition appears valid
if one computes the average distance from neighboring probe strandBpes, that can
be calculated directly from the surface probe density [74]:

r
1
4 % psam
So, the DNA-hybridization process shown in Figure 3.4,can be best t considering

a double exponential function, orange-dotted line:

= 3.45 + 0.33 nm (3.8)

Rprobes =

Cyq =CuqgsDna * CgaSt “exp - +C§*" -exp - (3.9)

Tfast T slow

where the superscripts indicate the two distinct kinetic modes considered.The re-
duced chi-square value obtained from the t is in this case is x5 = 0.9. From chemical
kinetics, the solution hybridization rate ( kny, = Y+t ) is expected to be proportional
to DNA target concentration and the solution melting rate ( kmet = ¥rsov ) to be in-
dependent on concentration. The tting parameters have been summarized in Table
3.2.

The results indicate that acting on aspecic adsorption of single-stranded DNA on



CHAPTER 3. ABIOSENSOR FOR DIRECT DETECTION OF DNA SEQUENCES53

the surface and subsequent two dimensional diusions, we can signicantly enhance the
overall reaction rate and then it cannot be ignoredVe believe in fact that heterogeneous
hybridization depends strongly on the ratio of two-dimensionaland three-dimensional
diusion rates and the concentration dependence of the surface-based hybridization and
melting rates.

Given all the above considerations, we applied to our system both model$$t order
Langmuir isotherm (3.7) and the double exponential kinetics 3.9From tting the data
in Figure 3.5, the parameters in Table A.3 can be obtained and it is shown in Appendix
A. This analysis also demonstrated that the double exponential kinetics mode ts better
our results for the hybridization process even though the data could be satisfactorily
interpreted using the rst order rate Langmuir kinetics as well. Eventually we cannot
exclude, for the conditions we used, to be in a situation where the degree of heterogeneity
that exists on the biosensor surface not strongly aects the overall DNA hybridization
process.

Further, the Langmuir adsorption modeltime constant, 7 (red points) and the fast
term in the double exponential model, T¢,5t (blue points) are plotted as a function of
cDNA concentration in solution in Figure 3.8. Such values are close to each other, and
smaller than what reported in the literature for DNA-SAM hybridization from XPS and
SPR measurements ([4148, 77]), in experimental conditions (e.g. DNA length, ionic
strength) similar to ours.

Since in this work the important parameter is the hybridization time value and since
Langmuir kinetics has been applied by many groups to study DNA hybridization on
solid surfaces,in order to better compare our experimental results with literature, our
data have been t with the Langmuir | order kinetics. At most, we can conclude that
our experiments are performed in a Pseudo-Langmuir regime.

3.4 DNA Hybridization as a Function of the Applied
Parameters

After having characterized the electricalbehavior of our capacitive readout sensor and
successfully detected DNA-hybridization, we moved forward and tested the eects of
the applied bias potential on the hybridization process in dierent experimental condi-
tions (i.e. buer solution, DNA probe density) to see how this potential can aect the
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Figure 3.8: Plot of the hybridization time as function of [cDNA], dissolved in solution
and in the range [1 pM; 100 nM], extrapolated using the 15 order Langmuir kinetics
(red points) and the double-exponential model (blue points).

kinetics of target capture. It is well-known in fact, that hybridization depends on the
ability of denatured DNA to reanneal with complementary strands in an environment
just below their melting point 3, T,,. Moreover, the intermolecular interactions between
DNA strands are primarily governed by hydrogen bonding and electrostatic repulsion, so
various components in the hybridization solution have eects on the rate of renaturation.

First, we highlighted the eect of the applied bias potential on the DNA Hybridization
mechanisms.

In the limit of low probe densities, an AC electric elds can be used to cyclically
reorient the negatively charged DNA, providing an extremely sensitive scheme to promote
target hybridization[78, 79, 80].

To test the validity of this hypothesis, we studied the hybridization kinetics as a
function of the absolute value of the applied voltage. We tested the case of 8 pM
complementary DNA in 100 mM KCL buer solution (on the same regenerated low
density probe Im, incubation time Ti,. = 10 minutes), for two dierent values of Vg,

10 mV (red-blue lines in Figure 3.9) and 100 mV (black-green curves in Figure 3.9)
respectively.

Dierences in ssDNA-SAMs are already discussed in previous section 3.1. Here,

3T is dened as the temperature at which half the DNA is present in a denatured form.
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Figure 3.9: Eect of the applied potential on DNA/DNA Hybridization kinetics. The
measurements are performed on the same probe Im at the same complementary DNA
concentration (8pM) applying two dierent voltages: 10 mV (red blue lines) and 100
mV (black-green curves).

we can observe that increasing the applied potential, the hybridization process is faster
(T1omv = 13.9 £ 0.8minutes==T 19omv = 10.5 £ 0.2minutes) and more ecient as shown
by the lower level reached by the measureddGniomv ~ 10% ==n 100mv ~ 15%); where
the hybridization "eciency" parameter, n, is here estimated as the relative percentage
dierence between the capacitance of ssDNA and the dsDNA at the equilibrium. From
an electrostatic perspective,the surface density of immobilized charges,originated by
probe phosphate groups, determines a kinetic activation barrier that a hybridizing target
must overcome. This activation barrier is determined by the energy of inserting the
DNA target into the DNA probe layer against the electrostatic potential of the charge
density, thereby increasing the applied potential the charged cDNA's kinetic energy will
raise, and then the probability to overcome the Coulomb's barrierConsidering our low
probe density regime, psam ' 2.1 x 10 "2 molecules/cnt, and an ionic concentration

of Co =0.1 M, the maximum electrostatic potential in the layeris ~24.9 mV and
thus the electrostatic driving energy to insert a positive counterionsis AG, ~3kgT

at room temperature (770 meV) [75, 76, 81]. Given the relative small magnitude of
this electrostatic barrier, it becomes clear that the application of higher voltages can be
compared with increasing ion concentration, leading to compensate for the electrostatic
barrier from the DNA.
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Figure 3.10: Calibration curve of the biosensor. The percentage capacitance variation
(blue markers) at the WE as a function of the complementary DNA concentration in
solution (KCI 100 mM) is here compared with results obtained in the same experimental
condition (salt solution, psaw , same DNA sequence) but applying an AC potential with
an amplitude of 10 mV (red points) during the hybridization process.The solid red line
represents the average variation ofC4 when a non-complementary DNA is present in
solution at high concentration (1uM), whereas the dashed red lines represent 3 standard
deviations around this value.

In addition, the faster kinetics can be explained by the onset of an AC electroosmotic
uid motion that acts on DNA strands accelerating them with respect to the simple dif-
fusion. More on this topic can be found in chapter4 where we show direct measurements
of DNA-hybridization kinetics.

Moreover, the importance of the applied potential can be further highlighted per-
forming the hybridization processes shown in Figure 3.5 without applying any potential.
Using as a buer solution KCI 100 mM, for each concentration we left the solution in
contact with the WE for 1 h and then we measured the percentage changeCafrelative
to the value att =0, corresponding to the electrode functionalized with ssSDNA only.
The obtained results, shown at page 62 of laneselli's PhD thesis [38], are compared (blue
points) in Figure 3.10 with the Cq¢,-values (red markers) estimated from data in Figure
3.5.
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LD (Tinc = 12 min) | HD (Tinc =70 min)
Fitting 1t order Langmuir Kinetics
Param. | Vapp =50mV | Vapp =100mV || Vapp =50mV | Vip, = 100mV
T (7.08+£0.61)min | (6.21£0.33)min || (9.44+£0.91)min | (8.52+0.65min
X2 1.2 1.1 0.4 0.5

CssDna (1.09£0.01)nF | (1.24 £ 0.01pF || (0.69 £ 0.01pF | (0.74 £ 0.01pF

n (23.17 £ 0.22% | (27.81 £ 0.21% || (11.96 £ 0.19) %| (13.75 £ 0.05) %
Double Exponential Model
Vapp = 50mV Vapp = 100mV Vapp = 50mV Vapp = 100mV
Thyb (6.14+0.59min | (5.95£0.29min | (8.02+0.87min | (7.35+0.75)min
X2 0.9 0.83 0.78 0.81

Table 3.3: Eect of the SAM probe density on DNA/DNA hybridization process of a
Low Density and High Density ssDNA, respectively,in a 100 mM KCI buer solution
and at two dierent applied potentials: 50mV and 100mV. The hybridization process is
more ecient in the case of low densities and faster at high potential. Hybridization
times are obtained from the rate constant in eq.3.7.

From Figure 3.10 we note that, applying an AC potential, we are able to detect DNA-
hybridization on a wider dynamic range of complementary DNA concentrations and with
a more eciency kinetics, the latter is of fundamental importance for the detection of
more complex biomarkers circulating in the bloodstreaming.

Explained the eect of the applied potential on the hybridization mechanisms, we
chose,as a proof of principle, to investigate the capacitance response ofhe device as
a function of two dierent electrode functionalization (High Density (HD) and Low
Density (LD)) in KCI 100 mM and MgCI2 33 mM (i.e. same ionic strength but dierent
ionic charge so a diering screening behavior), at two dierent applied potentials (50
mV, 100 mV).

By adopting the same procedure described in section2.5 and using a concentration of
1 nM for the complementary DNA in solution, the experiments of the DNA-hybridization
were repeated, functionalizing two samples with two dierent ssDNA-SAM densities, 12
(LD) and 70 (HD) minutes respectively. Figure 3.11 shows the results for the hybridiza-
tion process. The yellow-green curve is the hybridization of ssDNA incubated for 12
minutes and the red-blue is the HD ssDNA. The tting parameters are summarized in
Table 3.3.

Comparing the four hybridization processes in Figure 3.11 and considering the t-
ting parameters shown in Table 3.3, appears more evident as highlighted in the previous
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Figure 3.11: Eect of the SAM-probe density on DNA/DNA hybridization process. The
experiments were performed in a 100 mM KClbuer solution and with a [cDNA] =1

nM. Hybridization of a Low Density (LD, Ti,c = 12 minutes) ssDNA and a High Density
(HD, Tinc =70 minutes) ssDNA with an applied potential of a) 50mV and b) 100mV.

The hybridization process is more ecient in the case of low densities and it has a faster
kinetics increasing the applied potential, see 3.3 for further details on the kinetics studies.
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Figure 3.12: Hybridization of a Low Density ( Tinc = 12 min) ssDNA-SAM and a High
Density (Tine = 70 min) ssDNA probe layer with an applied potential of 100mV in a
buer solution of MgClI , 33mM. The kinetics studies are performed using the well-known
1st-order Langmuir adsorption model.

sections testing the soundness of our biosensor and reproducibility achieved in its fab-
rication. Raising the applied potential we can observe an increasing in the measured
capacitance at the ssDNA-functionalized WE and an increase of hybridization kinetics.
In addition, a rise in the incubation time and thus in the SAM probe density, is con-
nected to a decrease ofCsspna  and to an increase of steric crowding eects to target
insertion which would require a large number of base pairing to nucleate the double
strands leading to a minimal hybridization, as was expected.Moreover, observing the
reduced chi-square values in Table 3.3, it is not surprising that the hybridization kinetics
are poorly t by a single exponential in fact, in this regime, the kinetics are often de-
scribed taking into account wider distributions of T that fall between the fast and slow
limits of Thyb ~ (K on[CDNA] ") and Tmer ~ K of; -

The same experiments described before have been performed in 33 mM MbGer
solution. In this specic case, it is impossible to evaluate both the LD and HD SAM-
hybridization applying a potential of 50 mV; it is not the case if we apply a potential of
100 mV but with a [cDNA] of at least 10 nM and thus a capacitance change unambigu-
ously assigned to the DNA hybridization process can be appreciated.

The same trends of the experiment carried out in 100mM KCI are found and shown
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in Figure 3.12.As already explained and observed, increasing the SAM probe density we
foud out a decrease in the measuredqC(Csspnatp = 0.48 £ 0.01nF == C ¢spnaHD =
0.45+0.02 as well as a less ecient processip ~ 13.2% ==>nup ~ 8.6%). From kinetic
point of view, referring to eq. 3.7, we estimated the following two hybridization times:
Tio = 13.9 £ 0.8 minutes, Typ = 10.5 £ 0.2minutes, for LD- and HD-SAM respectively.
We note here that the time needed for hybridization are comparable and the Cyspna -
values reached are almost the same in both cases and it is due to theMigns. In fact,
in the limit of low surface potentials (few hundreds millivolts) and under physiological
salt conditions (~ 0.16 M NaCl), the excess ion concentration at the electrode surface,
no, can be found directly from the surface potential¥y) and the Debye screening length
(Ap):
2 2
No = Npuk + ﬁ=nbulk+ % l(;i-? X. z'n

(3.10)

wherez and n; are the valence and bulk concentration of the ith electrolyte species
in solution, so magnesium ions admit a larger potential to accumulate near the electrode
surface due to theirz = 2 valence.

Such high electrostatic charge forces the DNA strands to approach the surface as
closely as possiblein this case forming two close-packed layersfter which like charge
repulsion starts to dominate, moreover the need to screen these highly charged layer also
creates an increased in the concentration of counterions near the electrode rising the ki-
netic activation barrier and thus preventing ssDNA to feel the presence of complementary
strands.

3.5 Mismatch detection in DNA monolayer

DNA hybridization is at the basis of most current technologies for genotyping and se-
quencing, due to the unique properties of DNA base-pairing that guarantee a high grade
of specicity. At the same time, diversity and evolution of life is closely related to DNA
sequence alterations.In medical diagnostics and human identication, precise nucleic
acid hybridization and sequence discrimination between single nucleotides (or a single
nucleotide polymorphism (SNP)) is of great importance and signicance.In this frame-
work, the major challenge is,nowadays,to develop a device that is able to distinguish

a mismatch of a single base and to simultaneously provide a sensitive signaling mecha-
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Figure 3.13: The capacitance,extracted from the impedance measured in our Electro-
chemical setup, is plotted versus time for the ssDNA-functionalized electrode (red curve)
and for the mismatched (green) and perfect matching (blue) complementary sequences.
The buer used for this experiment was a solution of KCI 100 mM in which we dissolved
10 nM complementary DNA and single-base mismatched sequenégbridization times

are obtained from the rate constant in eq.3.7.

nism to translate the dierent hybridization events (perfect match vs mismatch) into a
dierentiable readout [82, 83, 84].

Here the device applicability is demonstrated through the selective detec-
tion for sequence-specic DNA.

Nine oligonucleotide sequences were synthesized by Biomers.net GmbH (Ul&er-
many), and they were used as received:or this kind of experiments measurements are
splitted in two dierent sets according to the two distinct probes.

Probe DNA (pDNA1 ), HS{CH )4-5'-tga taa tca tta taa aac tga aat a-3' was used
as 25mer- DNA probe for therst set of experiments; complementary target DNA
(cDNA1), 5'-tat ttc agt ttt Ata atg att atc a-3'  was used as the complementary DNA
strand; one-base-mismatched DNA (1MM_DNA1), 5'-tat ttc agt ttt Gta atg att atc
a-3', this oligonucleotide was identicalto the complementary DNA with a substitution
(G/A) at position 13 shown with capital bold letters, leading to a single base mismatch
with the probe.

By adopting the same protocol described in section 2.5,we functionalized the WE
with the pDNA_1 probe and we measuredy at the ssDNA-SAM functionalized WE (red
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circles in Figure 3.13) in a 100 mM KCI buer solutionVeried that the signal was stable
over about an hour of continuous measurementsthen we changed the solution in the
experimental pool adding a known concentration (10 nM) of perfectly matching sequence
cDNA1. As demonstrated, after addition of the complementary DNA (blue squares) in
the electrochemicalcell, we can observe a decrease of the capacitance with a variation
of about 30% less than the initial value, as a sign of the occurred hybridization.When
we insert, at the same concentration, on the regenerated electrode (see 2.5.1 for more
details) the mismatched sequence 1MM_DNA1 (green triangles) we observe a slower
decay ofthe capacitance tending to a plateau much closer to the initial Csspna  Value
than the perfectly matched one (19% variation), conrming a less ecient hybridization
and a slower dierent kinetic behavior ( Tqyq '16.2+ 0.6 min =>17py '3.81£0.3
min).

We further challenged our device exposing a 44 bases ssDNA (K34 ,),-5'-caa aac
agc agc aat cca aag atc aga cac ccg att aca aat gc-3'pDNA2 ) probe to ve dierent
sequencesits complementary target (cDNA2 ) had the sequence 5'-gca ttt gta atc ggg
tgt ctg atc ttt gga ttg ctg ctg ttt tg-3'; two-bases-mismatched DNA (2MM_DNA2), 5'-
gca ttt gta atc ggg tgt cGg atc Ctt gga ttg ctg ctg ttt tg-3"; and three-bases-mismatched
DNA (3MM_DNA2), 5'-Tca ttt gta atc ggg tgt cGg atc Ctt gga ttg ctg ctg ttt tg-

3', these sequences were identical to the second fully matched DNA with the exception
of two and three baseshighlighted with capital bold letters, respectively;additionally,
the hybridization between the probe pDNA_2 and two half (22mer) strands, which are
complementary to upper half (5'-gca ttt gta atc ggg tgt ctg a-3', cDNA2_UP ) and lower
half (5'-tct ttg gat tgc tgc tgt ttt g-3', cONA2_DOWN ) of this probe, was investigated
and results were compared with fully matched strands (cDNA2) and thanks to these
measurements, we demonstrated that hybridization of ssDNA is sensitive to the position
(upper or lower) of half-sequence target strands on the ssDNA probe molecules.

In Figure 3.14a) we report the study of the kinetics of DNA hybridization in presence
of 2MM (green triangles) and 3MM (black markers) mismatches compared with the
fully matched (blue squares) sequence on the same regenerated probe Im (pDNA2).
We can clearly distinguish the behavior of the three dierently matching sequencesAs
expected we measured a slower kinetics and a lower plateau value going from the PM
(36% variation and ey ' 5.7 £ 0.2 min) to 2MM ( 17% variation and Ty ' 9.9 £ 0.2
min) and nally to 3MM ( 10% variation and Taym ' 13.1 £ 0.8 min).

Analogously, in Figure 3.14b) we have studied half matching target strands (22-mer),



CHAPTER 3. ABIOSENSOR FOR DIRECT DETECTION OF DNA SEQUENCES63

which are complementary to the lower and upper part of ssDNA and the results have been
compared with full length target (44-mer). Again, we can appreciate,in the presence
of 20 nM target concentration, a typical hybridization kinetics that is less ecient for
the UP (nup '25 %) and DOWN ( npown ' 14 %) half sequences with respect to the
PM(nem '34 %). Noteworthy, the kinetics of hybridization for the perfect match
(tpm '4.1+£0.2 min)and 22 UP ( Tgp '5.1 £ 0.3 min) targets are similarly fast.

In contrast, the 22 DOWN target, which must hybridize closer to the surface, shows
dramatically slower kinetics, requiring over 30 minuteg)6wn ' 30.61£3.6 min) to reach
its steady-state hybridization. Presumably, the target must penetrate further into the
DNA Im before nucleation and zipping can occur since the rst distal probe nucleotides
are non-complementary to this target. In conclusion, the results of experiments show
that dierent kinetics signals reected a dierent degree of mismatch between probe DNA
and complementary target DNA, and mismatched variants of target DNA. Additionally,
we are able to clearly distinguish the presence of single, or multiple mismatches and
also the position with respect to the gold surface of the missing basepairs[8%).can be
easy explained considering the activation energy othe association step in the double
helix formation. As shown by many pioneering studies ([86, 87]) and already stated this
barrier has a negative value which means that the association of two complementary
single strands is not an elementary reaction resulting from biomolecular collision but
can be interpreted by the nucleation-zipping modeBriey, this model describes double
helix formation as a process that starts in a series of fast but unfavorable reactions
with a few base-pairing (forward) and un-pairing (backward) processes, then when a
further base pair is added to the critical intermediate, a helix nucleus is formed.These
observations clearly pointed out that the zipping process and of course the measured
signal will be a function not only of the length of the sequence but also of the position
as well as the number of mismatches along the sequence.
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Figure 3.14: Kinetics of DNA-hybridization, in KCI 100mM, via dierential capaci-
tance measurements in presence of multiple mismatches (a) and in presence of partially
complementary sequences (b)The red signals are the C4 measured at the LD 44mer
ssDNA-SAM functionalized WE. (a) In blue we report the hybridization with the fully
matching sequence, in green the hybridization with a sequence with 2 MMs, and in black
the hybridization with a sequence with 3 MM. (b) In orange we report the hybridiza-

tion with the fully matching sequence, in black the hybridization with a 22mer sequence
complementary with the upper part (far from the gold surface) of the target and in cian
the hybridization with a 22mer sequence complementary with the lower part (close to
the gold surface) of the target.



Chapter 4

DNA Surface Hybridization via
Theoretical Model

Mathematical modeling of DNA biosensors can be a daunting task, since the system
under consideration is dynamic and complexAdditionally, there are many levels of ab-
straction in the mathematical description of the system, which lead to dierent paradigms
in designing the simulation software Capturing of all the physics of the DNA molecules
and coupling them to the physics of our biosensor, requires a huge computational eort
that makes it inaccessible to today's most resourceful computer&or this reason, | had
resorted to several simplications to the geometry, equations, and boundaries to obtain
simpler solutions that, nevertheless, capture the essential physics that is intended to be
studied.

In this chapter, we will try to provide an explanation of the results obtained by
using an appropriate mathematical model of the hybridization process occurring at the
electrode/electrolyte interface and of high strength AC electric elds, generated by our
planar microelectrodes,resulting not only in forces on the DNA molecules but also on
the suspending buer solution in the experimental pool. Severalresearching groups
have examined DNA surface hybridization theoretically using a variety of approaches.
Chan et al. [74] and Erickson et al. [88] considered the case in which DNA probes
are immobilized at low density, permitting surface adsorption and lateral diusion of
DNA targets. Hagan and Chakraborty [89] explored the eect of steric crowding on
initial hybridization rate constants using polymer brush models.Wong and Melosh [76]
modeled experimentalresults at high DNA densities taking into account the changing
electrostatics within the layer, which rapidly become nonlinear as hybridization proceeds

65
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Figure 4.1: a) Hybridization of a LD ssDNA with an applied potential of 10mV in
a buer solution of 100mM KCI performed by adding 10 pM complementary DNA.
b) Idealization of the electrode/electrolyte interface after a not complete hybridization
process.

and the eects of applied potential on the biomolecular activation [80, 81].

Here, we employed a model capacitance-readout DNA detector to demonstrate that
the detection limit and specicity of our surface-based genosensor is not dependent on
the true anity of the probe for its target but is simply dependent on the eective density
with which the probes are packed on the surface area and on the interfacial electric eld.

4.1 The Capacitive Model

As already stated, in this work we have focused our attention on the measurement of the
dierential capacitance,Cy, at the electrode/electrolyte interface. In our conguration

of a bio-functionalized metal electrode immersed in a saline solutiocBy can be modeled

as a planar capacitor (cf.Eq. 2.2) whose variations arise upon molecular adsorption on

the electrode surface and include height changes, substitution of water molecules in the
biological layer, and changes in the electrical charge densifyor these reasons, the total
capacitance can be described as the sum of capacitances linked in parallel and associated
to the area composed of DNA strands (hybridized or not) and ions (Figure 2.4).

Starting from these assumptions, the maximum percentage variation of C4 upon
hybridization, Cy,, for a given value of [cDNA], can be expressed as a function of the nal
(after complete hybridization,C\f,\,E ) and initial (before hybridization, C, ) capacitance
measured at the functionalized Working Electrode (WE):



CHAPTER 4. DNA SURFACE HYBRIDIZATION VIA THEORETICAL MODEL 67

f _ i
Cyop = M x 100 (4.1)
CWE
with
Cle =Axcg=Ax =0 (4.2)
hSS
Cle =Axce 1+NL(Ec-1) (4.3)
where:

kc is the density of capacitance measured at the ssDNA-SAM WE;

KA is the electrode area;

B = cys/Css = M= s g helpful tting parameter;

ds ss

khy, s and gs,hgs are the thickness and the dielectric constant of the molecular
layer before and after the hybridization process, respectively;

BN is the fraction of total strands that is in duplex form at the equilibrium.
Obviously, it is function of [cDNA] and can be estimated by Sips model 3.3:
(Ka - [cDN A])*
1+ (KA - [cDN A]?®
where the parametera can be set equalto 1 since, in our experimental conditions,
binding can be well described using a simplied hyperbolic Langmuir isotherm.l" .« is
the maximum surface coverage (molecules/cthof hybridized sites for a given value of
[cDNA], it is also worth noting that value df,,.x = 0 implies an absence of hybridization,
whereas the oppositel max =1 means that complete hybridization has occurred. As
already stated, the amount of hybridized analyte, detectable on the gold surface,can
be described by the dierential equation resulting from the Langmuir adsorption model
that can be solved analytically in our experimental conditions:

Ni =T (4.4)

T < KonlcDNAT (F s = T () = K 1 T ) (4-5)

here,I" (t) is the bound target coverage, for a set of complementary strands concen-
trations, [cDNA], at a xed temperature on the same probe Im. In the ideal Langmuir
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model where all probe sites are energetically equivalentindependent and available for
binding, the measured saturation level for target binding should be equal to the coverage
of immobilized probe molecules( nax .

Rearranging the equation 4.1 in terms of equations 4.2, 4.3 and 4.4, we found out the
equation that models the charge density change at the interface:

K a - [cDN A]
M 1 K - [CDN A]

Can = N (1-=28c) [1 —exp (- (kn[cDNA] + k o ) 1)] x 100
(4.6)
whereK, = K 51 = Kon/koff is the anity constant for DNA hybridization and Ko

, Kotf are the adsorption and desorption rate constants, respectively.

Referring to the Table 3.1, we can set, with a good approximatid®,z ' 1.06+0.01
nF, which implies a dielectric constant for the ssDNA-monolayer, s ' 36 , consisting
with the values found in litetarute.From Bosco et al.[90], obtained for a low density DNA
SAM similar to ours, we can x hgs/h 4 ' 0.54 . In addition, as found in literature, N nax
can be arbitrarily set equal to the highest measured target coverageln our operating
conditions (psam ' 2 x 10 12 molecules/cn?), as stated by Peterson et al. [48], we can
setNmax = 1, which means that DNA-hybridization eciency can reach 100%.

Under these assumptions, a parametgy ' 0.42+0.07 and an anity constant Kx '
(0.53 £ 0.08) x 10 M~", were derived, which corresponds to & p moger = (1.88 % 0.27)
nM lower than that experimentally measured, Kp = 2.8 £ 0.7 nM.

By overlapping the percentage change of dierential capacitances upon hybridization
experimentally got (red circles) and the Cg-values extracted from the ts (Eq. 4.6)
we can note a model that partially match our data which suggests the need to consider
elements related to the applied potential and the non-negligible diusion. The results
are shown in Figure 4.2:
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Figure 4.2: Cq9, expressed as a function ofthe concentration of complementary DNA
dissolved in 100 mM KCI buer solution gotten from the model (blue squares) described
by Eq. 4.6 and overlapped to the experimental values (red circles) performed in the same
operating conditions.

In this pseudo-Langmuir (PL) regime, the experimentally observed hybridization frac-
tions are constant and exploring the eect of steric crowding on initial hybridization rate
constants we did not consider changes in these values as hybridization proceeded and
the physical properties of the polymer brush varied.To accurately model experimental
results, a model is needed that can account for the applied voltages used to compensate
this changing electrostatic kinetic barrier within the layer, which rapidly become nonlin-
ear as hybridization proceeds allowing kinetic suppression of hybridization reducing the
hybridization eciency.

Before doing it, under conditions more typical of applications, additional interactions
become signicant. In fact, the average distance between probe sites in the experiments
was at most 3.8 nm (from equation 3.8 since psaw '2.1 x 10 > cm™), and was thus
always comfortably spanned by 22mer probes with a contour length of 7.5 nm. At
these coverages and ion concentrations,it appears impossible for the probes to not
interact leading to a kinetic suppression of hybridizationWe cannot continue to rely on
Pseudo-Langmuir modeland suppressed anity for targets and the lowered sensitivity
of probe-target hybridization is consistent with presence of probe-probe associations.

Wong and Melosh [76] quantied hybridized target number density as a function
of probe density and ion concentration showing that, in this suppressed hybridization
(SH) regime, the electrostatic potential outside the DNA probe layer that, as we antici-
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pated, repels incoming DNA targets increased reducing the maximum number of targets
to hybridize (see the paper for more details). At experimental conditions (i.e. ionic
strength, DNA target concentration in solution) very similar to ours, they found that

the eciency of hybridization is '49% which means thatN,.x '0.5 in Equation 4.6
which further increase the gap between experimental and theoretical values observed in
Figure 4.2. In addition, it should be noted that the characteristic timescale needed to
hybridize 1 yM of [cDNA] is T ~ 650 s~ 10 minutes, consistent with measurements by
the Georgiadis group[48].This long hybridization time is mainly due to the stochastic
Brownian motion by which cDNA strands move towards the surface-immobilized probe
ssDNA. Although this timescale is not experimentally prohibitive, the lower the [cDNA]
is, the smaller the directional diusive ux becomes, which adversely aect the detection

of lower cDNA concentrations due to the considerably long timescales of hybridization
and the low binding density.

4.2 The Electrokinetics component of the Model

As already stated, the applied voltages play a key role in improving the long hybridization
time. We have reported previously that, the application of an interfacial electric eld
alters the ionic double layer at the metal/electrolyte interface and therefore compensates
the electrostatic barrier modifying the surface electron distribution.

In this section, we examine the eect of electrokinetiks on target/probe hybridization
since such phenomena, including dielectrophoresis (DEP), electrothermal eect (ETE)
and AC electroosmosis (ACEO), can be used both to drive uid ow and manipulate
particles and molecules smaller thanpm in diameter without the use of external pumps
or valves ([91, 92, 93]).

DEP arises from a dierence in electrical permittivity between a particle and the
surrounding medium.If DEP> 0, the particle is more polarizable than the medium and
the DEP force is directed towards regions of high electrical eld strengthln contrast, if
the particle is less polarizable than the buer solution ( DEP < 0 ) the force is directed
down the electric eld. In fact, the monolayer DNA thiol Im used in this work, tethered
directly to the gold working electrode surface through a goldthiol covalent attachment,
are exposed to a eld gradient at the metal/electrolyte interface on the order of ~ 10°
V/m. Positive DEP is employed by Cheng et al.[94] to rapidly trap, via microuidic
platform, 26-base-long ssDNA on a chip with a locally tuned AC electric eld gradient
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Figure 4.3: Side-view schematic of rotating vortices induced by AC-ElectroOsmosis
(ACEOQ) above the electrodes. The uid motion caused by ACEOQO is shown as blue
arrows as well as Red arrows indicate the force due to DEP.

for hybridization analysis. The DEP trapping method has also been used in order to
select and separate dierent types of bacteria[95].

ACEDO refers to the uid motion (Figure 4.3a)) originating from the interaction
of the electrolyte ions in the double layer with the electric eld over the electrodes
(Cartoon in Figure 4.3b)). In other words, this double layer interacts with the transverse
component of the electric eld to produce a uid motion across the electrode surface,
thus helping to overcome the slow diusional transport that would otherwise will be
dominant. Noteworthy, since the sign of the electric eld and the charge density change
in phase with each other, the uid motion will always be in the same direction. Hart
et al. used AC-electroosmosis to enhance the transport of analyte to an interdigitated
planar electrodes observing that binding times was reduced by up to a factor of 6.

ETE arises from the movement of induced charges due to the joule heating within
the bulk of the solution and it is present only if the Gauss law and the charge conser-
vation equation are to be satised simultaneously.In general, ETE dominates in higher
conductivity solutions (typically> 1 mS/cm) and it takes place at electrical frequencies
higher of a critical crossover frequency[96]:

N
28 Tig

AL a 21T ¢

r

Q

3.8 MHz 4.7)

f crossover

whered; '5 mS/m ([97]) and ¢ '76,7 - o([72]) are the conductivity and permittivity
of our experimental 100 mM KCI buer solution. From Eq. 4.7, the electrothermal
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induced ow can be considered clearly negligible.

Therefore, cDNA strands in our biosensor move under the inuence of the uid and
the dielectrophoretic force exerted on them by the AC electric eld. In particular, we
will prove that in our experimental conditions (low frequencies and low potentials), the
electroosmotic forces are dominant [98] and that DEP force pushes the complementary
strands towards the region where the electric eld is minimum, Fig. 4.3a).

The molecular electrostatics and chemistry of the DNA molecule are very important
in dictating the interaction of the DNA with its surroundings. Obviously, the rst step
is the computational description of the DNA molecules.

421 The DNA Molecule

The DNA molecule in itself is by far the hardest part to model.  This is due to the
complex nature of its geometry, in addition to the molecule's exibility and its versatile
chemistry.

As it is very well known, the DNA molecule is a polyelectrolyte comprised of two
helically-wound sugar-phosphate backbonegpined in the middle by nucleobases and
the two strands are bonded by means of hydrogen bonds between matching nucleobases
(AT and CG). The phosphate groups are negatively charged in biologically relevant
conditions (25°C, monovalent salt concentration in the range 1mM-1M,pH 7) that are
either directly or indirectly responsible for the signal change in a genosensor due to DNA
capture.

In our experiments, the DNA molecules used as probes are oligonucleotides (22-44
bases long) which allow faster and more specic hybridization rate and their descriptions
can be very dierent from the models used to describe longer chainsTwo problems are
associated with the description of the DNA molecule: the conformation and motion
dynamics, and the electrostatics/chemistry. The motion of longer DNA molecules is
generally handled by simplied continuous models, such as the worm-like chain (WLC)
model ([99]) or the free-jointed chain model (FJC) ([100]) . Shorter DNA strands
are stier and cannot be modeled by such continuous models, but are rather treated
using complete molecular dynamics studies ([101]). Unfortunately, for such studies,
simulations on the most powerful computers are limited to a few nanoseconds, limiting
the observation of longer timescale eects.

The charge distribution of a DNA molecule is obtained by solving the N-body Schrédinger
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equation over all nuclei and electrons of the molecule whose time-independent eigenvalues
give the N-body wave function which describes the shape of the molecule:

!
—}2X (2m-)_1V2+X V(T %) WY([y,T )=i}£kP(? T, ...) (4.8)
i o isfj 1,2, ... ot 1,2, ... .

i j

In Equation 4.8, is the position vector for the n-th body, W is the wavefunction
amplitude, m; is the eective mass of the i-th object, V is the potential energy between
two objects. Many approximations are used to make the solution easier to solve.The
Born-Oppenheimer approximation allows decoupling of nuclei and treating them
as classicalparticles. Therefore, hereinafter, the DNA molecule will be treated as a
homogeneous sphericgbarticle of radius equal to its persistence length, permittivity
sona 8 and conductivity ospna ' 1.08 mS/cm.

The problem then reduces to nding the energy and shape of the electronic cloud as
a function of the nucleic coordinatesEven with all of these approximations, the N-body
electronic wave function has to be decoupled, replacing the dependency of the electronic
mutual potential energies by a system (the "KohnSham system") of non-interacting
electrons that generate the same density as any given system of interacting particles, is
thus dened by a local eective external potential in which the non-interacting particles
move,Ves (T) ([102, 103, 104])In our case, the particles of interest are non-interacting
fermions, so the KohnSham wavefunction is a single Slater determinant constructed
from a set of orbitals that are the lowest energy solutions to:

2
U924 v (T) @(T)= @a(T) (4.9)

2m
This eigenvalue equation is the formalism that was used to modeilthe electric eld
generated by the electron cloud connected to the cDNA strands in solutionHere, ; is
the orbital energy of the corresponding KohnSham orbital, ¢, and the density for an
N-particle system is:

>(\I =12
p(F)= o (T)l (4.10)

i
This, of course, is an approximation but such simplications allow the simulations to
run for signicantly longer times, which enable the capture of long-time phenomena such
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as DNA hybridization. The key here is to nd the proper problem simplication without
sacricing the loss of valuable chemical and electrical information about the molecule.

4.2.2 DEP force calculation

As already stated, at driving frequencies lower thanf ¢;ossover =4 MHz (Equation 4.7),
Coulomb force acting on the induced charge at the interface of two materials (i.&NA
strand and 100 mM KCI-doped aqueous solution) of dierent electric properties will
transport the medium of more polarizability to regions of largest eld intensity and vice
versa. Given knowledge of the electrical eld gradient, for a spherical particle of radius
a immersed in a liquid suspension of dielectric constant,, the time-averaged DEP can
be described using the point dipole model,[105]:
D_ E
Foer =2ma’ - Re{K W)}V Eof (4.11)

where the real part of the Clausius=Mossotti factor (Re {K (w)} ) takes into consid-
eration the frequency dependence of the DEP forcé.or a particle of spherical shape, it
is dened as:
o
ST

K (w) = (4.12)

here, subscripts p and m represent the particle and uid,  respectively,and = =
- io/w is the complex permittivity. Thus, the real part of CM factor is:

2-42 + %-4%
Re {K ()} = “ =-0.223<0 (4.13)
(p+2m)2_ %"‘2%“

When manipulating short, single strands of DNA, the DEP force has been proven
to be insucient to hold the molecules down over the electrode and the electroosmotic
drag should be dominant.More details on the Clausius-Mossotti factor can be found in
the Appendix B.

4.2.3 ACEOQ driving and quantication

A complete computation of an AC electroosmotic ow would require coupled simulations
of the electric eld, charge density,conductivity and uid velocity within the electrical
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double layer, as well as computations of the electric eld and uid velocity in the bulk

of the device.An alternative is to use a linear capacitance approximation for the double
layer and a uid slip boundary condition, just outside the double layer, and based upon
the force produced by the electrical eld tangential component on the induced charge in
the diusive layer that sets the uid bulk into motion ([106, 107]).

In this work we used the simulation strategy proposed by Gonzalez e &#06] and, in
this section, we will limit to describe the method of solution stating the main equations
and boundary conditions applied to the system. The approach has assumed an AC
potential (with amplitude V, and frequencyw) applied to the electrodes immersed in a
symmetric electrolyte with a constant conductivity within the double layer.

The governing equations of electroosmotic ow are:

& The Laplace's equation for electric potentiakp:
VZp=0 (4.14)

here the permittivity of the medium is taken as uniform, as a rst approximation,
but it is a function of the concentration of complementary DNA strands in solution.

& The velocity eld, U , of the uid can be obtained from the incompressible
NavierStokes equation that, for low Reynolds number, is given by:

nvV2u-Vp=0 (4.15)
& together with the mass-conservation equation, which for an incompressible uid is:
V-u=0 (4.16)

here,n and p are the uid viscosity and pressure, respectivelythe Reynolds number,
Re, is dened as:

Re = Pmu - |

4.17)

for ow in micro-electrode structures is very small, and, in our operating condi-
tion (n'904, 1 p Pas at room temperature and at atmospheric pressure[108]t is the
characteristic travelled length of the uid that we can set equal to 100 ym; p,, ' 1098
kg/m?3[108]) and assuming that the velocity of the particles is in the range 1 - o0s ™’
([97, 98, 105, 106, 107, 109]), 821 x 10* < Re < 6.07 x 102 can be estimated so that
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the low Reynolds number approximation is a valid assumption. For these reasonsthe
inhomogeneities in the viscosity caused by the temperature eld are considered to be
small and thus we have not included a term for the gradient of viscosity in the Navier
Stokes equation 4.15.

The problem is axi-symmetric around ther = 0 axis. The Working electrode is 100
pMm in diameter and the buer solution is a 100 mM KCI-doped aqueous solution, with
a conductivity of 55 uS/cm.

For computing the electric eld, following the pioneering work of Gonzalez's group
[106], we can describe the electric potentialas a combination of the static surface po-
tential and of the imposed alternating voltage, and thus apply an electrical insulation
boundary condition to the rest of the cell.The asymptotic matching boundary condition
is:

- =i0 &)i% (4.18)

whereQis the so-called non-dimensional frequency and dened(as ouav 1+iw/Ap.

For the NavierStokes simulation, the slip boundary condition, Eq. 4.19,is applied
to the electrode surfaces, and no slip to the remaining surfaces. The time-averaged
slip velocity <u g > due to electroosmosis in an AC oscillation is derived from the
Helmholtz= Smoluchowski formula[107]:

( -)

3¢
< Usiip >= ~ %A-Re (@ -V, Sr (4.19)

Here, A is a tuning parameter to account for the Stern layer and it is dened as
the ratio of the diusive layer potential drop over the total double layer potential drop
including the Stern layer:

CStern
N= 4.20
CStern + Cdiffuse ( )

and it was taken as 0.25 in the computational analysis[107].

The ACEO velocities are implemented and simulated using the computer algebra pro-
gram Wolfram Mathematica ver.10 which allows us to compute a nite element analysis
of the problem. The Laplace equation (cfequation 4.14) for the electric potential is rst
solved in a stationary manner. The electric eld distribution so estimated is the used
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Figure 4.4: a) Boundary conditions for the numerical simulation (not to scale) of the
potential and velocity elds.  Note that only half of the domain is modelled due to
symmetry. b) Velocity of cDNA strands calculated at 100, 200, 250 and 400 Hz as a
function of the distance from the working electrode surface witi,,, = 10 mV in a 100
mM KCI buer solution. The mean velocity is averaged from the velocities obtained for
the four frequencies.

as an input to the time-dependent solution of the modied Navier-Stokes equation (cf.
equation 4.15) employing linear elements for their solution (small Reynolds number).
Figure 4.4a) gives a schematic of the boundary conditions and Figure 4.4b) shows the
radial velocities of cDNA strands calculated at 100,200, 250 and 400 Hz as a function
of the distance from the working electrode surface.

The results imply and conrm that the ACEO occurs and its velocity decreases with
the distance from the electrode surface due to the reduced tangentialelectric eld far
from the WE ([98, 107]).

From Figure 4.5b) and c), we can note that the cDNA strands, suspended above the
gap between the electrodes are attracted to the WE surface and then, following ACEO
uid motion, transported towards the center of the working electrode, where the electric
eld has its minimum because of the negative contribution of DEP force, as already
stated. The simulation was carried out with an applied voltage of 10 mV at a frequency
of 250 Hz.From gure 4.5c), in particular, the radial velocity, within a distance from the
electrode equals to the dynamic polarization length[96], was measured to approximately
6 um/s for an applied voltage of 10 mV peak to peak, a frequency off = 400 Hz, and
for an electrical conductivity of o = 55 yS/cm.

Obviously these calculations are applicable only to the movement of a single isolated
cDNA strand, simulated as a spherical particle, and could be used to calculate the
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Figure 4.5: lllustration of the AC electroosmosis uid ow of =~ cDNA strands in our
capacitance immunosensorThe simulation was carried out with an applied voltage of

10 mV at a frequency of 400 Hz. a) A cartoon showing the motion of a cDNA strand

(the spherical particle is not in scale) under the eect of the total electro-uidic ow
within a rectangular centered on the working electrode and having a height equal to 67.8
micrometers. b) Shows the variation offVE ?|on the working electrode surface seen from
above, indicating the magnitude and direction of the forces acting on DNA molecules.
The sizes of the vectors are drawn on a logarithmic scale in units gim. c) Streamline
and arrow plot of electroosmosis ow with an applied voltage of 10 mV at a frequency

of 400 Hz (color plotted on a log scale, units10® m/s).

movement of isolated particles in microelectrode structure§or a collection of particles,
a statistical approach must be used to predict the movement and distribution of the
ensemble.This approach was chosen not only to simplify the model but also for lack of
the computing power required.

Moreover, the modelling of AC electroosmosis as a slip boundary condition based
on the tangential component of the potential gradient across the electrode surface (see
equation 4.19) is a valid approach, but the linear approximation for determining the
potential drop across the electric double layer may not be accurate since it is only valid
for small values of potential drops [106].

In addition, although polarizable particles can be moved using non-uniform electrical
elds, the electrokinetics forces are not the sole force acting on a particlehe total force
on any particle is given by the sum of many forces including sedimentationBrownian,
dielectrophoretic and hydrodynamic forcesthe latter arising from viscous drag on the
particle.

However,these studies provide a good starting point for further and more accurate
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molecular dynamics surveys.

4.3 The nal approach

In the previous section, has been shown that the AC eld induces an electroosmotic
circular ow above the working electrode surface.  The resulting velocity was found
to strongly depend on the frequency and permittivity, and also with properties of the
electrical double layer and the applied electric eld, as expected from the conducted
bibliographic survey

This velocity prole of equation 4.19 can be integrated to yield the mass carried into
our dynamic polarization length by convection. In particular, the electroosmotic ux
rate (g/s) into our control volume is given by:

“L
?pEo =[cDNA] - A wg - ugp(r) - dr (4.21)
0
wherel is the characteristic length of the system sets equal tqun since within this
distance we have the peak of velocity (cf.Equation 4.4b)). In this regime, the scaling
convective ux rate is:

nVE
w 2
n(+AL &+ 2

w

@eo = [cDNA] - A we

whereV is the applied voltage, and n are the permittivity and viscosity of the liquid
(both assumed constant))\ is the ratio \/of the diuse-layer to compact-layer capacitances
(both assumed constant), and2 = wa 1 + iw/A p is the peak frequency at the scale of
the charging time.

By denition 3.5, the immobilized probes (P) and the targets (T) form hybrids (H),
with a forward rate constant k,, and a reverse rate constank,:, and thus the rate of
formation of H can be written:

I[H
P = KanlP T ] - b ) (4.22)
where[P ] =[P hax — [H], [P Jhax being the maximum (initial) number of free probes
on the surface. By considering the mass transport due to AC electroosmosis, we can
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assume an excess of targefd] L. with respect to their initial value [T ), withina 1 um
form the electrode surface.The rate of formation of H becomes:

S[H]

5t~ Kon ([P Inax = [HD) [T Jexe = Korr [H] (4.23)
i

ot
here, [T Lxc = [T lo + [T Jaceo Where[T hceo are the targets transported on WE by
electrokinetiks ow.
Assuming that there is no hybrid initially, the analytical solution of this dierential
equation is:
_ [T Ixe * [P Jnax

t
= + -
[H] tot T+ Ko 1+ exp - (4.24)

whereKp =K ;' =Kk /kop and 1= ﬁ

At the equilibrium, whenTty =71 (T is the hybridization time calculated using the

Langmuir isotherm, equation 3.7, the results for the various [cDNA] are summarized in

Table 3 in Appendix A), the fraction of hybridized probes will tend tofje = ke

This assumption can be considered valid since the percentage chang€gis estimated
at the equilibrium, and thus:

nh i

(0]
— [T Joxc . _Ka [cDNA] - .
Cay = Nmax + T lexe *K D 1+KAA-[CDNA] (1-28c) (4.25)

“[1 = exp (= (kn[cDNA] + k of1) t)] x 100

whereNnax Will be set equal to 0.49[76].
Repeating the same procedure described in Section 4.1, we obtained the green markers
in Figure 4.6:
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Figure 4.6: Cq4o, experimentally (red circles) obtained as a function of [cDNA] dissolved
in 100 mM KCI buer solution compared with the values got via two theoretical model
given by equation 4.6 (blue markers) and by equation 4.25 (green triangles) performed
in the same operating conditions.

From Figure 4.6, we can note that the percentage changes 6f estimated via com-
putational model dier by as much as 8.3 % from the experimental ones; this discrepancy
between the theoretical predictions and the experimental electrochemicalresults, sug-
gests the need for more accurate handling of the electric double layém. particular, the
simulation described in this section, considers ACEO alone without taking into account
the eects of Brownian motion. The diusion, in fact, is generally regarded as a "dis-
rupting' force slowing probably the overall hybridization rate.But this will be the topic
of further work.



Chapter 5

Detecting miRNAs relevant for heart
failure disease

An ideal cancer biomarker should be measured easilyreliably and using a minimally
invasive assay with high analytical sensitivity and specicity.  In the last few years,
detection of fragments of RNA, micro-RNAs (miRNAs), has emerged as a promising
approach for studying and monitoring gene expression in a wide range of physiologic
and pathologic processeslhese RNAs are small, non-coding, 18 to 24-nucleotide single-
stranded sequences that are involved in gene regulation, aecting essential processes such
as cell proliferation, cell death, tumor genesis,and mammalian cell development [110].
Due to their small size and their easy degradation, miRNAs are dicult to be detected
using conventionalmethods, [111, 112, 113]. There is then a pressing need for rapid,
label-free detection methodswhich would speed up ongoing research in understanding
their role in gene regulation and disease development.

From the rst evidence of the role of miRNAs in disease development,as demon-
strated by Croce and co-workers in 2002 [114], many other studies have been conducted
proving that proling of circulating miRNAs may help for the early detection, prognosis
and even treatment of world spread diseasesfrom dierent types of cancer to cardio-
vascular diseasesNowadays,the ocial miRNA database (miRBase, [115]) lists~ 540
human miRNAs some of which connected to various pathological conditidrmsy expres-
sion of miR-29 and miR-181 familids and miR-223 were found to be strongly associated
with disease progression in chronic lymphocytic leukemia (CLL) [116]. Schwarzenbach

"members diering by as little as one nucleotid
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et al. [117], provided evidence that patients at advanced tumor stages had signicantly
higher miR-34a and miR-155 levelthan patients at early tumor stages. miR-486 over-
expression was detected in samples from younger patients with uterine cancer tumors
[118]. Moreover, miRNAs can be detected in blood and body uids as well as in tissues,
thus making possible non-invasive collection of samples [119].

In recent years, in fact, the measurement of blood-, and its components, impedance
through an alternating current has been suggested as a non-invasive approach to deter-
mine some blood disorders[6Moreover, circulating miRNAs can be readily detected in
serum [120] plasma or whole blood [121)with a notable stability in serum and plasma
[122]. Mitchell et al. found that plasma miRNAs could remain stable in room tempera-
ture for 24 hours and eight freeze-thaw cycles; however, synthetic miRNAs were rapidly
degraded in plasma. This indicates that the endogenous plasma miRNAs in RNase-
enriched circulating system exist in a form that is resistant to plasma RNase activity
[123].

Here, we examined a family of miRNAs connected to severatiseases ranging from
glioblastoma [124] to gastric cancer [125] to cardiac hypertrophy [12B].particular, the
purpose of the present study was to challenge our device to detect fragments ofRNA
coming from patients with heart failure [127, 128] in complex matrices, as human extract
and plasma.

5.1 Quantication of free circulating miRNA in cellu-
lar extract

In order to prove the capabilities of our homemade biosensor to quantify microRNAs, we
detected the DNA/miRNA hybridization in 100 mM KCI  saline buer. We proceeded
to the immobilization of a thiolated oligosequence incubated for 12 minutes and comple-
mentary to the human microRNA hsa-miR-451a miRNA. The probe density has been
selected as the most suitable for the detection of hybridization processes,as already
shown in Section 3.1.

The Cq4 at the WE was then measured until its stability was achieved, as shown in
Figure 5.1a), orange markers. Successivelyhybridization (blue curve in Figure 5.1a)
) was carried out with 100 pM of complementary miRNA target. Fitting the experi-
mental data obtained using a Langmuir rst order equation rate (x2 = 1.7), eq. 3.7, we
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estimated an hybridization time of 7' (12.34 + 0.25) min.
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Figure 5.1: Study of the kinetics of miRNA-hybridization via dierential capacitance
measurementsa) DNA/miRNA detection (blue signal) in KCI 100mM on DNA-probe

Im (orange markers) 12 minutes incubated.The black solid line represents the t based
on rst-order Langmuir adsorption model. b) Plot in a semi-Log scale of the hybridiza-
tion time (red points) as function of [cDNA] in the range of values [1pM; 100nM]. The
black dashed line is the Hill Equation t, Eq. 3.4. The solid orange line represents the
[MiRNA] extrapolated from kinetics studies, whereas the dashed orange lines represent
one standard deviation around this value.
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Figure 5.2: Comparison of DNA/RNA-hybridization kinetics  for miRNA target
molecules (has-miR-451a) on same probe Im in dierent solutions: blue curve in KCI
100mM; green markers in cell extract diluted (1:2) in RNase-free water.

Interpolating this value with the data (red points) of  Figure 5.1b) we derived a
target concentration of 87 + 7) pM. The slower kinetics is due to the higher complexity
of DNA/miRNA hybridization with respect to the standard DNA/DNA hybridization in
saline buer. In fact, miRNAs are more prone to the formation of secondary structures
(e.g. hairpins) and need a higher time to deploy themselves and hybridizeam this rst
result, we can say however that DNA/DNA hybridization calibration curves represent a
good mean to estimate DNA/RNA hybridization parameters too.

We moved forward and investigated the performance of our biosensor in a more
complex biological environment A second blind experiment was thus performed on the
same regenerated probe Im (the used procedure is described in Section 2.5.1) and then
complementary miRNA in cell extract of patient cells was detected.

The measurements were carried out by adopting the same procedure described in
the previous chapter, the only expedient made, was to prepare the solutions, containing
miRNAs, not later than one hours before use because otheir rapid degradation; and
also we used RNAse free water (MP Biomedicals) to dilute (ratio 1:2) extract plasma
sample to prevent miRNA degradation by these enzymes.

Figure 5.2 shows the blind miRNA-detection from human extract (green triangles)
compared with a DNA/miRNA hybridization recognition performed on the same probe-
SAM but in 100 mM KCI  salt solution. To quantity the unknown concentration of
miRNA in extract, we used the calibration curve in Figure 3.By adopting the Langmuir
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Figure 5.3: a) Eects, intime, on the measuredCy at the ssDNA functionalized WE
due to the presence in solution of 10% of BSA (Bovine serum Albuin) and b) percentage
change ofC4 obtained dissolving increasing concentrations of BSA on the same probe
Im.

adsorption model a hybridization time of about 10 minutes was obtained. The nal
mMiRNA concentration, taking into account the dilution ratio, was calculated to be= 1.5
nM, quite comparable with the one estimated by the real time gPCR (gRT-PCR) used
by MD Daniela Cesselli and her co-workers at University of Udine.

Remarkably, hybridization kinetics curves were well dened also in complex matrices.
The main dierence with respect to the kinetics in saline buer is in the initial stepwise
decrease 0€4. We associated this gap to the blocking eect carried by protein contam-
inants (mostly HSA) in the cell extract. To prove it, we monitored the eect of BSA
(Bovine Serum Albumin) on the dierential capacitance of a ssDNA SAM. Usually, BSA
exerts a blocking action, binding aspecically on ssDNA-SAM, as proved by the absence
of any typical absorption kinetics (yellow curve in Figure 5.3a) ) in correspondence to the
addition of 10% BSA to the saline buer, KCI 100mM. This C4 fall can be rationalized
assuming an exchange reaction of the aspecically bound proteins with a given number
of adsorbed ions reducing the average dielectric constant othe molecular layer. The
amount of suchCy reduction is BSA-concentration dependent, as can be seen in Figure
5.3b), which means that a greater variation corresponds to a higher concentration of
protein contaminants.
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5.2 Device specicity in Human Plasma

In order to estimate DNA-miRNA binding specicity, the working electrode was function-
alized, for 15 minutes, with a solution containing 1 uM of a thiolated ssDNA sequence
(mmu-miR-351-5p-comp-SH) complementary to the murine mmu-miR-351-5p miRNA
(sequence in section 2.5)The experiment has been performed in PBS 1x (lonic strength
162.7mM and pH = 7.4 ) used also to dilute plasma samples.We used an applied po-
tential of 75 mV in order to overcome the Coulomb repulsion among strands and thus
increase the biorecognition sensitivity in a so complex environment as human plasma.
We placed attention, however, to keep applied potential low enough to avoid even a
partial electrochemically desorption of the thiolated probe molecules of the SAM.
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Figure 5.4: Device specicity has been tested. EIS measurements in PBS 1x buer
solution, with an applied potential of 75mV for the WE functionalized with not hu-
man ssDNA-SAM complementary to a murine miRNA sequencdlack curve shows the
dierential capacitance at ssDNA-probe and green triangles are connected to the hy-
bridization process with mouse miRNA complementary sequenceRed curve is the Cq4
measured at the ssSDNA-SAM regenerated WE whereas the blue signadhows the lack
of hybridization, evident from the absence of the usual kineticsafter the addition of a
human plasma sample diluted 1:3 in PBS 1x.

From Figure 5.4, attested the stability of the dierential capacitance (black markers)
at the functionalized WE, the DNA/miRNA hybridization detection (green signal) was
run with complementary murine miRNA in concentration of 1 pM until its saturation
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(T "(2.92 £0.09) minutes; n=34.3% ; results were obtained using the Langmuir
adsorption modely: ' 1.19 )

After having performed the hybridization of the sample, the thermal regeneration
of the DNA/miRNA layer was carried out. The measured value of C4 corresponding
to the de-hybridized ssDNA functionalized WE (red circles) suggested that a complete
dehybridization process had occurred We then tested the response of the device upon
its specicity through the use of a human plasma sample containing miRNAs relevant
for heart failure disease and diluted 1:3 in PBS 1»Paying attention to the blue curve in
Figure 5.4, we can observe a capacitance decrease versus time, without showing the usual
hybridization kinetics. This is a demonstration that the SAM is not hybridized as might
be expected since the murine ssDNA has a specic sequence not traceable in human
bloodstream. In addition, it is possible to note a signal due to protein contaminants
with its characteristic gap.

These results give usefuland reliable information on the expression of miRNAs in
extracts from plasma samplesMoreover, from these studies, three basic information are
worth being highlighted:

& The hybridization kinetics curve represents eectively the bonding between a se-
quence and its complementary one and this is even true in human plasma environ-
ments, making our device an optimal candidate for clinical use;

& Moving from a simple saline buer (KCI, MgCl,, PBS, etc.) to a more complex
environment (extract, human plasma and so on), a signal gap can be observed,
unequivocally associated to aspecic binding carried by protein components in
the sample which screens the applied potential and increases the steric hindrance
without preventing a correct monitoring of hybridization events.

K Last but not least, the calibration curves, developed from the studies on DNA/DNA
hybridization in a pure salt solution, can be used to precisely quantify the amount
of miRNAs in cell extract and in human plasma. Implications of this will be
commented in the following section.

5.3 miRNA detection in Human Plasma

Here we applied our label-free biosensor as a proof of principle platform for the detection
of a miRNA target (called hsa-miR-154-5p) relevant to human diseases [124, 125, 126,
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127, 128], in human plasma samples coming from patients having dierent levels of heart
failure. No amplication scheme has been adopted in our EIS setup.

To move towards the detection of blood circulating miRNAs, we monitored DNA/miRNA
hybridization in human plasma samples using PBS 1x both as buer solution and to di-
lute the human plasma samples, choosing a SAM incubation time of 15 minutes and
applying an AC voltage with an amplitude of 150 mV.

As already said, in this kind of samples, we ignore not only the concentration of the
specic circulating miRNAs but also the concentration and type of contaminants (other
mMiRNAs, proteins, solvents, etc.)present in it. To avoid false positives, it was decided
to carry out electrochemical measurements of the same sample in serialilution (1:20,

1:4 and 1:3) and results are shown in Figure 5.5a). To regenerate the device has been
considered a two-step cleaning protocol:the electrode is soaked in a solution of PBS
containing Tween 1.25% for a certain time depending on the dilution previously used
(i.e. higher is the dilution ratio higher will be the soaking time) and then exposing the
slide to the usual thermal treatment (details in Section 2.5.1) in order to promote the
breaking of hydrogen bonds between the nucleotide bases.

Again, with reference to Figure 5.5b), itis also possible to underline increasing
the concentration of the sample in solution, i.e. the dilution ratio from 1:20 to 1:3,
the increase in the gap between the ssDNA &value and the one immediately after the
addition of sample to the experimental poolThis can be explained by a greater blocking
eect carried by proteins in plasma. In addition, the reduction of the hybridization time
is consistent with the increase in plasma concentration in the experimental pool.
However, in human plasma, miRNAs are protected (Figure 5.6) by enzymatic degra-
dation (Ribonuclease, commonly abbreviated RNase,as essential catalytic components of
the RNA-induced silencing complex (RISC) [129, 130]) either being encapsulated within
nanovesicles called exosomes or linked to large protecting proteins:( 110 kDa) called
Argonautes (AGO). Readers interested in the technical details can nd a very nice
explanation in Kupferschmidt's work [131].

5.3.1 The Argonaute factor

Although miRNAs enclosed inside the exosomes cannot be observed by EIS measure-
ments at our applied frequencies, the bonding to these Argonaute proteins makes dicult
to estimate a proper concentration of circulating miRNAs of interest because oftheir
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Figure 5.5: Detection of DNA/miRNA Hybridization in Human Plasma. a) The
DNA/miRNA hybridization experiments performed here were run diluting the plasma
sample, coming from an anonymous patient (AP60), in three dierent ratios:1:20 (pink
hourglasses); 1:4 (blue squares) and 1:3 (green triangldd$je ssDNA functionalized WE
(red curve) was measuredas a referencejn pure PBS 1x buer. For all the measure-
ments, we set an AC voltage of 150 mV amplituddhe regeneration of the ssDNA-SAM
(purple and black markers) is carried out using a two-step cleaning protocol. b) Hy-
bridization time (red markers) and proteins blocking eect on C 4 (blue points), as a
function of the dilution ratio of the plasma sample in PBS 1xAll the measurements are
performed on the same sample.
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a)
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Figure 5.6: a) Schematic of the Argonaute primary sequence and top views of human
AGO bound to a dened guide RNA (red) and target RNA (blue). Images from [129].

b) The biogenesis of miRNAs. The extracellular miRNA can be either solely AGO
protein-associated or additionally encapsulated into apoptotic bodies, microvesicles, and
HDL particles. Image from [132].

steric hindrance (increase in the gap) and their eects on the kinetics of the miRNA
recombination (which is expected to increase the hybridization timefor these reasons,
we should think about a better way to calibrate this system.

In order to understand Argonaute contribution in the hybridization process a new cal-
ibration curve is proposedBy adopting the same experimental conditions, in buer solu-
tion composed of PBS 1x and BSA at physiological concentratiord(25g/dl = 4.51uM,
Normal Ranges for Common Laboratory Tests, Rush University), we hybridized our
ssDNA-SAM with a Biotinilated-cDNA strand conjugated with a known concentration
of Streptavidin with the aim of simulating Argonaute behavior in kinetic8\W siep ' 60
kDa Vs MW a0 ' 110 kDa). These experiments were carried out in a PBS 1x + 5yl
BSA since albumin is the main component £ 60%) of plasma proteins [133].

A set of ve hybridization / de-hybridization cycles was performed, each time increas-
ing the concentration of streptavidin in solution, from 100 pM to 100nM, regenerating
the functionalized ssDNA-WE with the two-step cleaning protocol previously described.
The results of these experiments are shown in Figure 5.7.

From Figure 5.7a) we can appreciate the usual concentration dependence ofthe
hybridization kinetics. In fact, increasing the concentration of conjugated streptavidin,
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Figure 5.7:a) Titration curve for ssDNA-SAM hybridized with a biotinilated-DNA com-
plementary strand conjugated with dierent concentration of streptavidin ranging from
100 pM to 100 nM. b) Percentage gap in C4 due to protein eect as a function of the
concentration of Streptavidin conjugated. c) Hybridization times as a function of con-
centration of complementary solution.In blue we plot complementary DNA conjugated
with Streptavidin, in red DNA/cDNA detection.

we can observe a greater variation,in terms of hybridization eciency, related to the
larger number of hybridized sites on the gold electrode.addition, from Figure 5.7b) we
can conclude that our biosensor is also sensitive to higher hindrance due to the growing
concentration of streptavidin in solution being the BSA concentration constant along
the entire measure.Using the '-order Langmuir adsorption kinetics (equation 3.7), we
can estimate, referring to Figure 5.7c), the hybridization time connected to the pairing
with Streptavidin conjugated strands (blue markers) and compare them with a classical
DNA/cDNA hybridization calibration data (red points) obtained in the same conditions
of buer solution (PBS 1x + [BSA] =5 pM) and setting an AC potential with the same
amplitude (150 mV).

Furthermore, in Figure 5.7c), we note that the hybridization times are higher (which
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means that we are measuring a slower kinetics) in the case with Streptavidin due to the
abovementioned twofold eect: the Streptavidin acts as a screening factor, limiting the
eect of the applied potential on the mobility of complementary strands and conjugated
strands diuse slowly due to their increase in mass and steric hindrance.

5.3.2 Circulating miRNA concentration in Human Plasma

Experiments were then performed for nine dierent human plasma samples to attest
the reproducibility of measurements and methods.

The calibration curves shown in Figure 5.7¢) can be so used to estimate circulating
hsa-miR-154-5p miRNA concentration in blood plasma samples coming from nine dif-
ferent patients. The plasma samples are provided by the MDs D. Cesselli's and A.P.
Beltrami's group cataloged in two dierent sets called AP and LV, respectively.  The
results are listed according to their denomination (AP, LV) and presented in Figures 5.8
and 5.9.

Dierent miRNA concentrations should indicate dierent level of disease.

From Figure 5.9b), higher (2.5 fold) miRNA levels were found in plasma samples
belonging to the set named LV with respect to the other group of samplesThe results
of our blind test will be soon compared by our collaborators in Udine with those derived
by real time PCR to conrm that LV-plasma samples have a comparable up-regulation
of miRNAs in question. Of course,the statistics needs to be increased to demonstrate
that our device can be applicable for clinical purposes.

We are condent that our device, will constitute a sensitive, fast and cheap point-of-
care device for medicaldiagnostics/prognosis and for the monitoring of the eect of a
therapy from liquid biopsies, at the single patient level.
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Figure 5.8: Estimation of hsa-miR-154-5p miRNA concentration in blood plasma sam-
ples coming from nine dierent patients listed according to their denomination using as
reference the titration curve DNA/DNA (red and orange in a) and b), respectively) and
the calibration curve DNA/(DNA+Strep) (blue and green in a) and b), respectively).
a) AP -set and b) LV set.



CHAPTER 5. DETECTING MIRNAS RELEVANT FOR HEART FAILURE DISEASE95

) 7.0 1 | | 1 ! 1 | 1
|| Est. [uURNA] in Patient Plasma Samples
6 O - Calibrated on DNA/DNA+Strep) hyb. curve I -
5.0 1 B

4.0 .

" AP56 ' AP58 ' AP59 ' APB0 | LV48-1 ' LV52-1 ' LV56-1 LV57-1 LV59-1

i

[URNAJp (NM)

—
1

2.0+

1.0

b)

|
LV AP

Figure 5.9: a) Summary histogram on extrapolated hsa-miR-154-5p miRNA concentra-
tions in blood plasma samples by use of the DNA/(DNA+Strep.) calibration curve. b)
Box plot allows us to graphically depict, in a convenient way, our experimental data
presented in the histogram in Figure a).



Chapter 6

Protein Detection:. HERZ2 (Breast
Cancer Biomarker)

Breast cancer is the most frequently diagnosed cancegccounting for 23% of the total
cancer cases and 14% of the cancer deathdowever, breast cancer is not considered to
be a single disease but rather as a group of diseases distinguished by dierent molecular
subtypes, risk factors, clinical behaviors,and responses to treatment and that is why;,
nowadays, few dierent methods are used for breast cancer detectiolhese depend on
woman's age and usually include mammography and clinical breast examination (CBE),
as well as magnetic resonance imaging (MRI) for women at high risk.

Dierent biological markers were proposed for breast cancer screening,including
the presence or absence of Estrogen Receptors (ER+/ER-), Progesterone Receptors
(PR+/PR-), and Human Epidermal growth factor Receptor 2 (HER2+/HER2-). In
particular, we have focused on the detection of the protein HER2 whose overexpression
is seen in 20% to 30% of breast cancer and which confers worse biological behavior and
clinical aggressiveness1ER2, is a 185 kDa transmembrane receptor in the Human Epi-
dermal Growth Factor Receptor family, has a structure which constitutes of three main
parts: a cysteine-rich extracellular growth factor (ligand) binding domain, a lipophilic
transmembrane segment and an intracellular tyrosine kinase domain with a regulatory
carboxyl-terminal segment [134] (see Figure 6.1c) for a schematic representation).

As discussed along this work, capture molecules with high specicity and selectivity
are the essentialprerequisite for the design and fabrication of protein nanoarrays and
severaleorts have been seeking for the assortment of well-characterized anity-based
molecules. Besides classicahuman or humanized antibodies,the so called nanobodies

96
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Figure 6.1:a) Schematic cartoon of human antibody, composed by light and heavy chains
and camelidae antibody with a representation of nanobody domain (camelid VHH and
human VH and VL). b) Schematic representation of ECD-HERZ2 capture from biosensor.
c) Schematic representation of HER2 structure across cell membrane; in purple and red
the intracellular domain, in yellow the transmembrane domain and in blue and green

the extracellular domain.

constitutes a novel class of reliable and robust binders.

Based on their structure (focus on Figure 6.1a) for details and comparison), these
peculiar camelid antibodies have been named Heavy Chain Antibodies (hcAb), as they
are composed ofheavy chains only and are devoid of light chains. In the absence of
light chains, the fragment-antigen-binding (fab) part of these antibodies is reduced to a
single domain, the so called VHH (variable domain of heavy chain antibodies) domain
or nanobody. This single domain contains a complete antigen binding site and is the
smallest functional antigen binding fragment (around 15 kDa, only one tenth the size
of a conventionalantibody). The shrunken dimension of the nanobodies encloses con-
siderable advantages allowing the targeting of otherwise inaccessible epitopes [135], (e.g.
catalytic centers of enzymes).Nanobodies, can be easily selected and produced in bac-
teria, ensuring their virtually unlimited supply in constant quality and are exceptionally
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stable, with standing conditions of extreme temperatures and pH: nanobodies shelf life is
in fact excellent, they can be stored for months at 4°C maintaining the biological activity,
and under stringent conditions, are robust and resist to thermal and chemicaldenatu-
ration [136]. Moreover, the intrinsic protein stability constitutes an important probe
design factor which means that it can be easily engineered into antibodies constructs of
dierent chemical nature [137].

Here, we have focused our attention on the detection of the extracellular domain
(ECD) of HER2, which is a shed fragment of approximately 105110 kDa soluble and
measurable in the serum fraction of blood, constituting an optimal candidate as a blood-
circulating biomarker for HER2 positive breast cancer [138].

There are dierent screening techniques that are used to detect HER2 positive breast
cancer:as Immunoistochemistry for detecting HER2 protein overxepression in tissue
sections using or ELISA-tests to quantify and monitor the concentration of circulating
HERZ2-ECD released into the serum. Both techniques make use of a combination of
monoclonal or polyclonal antibodies. However, recently [139], the American Society
of Clinical Oncology College of American Pathologists (ASCO-CAP) denounced the
inaccuracy of the current HER2 testing methods both as regards the sensitivity that the
inadequacy in the single HER2 detection.

The quest for an accurate and reliable method for routine HER2 testing, also in par-
rallel with other relevant markers, is becoming an increasingly crucial issue, to improve
the ecency of the diagnosis and the response to HER2-targeted therapy.

6.1 ECD-HERZ2 Detection

Towards this goal, we decided to set up a device for circulating ECD-HER2 detection
based on EIS. To eciently detect ECD-HER2, we used a specic VHH, provided by the
group of Ario de Marco. Instead of binding the VHH directly on the WE, we capitalized
on the experience already gained on DNA SAM formation.We created a ssDNA SAM,
as extensively explained in the present thesis work, of an oligonucleotide complementary
to the DNA tail previously conjugated to the VHH. Then, we loaded the complementary
(c)DNA-VHH conjugate, which linked to the DNA SAM via Watson-Crick base pairing,
within a scheme which is known as DNA-Directed Immobilization (DDI).

To create DNA-VHH chimeric constructs we used a maleimide reactiona malemide-
terminated ssDNA was used to react to the solfhydryl group present on the cysteine of
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the VHH protein to create a stable thioether bond not reversible and cystein specic,
which confers to the conjugated a precise orientation with respect to the ssDNA.

6.1.1 Nanobody conjugation via Maleimide reaction

We used a nanobody identied as VHH-A10 selected for its highest anity (measured by
SPR-Biacore testsko, =4.95x108 M~ :s"; Kp = 1.7 nM) among a group of nanobod-
ies that recognize ECD-HER2[140, 141], engineered by our collaborating partners at the
University of Nova Gorica in Slovenia, Dr. Ario de Marco.

To start the maleimide reaction, the VHH-nanobody, containing a Cysteine at the C-
terminus, was dissolved to a concentration of 1M in Hepes 10 mM pH 7.4 buer and
reduced adding TCEP in 10-fold molar excess with respect to the protein concentration.
The reduction was carried out at room temperature for 20 minutes. A ssDNA F9-
maleimide (5'-gtg gaa agt ggc aat cgt gaa g-3 ', purchased from Biomers GmbH Ulm,
Germany) dissolved in TE buer (Tris 10mM, EDTA 1mM) pH 8.0 and then added to the
nanobody with a molar ratio (ssDNA: protein) of 10:1 (2pM:25uM). These components
reacted for 2 hours at room temperatureAt the end the modied nanobody was puried
from reactants and reaction by products with G-25 lllustra Microspin Columns (GE
Healthcare Life Science).

The immobilization of the ssDNA-nanobody conjugate was performed,incubating
before the thiolated complementary ssDNAHS - (CH ,)4-5'-ctt cac gat tgc cac ttt cca
c-3', called F9-SH ) in TE buer with 1M NaCl  for 15 minutes (red circles in Figure
6.2) in order to obtain a low density monolayer self-assembled on the gold WE surface
(as described in Section 2.5) At this point, the created SAM was used to load 110 nM
protein-DNA conjugates via DDI. The high concentration of the conjugate was chosen
in order to create a dense layer protein binders on the original DNA SAM. Then, we
challenged the device for the detection of ECD-HERZ2, by applying a bias of 75 mV (blue
squares in Figure 6.2).This value of the AC voltage was optimized to the new binding
SAM in which the binders are set at a distance from the WE surface of about 4 nm,
with a constant charge density area (see Chapter 3) higher that for the case of DNA
SAM (cf. Figure 6.1b) ).

We started with the measurement of the capacitance signal in KCI 100 mM. Prior to
SAM-formation we performed the plasma etching procedurdn Figure 6.2 we show the
experimentalresults. Having attested the success of the hybridization process between
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Figure 6.2: ECD-HERZ2 detection via chimeric-protein binding in KCI 100 mM salt
solution.

the ssDNA-SAM probes (red circles) and chimeric DNA-VHH strands (blue squares), we
substituted the buer solution with the one containing a known concentration (1 nM)

of HER2. The binding of ECD-HER2-VHH by the active SAM is shown in Figure 6.2
(green triangles). To make sure about the specicity of ECD-HER2 biorecognition, we
teste the system with Streptavidin. We regenerated the layer up to the ssDNA-SAM

by means of a double-step cleaning protocolthe electrode was rinsed ve time with a
solution of PBS 1x plus Tween at 0,05% in order to promote HER2-VHH detachment and
then to a thermal treated (details in Section 2.5.1) to complete the regeneration process.
ssDNA-SAM was again recovered (black curve in Figure 6.2) and a new hybridization
(yellow markers) was performed with DNA+VHH conjugate at the same concentration
(110 nM) of the previous experiment. Then a Streptavidin containing solution was
inserted in the pool (violet points). In this case, we can observe a sudden drop of ¢,
without any sign of biorecognition kinetics, as a demonstration that VHH-Streptvidin
binding did not occure.

From Figure 6.2, we can see the G gap due to the steric hindrance carried by the
involved proteins.In parallel, by applying the well-known ¥ order Langmuir adsorption
kinetics (Equation 3.7) to the ECD-HERZ2 binding curve, we found a detection time of
T =(9.93 £0.61) minutes with a C 4 percentage change ofCq¢, = (13.18 £ 1.46) %.
Moreover, by tting the kinetics of  hybridization of the chimeric cDNA-VHH protein
onto the ssDNA-SAM we obtainedry 4 = (3.65 + 0.23) minutes, to be compared with
Teona  (1.52+0.05) minutes found for a 100 nM DNA hybridization onto the same
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ssDNA SAM (cf. Figure 3.5). The slower kinetics measured now is due to the presence
of the mass of the nanobody which limits the mobility of the conjugated complementary
strands, as widely explained and proven in Chapter 5.

Attested HER2 detection via VHH-A10 nanobody in saline buer (Figure 6.2), in a
further step we tested our biosensor on the recognition of breast cancer marker HER2
from simulated patient's serum. We used a solution of Biseka Standardized Human
Serum containing ECD-HER2 protein at dierent concentrations (0.1, 1, 10, 100 nM).
Results of the biorecognition experiments run with two dierent AC applied voltages (75
and 100 mV) are shown in Figures 6.3 and 6.4.

Biseka Standardized Human Serum is a virus-inactivated human plasma serum
that contains the entire spectrum of serum proteins in a standardized, active form [142]
with a homemade estimated ionic strength of57.3mM and purchased from Chong Lap
Asia-Pacic Health Care Ltd.

Comparing Figures 6.3a) and 6.4a), we can get a further conrmation of eect of
the potential on the measured value of & In fact, rising the bias from 75 to 100 mV, it
can be seen that the absolute capacitance at the working electrode increases.

In Figures 6.3b) and 6.4b) the average percentage change of § detected for both
applied potentials, have been plotted versus ECD-HER2 concentration and the data have
been analyzed with Hill equation tting in order to characterize the antigen-antibody
binding. From the curves, an increase in eciency of the detection process can be
further highlighted with a gain in sensitivity of about (10.97 + 1.51)% with respect to
the detection limit estimated in case of 75 mV applied voltagéhe dissociation constant
estimated is in the low nanomolar range for both casd&p ' (1.67 £ 0.81) nM applying
an AC voltage of 75 mV in amplitude, and Kp '(2.15 £ 0.97) nM with a 100 mV of
bias. In conclusion, we can extend the device design to protein biomarker detection
(ECD-HERZ2 vs VHH-A10), in a simulated human plasma environment, by exploiting
DNA directed immobilization (DDI)[36] of DNA-protein conjugates and with an anity
very closed to the values found using an SPR[141,143]. The only precaution in this
case will be to use small binders, as in-silico designed short peptides, aptamers or single
domain antibodies, in order to match the dynamic polarization length of the device,
which is around 7.3 nm at 100 mV of applied potential.
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Figure 6.3: ECD-HER2 detection at 75 mV. a) ssDNA functionalized WE (red points)
followed by 110 nM chimeric DNA-VHH hybridization estimated in PBS 1x (blue mark-
ers). VHH-A10-ECD-HER2 binding detection at dierent biomarker concentrations100
pM (bordeaux signal); 1 nM (pink points); 10 nM (violet markers) and 100 nM (green
triangles). Azure, orange and black points were measured in Bisekstd. human serum
after the regenerating protocol. The light brown markers represent the G measured at
the WE soaked in a solution of pure Biseko std. human serum.b) Percentage change
of C4 (blue squares) upon ECD-HER2 detection, as a function of [HER2] and tted with
a Hill equation (dotted black curve). The solid red line represents the average varia-
tion of C4 due to aspecic detection, whereas the dashed red lines represent 3 standard
deviations around this value.
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Figure 6.4: ECD-HER2 detection at 100 mV. a) ssDNA functionalized WE (red points)
followed by 110 nM chimeric DNA-VHH hybridization estimated in PBS 1x (blue mark-
ers). VHH-A10-ECD-HER2 binding detection at dierent biomarker concentrations:100
pM (bordeaux signal); 1 nM (pink points); 10 nM (violet markers) and 100 nM (green
triangles). Azure, orange and black points were measured in Bisekstd. human serum
after the regenerating protocol. The light brown markers represent the G measured at
the WE soaked in a solution of pure Biseko std. human serum.b) Percentage change
of Cq4 (black diamonds) upon ECD-HER?2 detection, as a function of [HER2] and tted
with a Hill equation (dotted blue curve). The solid red line represents the average vari-
ation of C4 due to aspecic detection, whereas the dashed red lines represent 3 standard
deviations around this value.



Chapter 7
Conclusions

High sensitivity detection of circulating biomarkers as miRNAs and proteins relevant
to specic disease is still challenging when it comes to real, complex matrices [144].
Biosamples as human plasma, serum, saliva, urine, etcontain an elevated numbers of
proteins that can participate to signal generation (e.guorescence, charge distribution)
hiding the signal coming from (few) specic biorecognition events. Here we proposed
a miniaturized, label-free,electrochemical impedance spectroscopy based device with a
careful optimization of the electrode surface functionalization, for the real-time, quan-
titative detection of double layer capacitance changes derived from the adsorption of
molecules at the functionalized interface. Our device measures not only the steady-
state, but also the biorecognition kinetics, easily discriminating the blocking eect of
other biomolecules present in the matrix.n particular, we developed a three-electrodes
sensor for the analysis of miRNAs relevant to specic diseases through the determina-
tion of the hybridization kinetics onto a cDNA probe monolayer self-assembled onto the
working electrode. We demonstrated that: i) the device is reusable up to several times;
ii) data are reproducible on dierent devices (standard deviation of only few percent); iii)
the device has a low detection limit of 1 pM (improvable) in buer solution; iv) it can be
used to quantify miRNAs in complex matrices, as human plasma, by using DNA/cDNA
calibration curves. In the human samples tested so far,a miRNA concentration in the
low nM (few nM) range was detected with results comparable with the ones estimated
by the real time qPCR (gRT-PCR) used by MD Daniela Cesselli and her co-workers at
University of Udine.

Very remarkably, the high sensitivity of our kinetics studies allows not only to quan-
tify unknown concentrations of DNA/miRNA-target in solution, but in principle also to
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discriminate dierent miRNAs families through the detection of single-base mismatches
along the target sequence,as demonstrated for the case of DNA/cDNA hybridization

in buer solution [85]. In our case, we were able to clearly distinguish the presence of
single, or multiple mismatches and also the position with respect to the gold surface of
the missing basepairs.

Moreover, we proved to be able to easily extend the device design to protein biomarker
detection ([145]) or therapeutic drug monitoring ([31]):by exploiting DNA directed im-
mobilization (DDI) ([36]) of DNA-protein conjugates, we can in fact immobilize protein
or drug binders on the surface, and then perform a biomarker/drug screening in complex
matrices, similarly to what already described for miRNA analysis.The only precaution
in this case will be to use smallbinders, as aptamers or single domain antibodies (e.g.
VHH fragments), in order to match the dynamic polarization length of the device [61].

In particular, although these measurements are preliminary, we proved that:

kK in a simulated human serum environment, VHH-A10-ECD-HER2 binding was de-
tected through the incubation of chimeric DNA-protein SAM-probe assemblies
attesting HER2 recognition with results comparable to a SPR-Biacor& -spr =
1.7nM Vs Kp-gs '(1.9+0.6) nM).

Kk in bulk, short oligo-labelled aptamer designed and optimized for thrombin recog-
nition (aTHR) at low thrombin concentrations (<5 nM), the EIS sensor is more
sensitive than a SPR-Biacore [146].

Being aware that further tests have to be performed in order to improve the signicance
of these calibration curves,increasing the number of experimental points and making
the relationships more consistentthese represent a very good and encouraging results
both in terms of reproducibility of the device and, especially when compared to much
more expensive instruments already on the market.

We are condent that our device, when opportunely combined with the available
paper-based microuidics and integrated to perform multiplexing analysis of 5-10 dier-
ent biomarkers in a biosample droplet, will constitute a sensitive, fast and cheap point-
of-care device for medicaldiagnostics/prognosis and for the monitoring of the eect of
a therapy from liquid biopsies, at the single patient level.



Chapter 8

Perspectives (3 Co-planar electrodes
setup, AuUNPSs)

Detection of biomolecules at low concentrations is critically important to the early di-
agnosis and successful treatment of diseas&¥e have proved, along this work, that the
detection sensitivity of a genosensor is determined by signalvariation amplitude of a
hybridization event. Therefore,increase the detection limit of our biosensor translates
inevitably into an improvement in the sensor sensitivity in order to discern between
smaller and smaller stimuli. In this regard, it was decided to move along two parallel
tracks.

On one hand, we will try to improve the sensitivity of the device taking advantage
to the amplication aorded by Au nanoparticles. Compared to the bare gold electrode,
the gold nanoparticles modied electrode could improve the density of probe DNA at-
tachment and the sensitivity of DNA biosensor greatly by avoiding however to increase
the electrostatic and steric eects carried by a high probe density regime and thus render
unnecessary all the assumptions made so far.

On the other hand, as already stated, the development of a multiplexing system is one
of the main goal of our project and thus the miniaturization of the reference electrode
on the same plane of the other two gold electrodes could bring great advantages in terms
of portability of the device and of its Limit of Detection (LOD).
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8.1 Gold Nanoparticles modied gold working elec-
trode

Although dierent nanomaterials such as nanoparticles, nanowires and nanotubes are
used for this purpose,we chose to work with gold nanoparticles in order to exploit the
expertise of the group in the synthesis of DNA-conjugated gold nanoparticles.

In addition, nanoparticles represent an excellent biocompatibility with biomolecules
and display unique structural, electronic, magnetic, optical and catalytic properties
which have made them a very attractive material as labels in the detection of DNA
hybridization. In addition, due to their low background capacitances these constructs
have good potentialin electrochemicalsensing with respect to the incorporation of an
electrochemicallabel into the target molecule. The excess labels cause inconvenience,
which is very time-consuming, and expensive and they would probably also aect the
DNA recognition.

A huge variety of dierent (chemical or physical) methods has been employed for the
synthesis of AuNPs, in this thesis,we referred to the protocol developed and improved
by Deka and co-workers [147]to synthesize citrate stabilized AUNPs (cit@AuNPs) of
approx. 20 nm sized by a known method of citrate reduction of HAug}148] and further
used for ssDNA functionalization in acidic conditions (pH = 4.3 ) in order to decrease
the overall negative charge on the AuNP and ssDNA surfaces allowing to bring them
closer and thereby ease the functionalization.

Anyway, the main topic of this session is not the synthesis of nanoparticles but the
need to anchor the AuNPs to the working electrode surfacé fact, in our experimental
conditions the application of an AC voltage could induce the nanoparticles to migrate
on the surface and also to avoid creating hidden inhomogeneities in the conductive layer
with areas covered by only thiolated ssDNA.

Generally, AuNPs modied electrode surfaces can be prepared in three major ways:

1. binding AuNPs with self-assembled monolayers (SAMs) containing dierent func-
tional groups and sol-gel network[149, 150];
2. binding AuNPs by layer-by-layer assembly method[151, 152];

3. direct deposition of nanoparticles onto the bulk electrode surface by electrochemical
and Langmuir Blodgett methods by modifying of the particles surface to render
them hydrophobic and amenable to organization on the surface of water[153, 154].
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Figure 8.1: a) 4-Aminothiophenol Structural formula. b) schematic of the fabrication
of Au/4-TP/AuNP/ssDNA+cDNA surface.

According to the literature, the simplest method of nanoparticles fabrication on electrode
surface which gives some remarkable results is the so-called self-assembly method and
again because in this way we have the chance to exploit the expertise of the group

in the functionalization of gold surfaces and protein immobilization via DNA directed
immobilization (DDI)[36, 37].

For fabricating AuNPs on electrode surface usually a bi-functional molecule (either
a dithiol or a thiol and amine) is selected and resulting SAM will be in such a way that
one thiol moiety will adsorb to the bulk Au surface and the other thiol, or amine moiety
will protrude away from the surface. Then the modied electrode is immersed into a
colloidal solution of AuNPs for a time period that can allow self-assembling on to the
functionalized electrode due to nanoparticles strong anity towards mercapto or amine
functionality.

In the end, we decided to use the bifunctional molecules 4-aminothiophézybi {NS,
MW = 125.19 g/mol, structural formula in Figure 8.1a)) for covalently binding AUNPs
on electrode surfaces following the protocotlescribed in [149]. In this work, Liu et al.
passivate their polycrystalline gold electrodes through the electrochemical reduction in-
situ of 4-TP diazonium salt by applying a potential to the electrode between 0.5V and
=0.4V for two cycles. As outlined in the paper, instead of forming NH,ArSAu bond
on gold surfacesthe HSArNH , speciesonce converted to HSAr N, is attached to
the gold surface preferentially by the formation of a gold carbide bond, thus leaving a
distal sulfhydryl groups free to bind to the AuNP soaking the electrode in AUNP solu-
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tion for 3 h at room temperature. After this step, the AUNP immobilized gold surface
(Au/4- TP/AuNP) is functionalized with thiolated ssDNA (see procedure in Section
2.5) and thus, our DNA-hybridization experiments can be performed as usualand an
idealization of the so functionalized gold WE is shown in Figure 8.1b).

At this point we started to test whether, with our gold nanoparticles functionalized
electrode surface, we are able to improve the DNA hybridization detection accelerating
the kinetics. We have chosen to start with 2 nM for cDNA measuring the dierential
capacitance at each functionalization stepThe experimental results are summarized in
Figure 8.2.

Figure 8.2a) shows ¢monitored at the bare working electrode and after the stepwise
attachment of the thiolated molecule, AuNPs, ssDNA-SAM and the subsequent 2 nM
cDNA-hybridization on gold surface. As can be seen,a stable Cy-signal was measured
on bare gold electrode (red markers) while a capacitance reduction (blue squares) is
detectable after that the 4-aminothiophenol surface functionalization has occurredAn
increase in G can be observed (green points) after the incubation of Au/4-Tp surface
with gold nanoparticles. This increase upon the attachment of the AuNPs is consistent
with previous experiments which show that the nanoparticles can increase the electronic
coupling to the underlying electrode[155RAfter incubation of Au/4-TP/AuNPs modied
surfaces with thiolated ssDNA, the ¢signal decreased slightly (yellow diamonds), show-
ing the attachment of ssDNA on the nanoparticle by forming Au/4-TP/AuNP/ssDNA
surface, and nally the hybridization curve (black hourglasses), shown several times dur-
ing this work, revealed that the zippering mechanism among ssDNA probe layer and the
2 nM cDNA took place.

In Figure 8.2b), we compare the behavior of C4, measured in KCI 100 mM and
applying a 10 mV AC potential, as a function of the incubation time to the similar
experiment shown in Figure 3.5 (blue markers) and performed at a concentration of
1nM of complementary DNA. We note here that passivating the electrode surface through
AuNPs a reduction in the hybridization time faun, ' 5.4+0.8 <7'8.4+0.5 minutes)
and thus a faster kinetics can be observed conrming the key role played by nanoparticles
in improving the sensitivity of biosensors.
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Figure 8.2: a) Cq4 signals recorded in 100 mM KCI  buer solution after dier-

ent steps modication: (a) bare Working Electrode; (b) Au/4-TP surface modica-

tion; (c) Au/4-TP/AuNPs surface; (d)Au/4-TP/AuNPs/ssDNA-SAM surface; Au/4-
TP/AuNPs/ssDNA/2 nM dsDNA. b) Relative capacitance changes versus time for two
dierent electrodes functionalization using the usual DNA/1nM cDNA hybridization
process (green markers) and one example of DNA-hybridization via AUNPs passivation.

8.2 3 Co-planar electrodes setup as a possible imple-
mentation

Detecting severaltargets in the same biological sample is possible if dierent surface
regions are functionalized with dierent probes. In addition, multiplexing is desirable
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because it reduces the cost and sample volume per data point,satisfying some ofthe
requirements of a point-of-care biosensoif-or these reasons, as mentioned in the above
section, multiplexing is one of the main goals of the project.

After the encouraging achievements in the detection of cancer biomarkers, which we
obtained with the three-electrode conguration, we plan now to further upgrade the
setup to allow for multiplexing and improving the biosensor LOD. The common denom-
inator concerns the miniaturization of the reference electrode (RE) in order to move
towards a three miniaturized coplanar electrodes conguration. As already stated,
severalreference electrodes can be usedfor example, the saturated calomelelectrode
(SCE) is often employed in laboratory but, requiring a large amount of mercury, it is
avoided in biosensor applicationsThe standard hydrogen electrode (SHE) is dicult to
fabricate and miniaturize and thus, the solid state Ag/AgCl reference electrode (SSRE)
is probably the best choice to be miniaturized and integrated on a chips, because of its
electrochemical features (don't forget that the chloride ions are among the main serum
electrolytes) and simplicity of fabrication using easy-to-handle chemicals useful to chlo-
rinate, as bleach/sodium hypochlorite (NaOCI) or iron(lll) chloride, also called ferric
chloride (FeCl3). The readers who are interested in learning the basic principles of the
functioning and applicability of a microfabricated reference electrode wilind all  the
necessary details in [156].

A few methods are available that describe the miniaturization of the Ag/AgCl elec-
trode on chip [156, 157, 158] but most of the Ag/AgCl electrodes have a vexing problem
associated to its solubility product constant, K¢, ' 1.8 x 10 7', which implies, from a
thermodynamic point of view, that about 2 mg of silver chloride can dissolve in a liter
of water at room temperature, and thus it is characterized by a poor stability for many
practical uses.Several methods have been proposed, we merely introduce the three most
common procedure of improving RE stability.
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Figure 8.3: a) An half microscope slide coated by two metal layers, 20 nm of Titanium
(adhesion layer) and 150 nm of Silvelnside the red rectangle is evident a circular darker
region of silver chloride obtained by exposing the slide to 50 mM FeGl solution for 50
seconds.The orange dotted line marks the area scanned by a 3D surface prolometer
whose results are shown in b) where the surface prole of the chlorinated area is displayed
showing a thickness of 189.7 niihe surface prole has been derived by using the Tencor
AlphaStep 500 stylus-based surface proler available on the clean rooms of TASC - INFM
National Laboratory, in Trieste, which also explains the yellow light in the pictures.

A rst solution consists in coating the silver chloride electrode with compound such
graphene oxide [159]creating a diusion barrier to slow down the rate at which the
silver chloride dissolves Another procedure to improve AgCl stability is to evaporate a
buer layer of Ni [160]between an adhesion layer of Tiand an Ag coat. The simplest
last solution to this problem, which is the used method, is to increase the amount of
silver chloride on the microelectrode surface through the silver anodization in chloride
containing solutions, as NaOCI or FeGl To achieve this goal we have moved on a two-
pronged strategy,rst of all we have increased the amount of silver evaporated on the
patterned slide (150 nm) and then we proceeded with its chlorination by immersing it
in a solution of 50 mM ferric chloride for 50 seconds resulting in-a 200 nm thick AgClI
layer, as you can see in Figure 8.3.

Iron(lll) chloride was chosen because of higher number of chloride ions per molecule
(with respect to the mostly used bleach, NaOCI) reducing in this way the soaking time
and the risk to damage the gold electrodes due to our co-planar conguration.
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Figure 8.4: a) Comparison of the experimental pools for the old and new conguration.

b) Zoom-in of the glass slide with microfabricated gold WE and CE and Ag/AgCI RE. c)
Relative capacitance changes versus time for the three-coplanar electrodes conguration
over a period of 10 hours.

The microfabrication of this three co-planar electrodes conguration has been made
using a lithography procedure similar to the protocol described in Section 2.1., by using
a new chrome photomask designed by myself and purchased by Dutch company Delta
Mask B. V.. All the electrodes were fabricated by using microscope slides as substrate.
Thin-Im metal electrodes were patterned onto the substrates via two dierent lift-o
metallization protocols (cf. Table 2.2) using MEGAPOSIT ™ SPR™ 220 1.2 as a
positive photoresist. Metals were deposited with e-beam evaporation. A 20 nm thick
Ti layer was used to improve the adhesion on glass in both cases, and Au (80 nm)
was evaporated as the top layer for the fabrication of Working and Counter electrodes,
whereas Ag (150 nm) was employed for the RE. A top down photograph of the as-
fabricated thin-Im electrode is shown in Figure 8.4b). From the red curve in Figure
8.4c), within nine hours, C4 changed by a maximum of (7.94 £ 0.04%6 with respect
to its initial value. This variation, albeit small, over time of the capacitance could
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] Experimental Pool features

|

old Conf. | New Conf.
Inner  /[mm] 9.15 4.65
height /[mm] 7.2 1.45
Total Area /[cm 7] 7.85x10° | 1.96 x 10°
Sample volume requested /[ L] 125 25
Current Range appreciated /[ pA] 1 0.001

Table 8.1: Comparison among the features of the old setup consisting of two micro-gold
electrodes and a mm-sized AgCI pellet RE and the new 3 coplanar electrodes congura-
tion.

be connected to a worsening of the SAM morphology probably because of too many
lithography steps that created defects on the surface of the gold electroddshe success
rate (25% success) is really low for our standards (100% success in the fabrication of
samples) but this protocol was chosen, among the procedures available in literature, for
its simplicity but mainly because of my expertise.

Anyway, taken together, the largest amount of AgCl and the thicker silver layer allow
a good stabilization of the Ag/AgCI microelectrode and, the reduction in the overall size
of the electrolytic cell has resulted an increase of the device sensitivity as shown in Table
8.1 and as demonstrated in Figure 8.5.

From Figure 8.5, the absolute variations of Cd as a function of the functionalization
layer of the electrodes are obviously linked to the smaller overallsize of the new elec-
trochemical cell (see Table 8.1 for details and Equation 2.2 for the model). It is also
clear that we are able to detect 500 fM cDNA-hybridization with the new three-coplanar
electrodes biosensoiln fact, in the rst hybridization process (red-blue curves in Figure
8.5) we estimated a variation of GG between ssDNA and dsDNA of(4.86 + 0.42)% and
thus we cannot unambiguously state that this variation is connected to a biorecognition
events, as already shown in Figure 3.6l he case of the new sensing device, we obtained
a variation of the capacitance upon 500 fM cDNA-hybridization of (16.36 + 2.76)%, is
dierent. Further, an usual hybridization curves can be appreciated and a hybridization
time of 1= (17.874 + 1.99) minutes was estimated,and then a great improvement can
be highlighted especially when compared to the hybridization time derived for the other
hybridization process (red-blue point in Figure 8.5), where a time of decay of about 125
minutes was calculated, even if we cannot actually talk about DNA-hybridization.

In a further step we plan to integrate the whole system into a microuidic channel,
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Figure 8.5: DNA/cDNA hybridization experiments were run with the two dierent setup
congurations and performed in 100 mM KCI in 100 mM KCI saline buer at 10 mV
applied AC potential. The ssDNA probe density (incubation time of 10 minutes) is the
same in both cases as wellas the concentration (500 fM) of the complementary DNA
strands. Red and black markers describe the dierential capacitance at the ssDNA
functionalized WE measured with the old three-electrode setup and with the new three-
coplanar electrodes conguration, respectively. The blue squares show the G-changes
upon 500 fM cDNA-hybridization obtained with the classical biosensing setup, the green
triangles instead displayed the variation in capacitance estimated with the new three-
coplanar electrodes at the same cDNA concentration.

an idealization of our ideas is shown in Figure 8.6. In order to do it we will appeal
to a OSTE ' microuidic system which is an emerging trend in the bioengineering
eld due to their ability to maintain rapid, sensitive and specic attributes of microuidic
devices.There are several advantages [161] with respect to the commonly used PDMS, in
fact with this technique we can pattern on a OSTE-coated microscope slide and thus have
a microuidic system with desired characteristics (sizes, shape,etc. . . )and adaptable
to unexpected future needs. Another great advantage is that it is hydrophilic and so
we can dene areas of hydrophilic paper separated by hydrophobic walls enabling
the transport of uids, without pumping, due to capillary action and thus providing a
spatial control of biological uids.

Using the explained setup,we are relatively sure to produce a microuidic channel

'is a novel polymer platform comprising O-Stoichiometry Thiol-Enes (OSTE)
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with incorporated electrodes with a heighth = 7 ym, which can and must be further re-
duced especially in the case of multiplexing systerihe problem with this device would

be the targeted functionalization of the dierent WEs. For this aim we plan to use the
so-called low-voltage electrowetting microvalves [162], that concerns the interfa-

cial surface tension of solid-liquid by the applied electric potential between a conductive
droplet and insulated underlying electrodes. According to our idea, each valve should
contain two inkjet-printed silver electrodes in series. Capillary ow within the main mi-
crochannelcan be stopped at the entrance of a secondaryuchannelequipped with an
electrode modied with a hydrophobic monolayer (e.gOTS, n-octadecyl-trichlorosilane,
C1gH37SIiCl 3) (valve closed ). When a potential was applied across the electrodesthe
hydrophobic monolayer became hydrophilic and allowed ow to continue (valve opened ).
Increasing the distance between two electrodes we need to increase the applied voltages.
Additionally, the actuation time required to open the valve increased when voltage was
decreased.

P N O

Figure 8.6: a) b) Idealization of how it should be a multiplexing system based on our
three-coplanar electrodes as sensing unit.

Following this idea, we plan to create up to six parallel microchannels using soft
lithography (see Figure 8.6), ux within them up to six dierent solutions containing up
to six dierent thiolated DNA sequences by opening and closing valves hydrophobic and
thus perform the detection inside the microchannel.
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[cDNA] Fitting 1t order Langmuir Double Exponential
Parameters Kinetics Kinetics
CasDNA (0.941+0.001)nF (0.93+0.01)nF
K (0.07+0.01) min~’
T (15.4+1.4) min
[TPM] Toyh (11.36 £ 0.97)min
Tmelt (47.7 £5.1)min
X2 0.62 0.93
CasDNA (0.918+0.001)nF (0.915£0.001)nF
K4 (0.08+£0.01) min~"
T (13.1£0.8) min
[10pM] Toyh (8.4 % 0.08)min
Tmelt (45.1 £ 3.9)min
X2 0.7 0.9
CasDna (0.869+0.001)nF (0.867£0.001)nF
k4 (0.09£0.01) min~’
T (11.6+1.2) min
[100pM] Toyh (7.2 0.7) min
Tmelt (50.3 £ 7.3) min
X2 0.93 0.9
Table 2:
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[cDNA] Fitting 1t order Langmuir Double Exponential
Parameters Kinetics Kinetics
CasDNA (0.845+0.002)nF (0.86+0.02) nF
K4 (0.12+0.01) min~’
T (8.4£0.5) min
[1nM] Thyb (5.2 £ 0.8) min
Trmelt (44.0 £ 6.1) min
X2 0.68 0.81
CasDNA (0.707+0.001)nF (0.67+£0.02) nF
K4 (0.27+0.01) min~"
T (3.7£0.8) min
[10nM] Thyb (2.5 £ 0.08)min
Tmelt (50.1 £5.2)min
X2 1.58 1.15
CasDNA (0.632+0.001)nF (0.59+0.04) nF
ki (0.65+0.02) min~’
T (1.52+0.05) min
[100nM] Toyt (1.47 £ 0.05)min
Tmelt (461 + 41)m|n
X2 1.34 1.03

Table 3: Fitting parameters for DNA/DNA hybridization  Cy-proles shown in Figure
3.5 obtained using the 15! order Langmuir adsorption kinetics and double exponential
model, respectively.From the x2-values, it can be said that our experimental curves are
best t by the double exponential model since, in this way, we take into account the two
dierent mechanism that concur in the oligonucleotide hybridization process.

B - Clausius Mossotti factor

As stated in Chapter 4, at microscopic scale,a non-uniform electric eld, induces the
movement of dielectrically polarized particles. The acting force on a sphericalparticle
of radius a, of complex dielectric permittivity “,, suspended in a medium of relative
permittivity n,, is given by Equation 4.12, which is here reported again:
D E
Foep =2ma m- Re{K(W)}V[Eo (1)

in this equation,V |E o|° is the gradient of the square of the electric eldE, being the
root mean square amplitude of the applied eld and Re {K (w)}, is the real component
of the complex ClausiusMossotti (CM) factor dened as:
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- g
K (w) = ~Z e
where w = 21f  is the angular frequency of the applied eld (with f thatis the

frequency of the eld); = °-i %is the complex dielectric permittivity and £° and €%
are the real and imaginary components of the complex dielectric permittivity, which may
be written in the Debye form[163]:

= . Ty @)

(2)

_ 0 [0~ .]wr

S we T A @

wherea is the electric conductivity of the particle or medium andr is the relaxation
time. From the Debye theory [163],the relaxation time is correlated to the frequency
fmax, at which %has a maximum, by the relation 2mT-f . =1 . Moreover, (0)

is the permittivity at frequencies much smaller than f.x and . is the permittivity
at frequencies much larger thanf o« [164]. By introducing in Equation 2 the complex
form of dielectric permittivity of particle and of medium, we can calculate the real,
Re {K (w)}, and imaginary, Im {K (w)} , components,of the Clausius-Mossotti factor
resulting in the following relationships:

Re(K (W= £ 6 pm=2n* w -2 (5)
‘;2+ 3(2"'43%"'4?%"'4?1?' 30"' ao
300.0_30.00
Im {K (w)} = P T > 2 (6)

24 243400 44 2440%. 004 00
p p p m m m p m

From Equations 5 and 6 we can observe that the real and imaginary components
of the Clausius-Mossottifactor, depend on the dielectric properties of the particle and

medium, and on the frequency of the applied eld which determines the dependence in
frequency of the DEP force.

The measurements ofthe complex dielectric permittivity were performed using a
DSO Lock-In Amplier: Model SR830 by Stanford Research Systems7Ap AC voltage
with frequency ranging from 5 Hz to 5 kHz and a root mean square (rms) amplitude
of 10 mV was applied across the electrodes and the current owing in the experimental
pool was amplied with a transresistance amplier, Femto DLPCA 200 7b). In order
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Figure 7: a) Front view of the lock-in amplier, model SR830 by Stanford Research
Systems. The tool can be used in the output frequency and voltage ranges ranging from
1 mHz to 102 kHz and from 4mV to 5V (error 1%), respectively. b) Picture of the
trans-resistance amplier DLPCA 200 by Femto. The amplier can be used both for DC
and AC current-signal and the amplication factor can be tuned in a very broad range,
from 10° to 10" V/A.

to automatize the scans we wrote a procedure using LabView,a software powered by
National Instruments.

The experiments were carried out exploring the dynamic range of [cDNA] over 6
orders of magnitudes, from 1 pM to 100 nM. For each concentration we left the solution
in contact with the WE for 1.5 h and then we measured the dierential capacitance and
the quality factor in the presence of the cDNA ( C(NE , Q{NE ) as well as in its absence
(Cive » Qlye ), over the working frequency range. The real and imaginary components
( ®and % of the complex dielectric permittivity were determined using the following
relations[165], using the same notation adopted in Chapter 4.1:

cf
0— WE 7
Ci (7)
00— Qle - C\fNE _'QINE_' Cle (8)
Q{NE Qe " CGhe

The experimental frequency dependence of the real and imaginary components of the
complex dielectric permittivity of the investigated dsDNA-SAM, for dierent concentra-
tion of the cDNA ([cDNA]), are presented in Figure :
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Figure 8: The frequency dependence of the measured a) real?, and b) imaginary, %

components ofthe complex dielectric permittivity, of the sample for dierent value of
[cDNA] hybridized with a 15 minutes ssDNA-SAM probe adsorbed on the gold surface
of the WE.

C - Aptamer-based assays for protein detection

As widely expounded, the rapid and reliable detection of multiple biomarkers simulta-
neously in small sample volumes is increasingly requested in current clinical practice
and a promising strategy for multiplexing probe immobilization is DDI (DNA Directed
immobilization) where dierent DNA-conjugated antibodies are employed for detecting
dierent biomarkers. However, the synthesis of chimeric conjugates is quite challenging,
demanding a careful engineering to ensure a nal construct that has not lost its original
anity.

From this point of view, a valid alternative to antibodies is represented by nucleic
acid aptamers that are oligosequences selected in vitro to bind a target with high anity,
highly reproducible and reduced cost production since the DNA-aptamer construct is
produced simply by adding the surface binding sequence to the aptamer during oligo-
synthesis.

As a proof of principle, in this study we used an extensively investigated a 15-mer
aptamer (aTHR) which is selective for the brinogen binding site of the human a-
thrombin[166] and that shows a well characterized structure and binding properties
(Kp =50 nM), conrmed by several studies[167, 168].

The DNA-aptamer construct, named cF9-aTHR, was prepared adding the sequence
complementary to the F9-thiolated linker ( HS — (CH ,)4-5'-ctt cac gat tgc cac ttt cca
c-3', F9_SH) to the 3' aptamer (5'-ggt tgg tgt ggt tgg-3' ) end. To run the assay the
aptamer construct was rst activated. In orderto doit, the construct prepared as
10 uM solution in the binding buer (20mM Tris pH7 .4, 140mM NaCl, 5mM KClI,
1TmMMgCI2, 1mMCaCl2, named THR buer ) was rst denaturated for 10 min at 95°C,
cooled immediately on crushed ice for 10 min and left at room temperature for 15 min
to restore their functional conformation. All the reagents in the binding experiment
including buers, human thrombin and synthesis of aptamer construct were ordered
from Sigma-Aldrich.

To functionalize the Working Electrode with ssDNA-molecules, we used the well-
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known procedure described in Section 2.5 wetting the gold electrode with a drop of

TE NaCl 1 M, containing cF9_SH at 1 uM in order to have a Langmuir-like kinetics
regime. In addition, the dierential capacitance at the WE was measured tting the
current response upon the application of an AC voltage with amplitude of 10 mV. The
hybridization of the ssDNA-SAM was performed with the aptamer construct cF9-aTHR
at 1 uM in a solution containing 100 mM KCI, whereas the antigen detection experiments
have been carried out using the THR buer that folds the aptamer in the functional con-
formation for the recognition of the humana-thrombin at three dierent concentration:
4,10 and 40 nM.

From Figure 9a), attested the stability of the dierential capacitance at the ssDNA
functionalized WE (red points) and the successful DNA-aptamer SAM-covered electrode
hybridization (blue markers) in 100 mM KCI buer solution, we challenged the device for
thrombin detection. First of all, we changed the buer solution with the one for THR,
which contains divalent ions, in order to promote the formation of the secondary fold
of the DNA aptamer. The capacitance-change kinetics measured in-situ upon changing
of the buer solution (Figure 9a), cyan diamonds) has to be attributed to the electrode
interface rearrangement due to the conformationalreorganization of the nucleic acids
upon the interaction with the divalent salt solution. At this point, we monitored the
capacitance variation upon the binding of 4 nM THR (green triangles). A three rinse
cycle in THR buer was carried out in order to test the stability of the DNA aptamer
- THR binding which, as can be seen (grey markers)appears to be suciently stable.
After an overnight regeneration procedure, consisting in soaking the device in a 2M NacCl
solution, we tested again the stability of the aptamer functionalized electrode (gold and
pink points) and then we incubated the sensor with two solutions with a 10 nM and a
40 nM thrombin concentration (blue down-oriented and orange left-oriented triangles,
respectively), interspersed with a 30 minutes binding denaturation process in 2M NacCl
(black markers).

In conclusion, the percentage change of;@vas estimated on all three concentrations
(4, 10 and 40 nM) and the results, in very good agreement with SPR data (Figure
9b)[146]), are listened in Table 9:

However, although these measurements are preliminary,we observed that at low
thrombin concentrations & 5 nM), the EIS sensor is more sensitive than SPR, and that
could be pushed to reach lower detection limits (in the pM range, as we expected from
literature).
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Figure 9: a) Dierential capacitance measured in-situ upon DNA-Aptamer construct
(F9-aTHR) - human a- thrombin at dierent THR concentration (4, 10 and 40 nM).
b) C 4 percentage change< 9, (blue point) compared with the binding anity analy-
sis performed on surface immobilized aptamers via Surface Plasmon Resonang®ack
markers). Picture from [159]. c) Cartoon of the DNA-aptamer SAM-covered electrode
after incubation with human a-thrombin.

[[THRIINM] | Cu/[%] | T/min] |

4 (12.8 £2.6)] (11.5 % 1.6)
10 (222 +4.1)] (8.1%0.3)
40 (458+6.7)| (5.2%0.3)

Table 4: C4 percentage change and hybridization time, via Langmuir adsorption kinetics,
upon DNA-Aptamer construct - human thrombin recognition, as a function of [THR].
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D - Oligonucleotide Sequences and Nomenclature

Sequence Name Length Sequence
F5-SH 22-mer HS-(CH,).-5'-ctt atc get tta tga ccg gac c-3'
cF5 22-mer 5’-ggt ccg gtc ata aag cga taa g-3'
F9-SH 22-mer HS-(CH,).-5’-ctt cac gat tge cac ttt cca c-3"
F9/F9-maleimid 22-mer 5'-gtg gaa agt ggc aat cgt gaa g-3'
aTHR 15-mer 5'-ggt teg tat get tgg-3'
pDNA1 25-mer HS-(CH,);-5'-tga taa tca tta taa aac tga aat a-3'
cDNA1 25-mer 5'-tat tic agt ttt ata atg att atca-3'
1IMM_DNAL 25-mer 5'-tat ttc agt ttt Gta atg att atc a-3’
pDNAZ2 44-mer HS-(CH,).-5"-caa aac agc agc aat cca aag atc aga cac ccg att aca aatge-3'
cDNA2 44-mer 5'-gca ttt gta atc ggg tgt ctg atc ttt gga ttg ctg ctg ttt tg-3'
2MM_DNA2 44-mer 5'-gca ttt gta atc ggg tgt cGg atc Ctt gga ttg ctg ctg ttt tg-3'
3MM_DNA2 44-mer 5'-Tca ttt gta atc ggg tgt cGg atc Ctt gga ttg ctg ctg tit tg-3
cDNA2_UP 22-mer 5'-gca ttt gta atc ggg tgt ctg a-3'
cDNAZ_[-JI-OWN . 22-mer 5':tct ttg" éat tgc_t-ét-: tgt ttt -g-3'
hsa-miR-154-5p-comp-SH 22-mer HS-(CH,).-5'-cga agg caa cac gga taa cct 2-3'
hsa-miR-154-5p (RNA) 22-mer 5'-uag guu auc Cgu guu goc uuc g -3'
mmu-miR-351-5p-comp-5H 24-mer HS-(CH,);-5'-cag gct caa agg get cct cag gga-3'
mmu-miR-351-5p (RNA} 24-mer 5'-ucc cug agg age ccu uug age cug-3'

Figure 10: List of oligonucleotides sequences used for the EIS experiements.
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