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Introduction

The analysis of nucleic acids (NA) introduced a disruptive innovation in
healthcare, opening towards high throughput diagnosis and personalized
therapies in many fields of medicine including infectious diseases, oncology,
pharmacogenomics, genetic diseases, diabetes, forensic, and neurological,
cardiovascular diseases.

Conventional methods for NA analysis rely on the Real-Time PCR
(Polymerase Chain Reaction) reaction, that represent the gold standard for NA
analysis offering a high level of specificity and sensibility. The Real-Time PCR
works through the cyclic amplification of a specific target sequence through a
couple of small complementary oligoribonucleotides (primers), a thermostable
DNA Polymerase enzyme and a fluorescent probe, able to label the target
sequence during its amplification'2.Thanks to the amplification, the number of
copies of the NA target is exponentially increased becoming detectable and
quantifiable. Figure 1 reports a typical Real-Time PCR mechanism using

specific fluorescent probes for DNA detection.
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Figure 1. Real-Time PCR mechanism?.
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Within this approach PCR-based methods are widely diffusing in a lot of
biomedical fields but their massive use is strongly limited by a series of
drawbacks, such as the constrain to specialized laboratories, instruments and
staff and the need of long and expensive procedures to perform both the DNA
preparation and detection.

To overpass these limitations, a lot of alternative solutions have been
introduced so far mostly based on the biosensing approach. Biosensors are
analytical systems relying on the synergy between a sensing element (such as
enzymes, antibodies, nucleic acids, aptamers, phages, cells etc.), that
recognizes and interacts with specific targets producing an input biochemical
signal, and a transducer element, that converts the input into an output
(electrical, optical, acoustic, etc.) signal used to detect and quantify the targets
concentrations**®. Depending on the type of sensing element, biosensors can
be very versatile and suitable for a lot of analytical applications, as schemed
in Figure 2.

Food
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Figure 2. Main applications of biosensors.

The interest for biosensors increased significantly over the last fifty years. A
Scopus study, indeed, revealed that from 1972 to 2014 the number of
publications on biosensors showed an exponential growth®’. This growing
attraction was mainly due to the possibility of biosensors to open towards

simple, rapid, low-cost and portable analytical solutions that can really improve

.___________________________________________________________________________________|
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the quality of life>8°. This is the case of the so called genetic Point-of-Care
(PoC), consisting in innovative biosensing technologies that empathize the
decentralization and simplification of NA analysis. This technologies, indeed,
provide a patient-centred diagnostics that can be performed quickly, easily and
directly at the patient bed, in the physician office or at home'®'. The
importance of PoC varies depending on the context. As an example, in
intensive care units, PoCs are used to immediately perform a diagnosis and
aid in life-saving decisions. At low resources settings, PoCs offer easy-to-use
procedures that can be performed regardless of the presence of a laboratory
and specialized personell'. In primary care settings, PoCs are typically used
to prevent unnecessary specialist cares, to guide treatment decisions and to
quickly provide reassurance to patients, e.g. excluding a severe disease.
Moreover, rapid testing can lead to improved clinical performance as it
eliminates potentially long intervals between initial patient examination and

discussion of test results’s.

Objective of my Ph.D. thesis was to develop innovative biosensing methods
for the detection of nucleic acids and other targets of biomedical interest

suitable for PoC applications.

The research has been mainly focused on the molecular biosensing of the
nucleic acid kinetoplast (k)DNA of the protozoan Leishmania infantum (L.
infantum), the double-stranded (ds)DNA genome of the bacterium
Pseudomonas aeruginosa (P. aeruginosa) and the single-stranded (ss)RNA
genome of the Sars-CoV-2 virus, which are representative of pathogens
causing severe infectious disease on human health. As a side activity, | have
worked on the development of biosensing methods for the detection of other
two biomolecules of diagnostic interest, i.e. microRNA (miRNA) and anti-A

peptide antibodies as important biomarkers of the Alzheimer’s disease onset.

The reported research activities will be described in the following chapters of
my Ph.D. thesis:

1. State-of-the-art of biosensors for biomedical applications.
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PCR-free biosensing method for the detection of infectious pathogens

nucleic acids in a PoC format.

Biosensing methods for the detection of Alzheimer’s disease associated

biomarkers.
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CHAPTER 1

State-of-the-art of biosensors
for biomedical applications



1. Sensors and biosensors: a background

Sensors are a device that detect different type of biochemical targets by

transducing the first chemical interaction into an analytical signal. Sensors

consist of three main elements that are schemed in Figure 1.1:

1. a sensing element, which is responsible for the biorecognition of the
target (or analyte) through a biochemical interaction and a subsequent
structural modification producing the input signal.

2. achemical-physical transducer that converts the input into a detectable

and/or quantifiable output signal (electrical, optical, calorimetric,

piezoelectric, etc.) for an analytical determination'# of the target.

3. an electronic system consisting of modules for the output signal

amplification, data processing and storage.
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Figure 1.1. Schematic representation of a sensor.

Biosensors were defined as sensors that use specific biochemical reactions
mediated by isolated enzymes, immune systems, tissues, organelles, or entire
cells to detect target biomolecules via electrical, thermal, or optical signals™®.

IUPAC defines a biosensor as: “a self-contained integrated device capable of
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providing specific quantitative or semi-quantitative analytical information using
a biological recognition element (biochemical receptor) located in direct spatial
contact with a transducer element. A biosensor should be clearly distinguished
from a bioanalytical system that requires additional processing steps, such as
the addition of reagents. Furthermore, a biosensor should be distinguished
from a bio probe that is disposable after a measurement, e.g. single-use, or
incapable of continuously monitoring the concentration of the analyte”'6. The
biosensors era started with the development of an amperometric glucose
oxidase biosensor published in 1962'"". This type of biosensor was also the
first commercially available biosensor introduced to the market by the Yellow
Springs Instrument Company (Ohio, USA) in 19758, There is currently a great
interest in research in the field of biosensing, which increased mainly in the
last two decades together with the series of potential applications.

Biosensors bring different advantages such as rapid and sensitive detection,
portability, low-cost production and possible miniaturization. At a commercial
level, biosensors must follow a stringent set of criteria. They must be highly
specific and stable for long-term storage. The analysis must proceed without
complex pre-treatment. The response should be accurate, precise,
reproducible and linear over the entire range of concentrations, with a low
noise-to-signal ratio. Depending on their use, they must be biocompatible and
able to provide a real-time analysis. As analytical devices, biosensors have
already found their application in many fields of human activity, for example in
the biological and medical diagnostics'®?° field and the environmental
monitoring?'?4. Biosensors performances rely on two crucial factors: (i) a
sensing and (ii) a transducer element. The general classification of biosensors
is based on these two functional elements. Depending on the transducer,
biosensors are generally divided into electrochemical, optical, and
piezoelectric (mass transport) classes. Electrochemical biosensors work
through sensing elements that translate the detected information into an
electrical signal proportional to the concentration of the analyte. Optical
biosensors rely on the input signal transduction by the absorption,

luminescence or scattering analysis. Piezoelectric biosensors have sensing
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element attached on a piezoelectric surface so that the interaction with the
analyte is transduced into mechanical vibrations, then converted into an

electrical signal.

1.1. The sensing element

The primary purpose of the development of a biosensing technology is the
choice of the sensing element, which must bring a strong and highly selective
affinity towards the analyte of interest. A fundamental understanding of the
inherent characteristics of each sensing element is first needed before an in-
depth analysis of biosensor performance may occur. More than antibodies,
whole cells and bacteriophages, nucleic acids have been widely used as
sensing element.

Nucleic acid analysis continues to receive enormous attention from
researchers due to its association with various infectious diseases and genetic
disorders as well as cancer, which explains the growing need of new type of
nucleic acid-based biosensors called genosensors. This technology typically
relies on the complementary hybridization between the DNA?® analyte with
appropriate oligonucleotide DNA sequences designed and immobilized on the
surface of the biosensor as biorecognition elements?6-27. This interaction can
involve ssDNA, peptide nucleic acids (PNAs)?®29, locked nucleic acids, G-
quadraplexes, aptamers and microRNAs.

An example of DNA-based biosensors was reported by Mao et al.3%, proposing
a disposable nucleic acid biosensor (DNAB) for sensitive and low-cost
detection of DNA samples in 15 minutes. The device consists of a solid
nitrocellulose support and combines the optical properties of gold
nanoparticles (Au-NPs), linked to appropriate oligonucleotide probes, and with
the efficiency of chromatographic separation. Quantitative detection was
performed by reading the intensity of the red bands produced by DNA
hybridization with the Au-NP probes with a portable strip reader. The response
of the optimized device is highly linear in the target DNA range from 1 to 100
nM, and the Limit-of-Detection (LoD) was estimated at 0.5 nM. The authors

.___________________________________________________________________________________|
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improved the sensitivity of the biosensor by using dual labels with horseradish
peroxidase (HRP)-Au-NPs that ensure a rather low detection limit of 50 pM.
A particular type of nucleic acid sensing elements are the aptamers. These are
selected by a procedure called Systematic Evolution of Exponential
Enrichment Ligands (SELEX)3' and are single-stranded nucleic acids that
possess inner complementary and distinctive binding characteristics for the
target analyte capture. Unlike traditional classical®? hybridization-based
nucleic acid assays, aptamers are able to be more specific through Pi bond
stacking (m—r1r), electrostatic interactions, London forces, and hydrogen
bonding, often in various combinations. Considering wide variety of targets
detected33-35, aptamers offer the advantages of low cost of synthesis, ease of
chemical modification, high thermal stability, and high binding affinities (Kd in
low nano- to picomolar ranges). An example is shown in Figure 1.2, describing
a simple colorimetric assay in which aptamers for Ramos cells were captured
between immobilized aptamers on a lateral-flow strip and aptamer-coated gold
nanoparticles (AuNP-TDO5 Aptamer)36.

B

O TTT

Capture the Romas cell Capture the excess of aptamer-GNP
on the Test Zone | conjugates on the control Zone
A B
Streptavidin 'y TEO2 aptamer + Biotin

i&:& Au NP-TDOS aptamer % Streptavidin-biotin-DNA

Figure 1.2. Aptamer-based lateral-flow detection of Ramos cells. (a) Ramos cell
capture on the test line between immobilized aptamer and AuNP-TD05 Aptamer
conjugate, and (b) hybridization-based capture of excess AUNP-TD0S Aptamer on a

control line%s.
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The presence of AuNPs resulted in an intense red-colored test line, the
intensity of which was correlated with increasing Ramos cells concentration.
Aptamers have been coupled with various transduction systems such as
electrochemical®’, optical and piezoelectric3®3° for the detection of a variety of

targets.

1.2. Electrochemical biosensors and detection

techniques

Among the different biosensor platforms, electrochemical biosensors are
probably the most widely used types due to their rapid response, simplicity,
and lower costs compared to optical, calorimetric, and piezoelectric
biosensors*. Furthermore, they allow to operate in complex and turbid media,
to use small volumes and to achieve low LoD, between 107 and 10° M, by
different electroanalytical methods (square wave and cyclic voltammetry,
differential  pulse voltammetry, = chronoamperometry).  Furthermore,
electrochemical signals in terms of current and potential can be collected using
simple, portable, and economical peripheral instruments with low power
consumption*!. Lastly, some electrochemical sensors integrate the
biorecognition sensing element into the transducer module (e.g., an electrode
or a field-effect transistor), as reported in Figure 1.3a, that can be easily
miniaturized and batch fabricated on portable devices #>~#4, opening towards

sensing applications in a PoC format.

10
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Figure 1.3. Electrochemical biosensors. a) Schematic representation of
electrochemical biosensors based on different biochemical receptors and detection
probes. b) Amperometric biosensing of metabolite targets based on an enzyme
electrode, including the current-time (i—-t) curve and the i signal for quantification.
Voltammetric biosensing of proteins or nucleic acids using an antibody-modified or
nucleic acid-modified electrode through multistep sandwich sensing, one-step
binding-induced folding sensing, including the current—potential (i—E) curve and i
signal for target quantification. ¢) lon-selective electrodes with three different
structures, including recording of the potential (E) for target quantification. d)
Impedimetric biosensing of bacteria based on antibody-modified electrode. e)
Electrochemiluminescence biosensing of cells based on an aptamer-modified
electrode through a sandwich-sensing format, including light intensity (IECL) at
excited potential by a photomultiplier tube (PMT) or imaging using a camera for target

quantification.

Therefore, electrochemical biosensors are very promising for the development
of PoC diagnostic devices. The signal is generally activated by the transfer of

electrons or ions onto a conductive transducer through a biorecognition

.___________________________________________________________________________________|
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process. Signals can involve current ( i ), potential ( E ), impedance (2),
conductivity (o), capacitance (C) and light ( | )*47. Thanks to their useful
characteristics and versatility of use, these analytical instruments are used in
the most varied fields: food quality monitoring (detection of glucose, biogenic
amines, microorganisms, etc.), environmental monitoring (pesticides, gaseous
analytes such as CO and COg, fertilizers etc.), in clinical diagnostics (blood
glucose level, hormones, neurotransmitters etc.), and finally in forensic
science (detection of doping and toxic substances, pathogens etc.) A
theoretically preferred category of electrical biosensors for PoC diagnostics
are impedimetric because they can directly detect biorecognition events by
measuring the non-Faradaic resistance and capacitance properties of the
sensing electrode. However, their practical implementation may suffer of
unspecific binding with other compounds, leading to low sensitivity and
selectivity. Furthermore, although impedimetric biosensors have been
significantly improved during the COVID-19 pandemic*, for example using
molecular imprinting technology to fabricate virus-imprinted biosensors for the
sensitive detection of whole viral particles'’, their sensing performances, so
far, have only been demonstrated using artificial physiological samples instead

of clinically relevant samples.

1.2.1. Amperometric and voltametric biosensors

Amperometric and voltammetric biosensors (Figure 1.3b) work with a classical
three-electrode system, which contains a biosensor as a working electrode
(WE) for target recognition, a counter electrode (CE) as a current source and
a reference electrode (RE) for applying a stable potential. The current signals
are generated by electrochemical reactions on the WE under a potential

applied for target quantification.

Amperometric and voltametric biosensors are the most widespread, numerous
and most successful electrochemical devices from a commercial point of view,
as they are highly sensitive, reliable, economical and rapid. The two sensing
techniques are based on the measurement of a current flowing through an
electrochemical cell where a voltage is applied to the working electrode. The

.___________________________________________________________________________________|
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voltage is set to produce a faradic process (oxidation or reduction) of the target
molecule*®. The current value is related to the analyte concentration according

to the following mathematical equation (1):
in which:
i = nFAk,,C (1)
i = limiting current [A];
n = number of exchanged electrons
F = Faraday constant [C mol]
A = working electrode area [cm?]
km = mass transport coefficient [cm s-]
C = concentration of electroactive species [mol cm-3]

The difference between the two techniques is their applied potential, which is
constant for the amperometric and variable for the voltammetric sensing.
Depending on how the potential is changed, the latter can be performed with
various techniques, including cyclic voltammetry, differential pulse

voltammetry, square wave voltammetry and anodic stripping voltammetry.

Amperometric biosensors are the most widespread sensors for the detection
of metabolites (e.g. glucose), in fact, a target-specific enzyme (such as glucose
oxidase (GOx)), is immobilized on the WE to catalyze the oxidation of the
target at a constant potential*?, exploiting a redox mediator as the ferricyanide
complexes. These devices are simple to fabricate, have high sensitivity and
selectivity in target detection, making them suitable for PoC applications. Since
the concentration of metabolites in non-blood fluids is lower than that in blood
(for example, the concentration of glucose in sweat (10-200 uM) it is possible
to functionalize the biosensor interface with nanomaterials, such as metal
nanoparticles, carbon nanotubes and graphene, to facilitate electron transfer
to increase sensitivity and decrease the detection limit®. An example, are Au-

Pt bimetallic nanocatalysts which in combination with nanoporous hydrogels

13

Paolo Calorenni — Innovative Biosensing methods for nucleic acids detection in Point-of-Care devices



enable GOx immobilization and glucose sensing with a sensitivity of 180 pA
cm~2 mmol-'and a LoD of 0.01 mg dI! (0.56 uM)*', Figure 1.4. Furthermore,
in amperometric biosensors it is possible to implement nanomaterials with
enzymatic emulating properties (i.e. artificial nanoenzymes) , avoiding the risk
of natural enzymes denaturation. As an example, was developed highly
conductive laser-induced graphene (LIG) array with a honeycomb-like 3D
microstructure co-decorated with copper(l) oxide and gold nanocatalysts via
simple and green electro-deposition and chemical reduction approaches, for a
miniaturized electrochemical flexible non-enzymatic biosensor for blood

glucose monitoring®.

H- OH-  Gluconolactone mssss) Gluconic acid

\“‘I)L‘EJ IOH\ ]’actone
= 3

NL
Cu() Cu(l) Guli,
‘- "‘ -

Sample Interval (sec)...
— Run Time (sec)...
Seiy W _
MICROSTATION [ > Run experiment §

|l M stop Run | Time /s

SMARTPHONE

SENSING CHIP

Figure 1.4. Miniaturized, electrochemical, flexible and non-enzymatic biosensor
based on laser-induced graphene matrix, co-decorated with Cu.O and Au

nanoparticles for blood glucose monitoring®2.

The biorecognition of other molecular targets that act as crucial biomarkers of
important human diseases, mainly consistent in proteins or nucleic acids,
requires an additional electroactive labelling that can be operated by enzymes
(e.g. alkaline phosphatase), nanomaterials (e.g. nanoparticles) and
electroactive molecules (e.g. methylene blue). The voltammetric biosensors
are typically used for such diagnostic applications, exploiting techniques such
as cyclic voltammetry, differential pulse voltammetry, square wave

voltammetry and anodic stripping voltammetry. These sensors can be
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fabricated by immobilizing capture biomolecules as sensing elements (e.g.
antibodies, antigens, aptamers and DNA probes) on the WE surface, enabling
the detection of proteins or nucleic acids via a sandwich approach,
represented in the voltammetric sensing scheme of Figure 1.3b. Due to the
multiple steps required for the sensing interface preparation 4243, automatic
fluidic systems are typically integrated. This is the case of biosensors
fabricated on screen-printed carbon electrodes, which are often coupled with
a flow injection system to automatically detect multiple protein biomarkers53-54,
Combining biosensors with automatic fluidic systems simplifies detection.
However, device integration remains difficult due to the need for pumps and
reservoirs. A simpler alternative to voltammetric sensors that exploit affinity
biorecognition are one-step sensors. As an example, a binding-induced folding
electrochemical biosensor can be fabricated by site-specific modification of a
redox-labeled DNA probe on the WE5®. Target detection is therefore based on
moving the redox tags closer or further away from the electrode surface,
resulting in an increase or decrease in the current signal for biosensing the
target. Such binding-induced foldable electrochemical biosensors can achieve
sample-responsive detection of nucleic acids or detection of some specific
proteins using aptamer receptors. However, these devices suffer from low
sensitivity which can be amplified using DNA hybridization strategies®-5"; such
as the CRISPR-Cas12a°8 technique.

1.2.2. Potentiometric biosensors

Potentiometric biosensors are based on the measurement of a delta potential
between a working electrode and a reference electrode. This delta is a function
of the activity of the detected species and, only for dilute solutions, their
concentration®. The configuration of potentiometric biosensors is generally
based on a two-electrode system consisting of a sensing electrode and a
reference electrode. These allow direct detection of the target by measuring
the potential signal related to the change in surface charge and therefore
recognition of the target on the detection electrode. The most commonly used
sensing electrodes are ion-selective electrodes (ISEs), made of thin films or

15
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ion-selective membranes, Figure 1.3c. Examples of ISEs are glass membrane
ISEs (pH electrode), solid membrane ISEs (e.g., crystalline membrane
electrodes for F =, Ag *, Cl ~and S27) or liquid membrane ISEs (e.g. ionophore-
based electrodes for H *, K *, Na *, NH4* , Ca?* ) are commercially available.
With the support of these ISEs it is possible to detect biological elements such
as enzymes, nucleic acids and proteins by integrating the biological element
of interest onto the ion-selective electrode to catalyse the reaction that forms
the ions or by combining the target biorecognition event with an ionic

reaction®0-62,

The equation that relates the measured potential difference and the analyte

activity is the Nernst equation (2):

Eean = Ebuy — () nQ 2
nF

where:
Ecelis the observed cell potential at zero current [V];
E%ei is the standard cell potential [V];
R is the universal gas constant = 8.3143 [J K' mol];
T is the absolute temperature [K];
n is the charge number of electrode reaction;
F is the Faraday constant = 9.6487-10* [C mol];
Q is the ratio of ion activity at the anode to ion activity at the cathode;

The solid contact ion-selective electrodes, manufactured with solvent-based
polymeric membranes, without the use of internal solutions which make them
robust and easy to use, allow the analysis of proteins and nucleic acids through
the detection of ions released by probes labeled with nanoparticles. An
example is the use of a miniaturized solid contact Ag ion-selective electrode
that allows the detection of DNA at the femtomolar level®3. Moreover, there is

the possibility of realizing solid-state ISE with conducting nanomaterials to
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establish a solid contact under the ion-selective membranes and reference.
These ISEs have been implemented in two commercial portable devices for
PoC detection of electrolytes and blood gases (i-STAT from Abbott and BGA-
102 from Wondfo Biotech), or, be integrated into wearable devices for ion

detection in biofluids®4-6.

Lastly, an evolution of ISEs is represented by ion-sensitive field effect
transistors (ISFETSs). In these devices, the metal gate coated with an insulating
layer of silicon nitride (SisN4) and in direct contact with the analyte solution can
be coupled with biological elements. In this context, the most widespread
biological elements are enzymes, giving rise to the so-called enzymatic FETs®’
(ENFETSs) and antibodies, which give immunosensitive FETs (immunoFETs)®®,
The advantages of ISFET are multiple: reduction of background noise,

robustness, small size and fast response times.

1.2.3. Impedimetric biosensors

Impedimetric biosensors, reported in Figure 1.3d, rely on the electrochemical
impedance spectroscopy (EIS) technique, which focuses on the analysis of the
resistive and capacitive properties of detected molecules. The output signal is
detected via a small-amplitude sinusoidal excitation signal®®’° covering a wide
range of alternating current (AC) frequencies, typically from 10 mHz to 100

kHz"'. EIS applied voltage can be represented as follows (3):

_ @ 1 Vosin(2rft)

U@ Y Iysin 2rft + @) ®

where:

V(t) and I(t) are voltage-time and current-time functions, respectively
Y is the complex conductance or admittance

Vo and lo are the maximum voltage [V] and current [A] signals

f is the frequency of the sine wave AC [s™]

tis the time [s]
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¢ is the phase shift between the voltage-time and current-time functions.

Usually, this technique obtains information by the three main parameters of the
electrochemical cell: ohmic resistance of the solution, capacitance of the
electrode/solution interface and rate constant of the electrochemical reaction.
Equivalent circuit models are useful for the interpretation of impedance spectra
(Nyquist or Bode plot), and constitute a valuable technique for the
characterization, analysis and study of coatings, batteries, fuel cells and
corrosion phenomena. Impedimetric biosensors are built to monitor a
biological reaction on the surface of electrodes. When a biorecognition
element is immobilized on the surface of the electrode the recognition process
occurs and the parameters described previously will be influenced'. A variety
of biomolecules can be used as sensing elements, such as enzymes,
antibodies, oligonucleotides (oligos), whole cells and microorganisms, being
immobilized on the sensing surface of the working electrodes. The most used
biorecognition elements in impedimetric biosensors are antibodies and oligos.
Zhao et al.”? exploited electroactive indicators to characterize single-stranded
(ss) and double-stranded (ds) DNA using impedance spectra. Results from the
impedimetric spectra of a bare gold, dsDNA/Au, and ssDNA/Au electrode in a
Co(bpy)33* solution showed that Co(bpy)s®* concentrated on the DNA-modified
electrodes a due to its interaction with the dsDNA or ssDNA anchored to the
surface. Ferrocenium hexafluorophosphate (FcPFs) has also been used as an
electroactive indicator’3. Single-stranded hepatitis B virus (HBV) DNA was
immobilized on a gold electrode surface via a carboxylate ester as a link
between the 3'-hydroxy end of the DNA and the self-assembled monolayer of
the carboxyl group of the thioglycolic acid (TGA). By monitoring the impedance
spectra, the Fc* interactions with ss- and dsDNA were highlighted which
confirmed the immobilization and hybridization reaction with the surface. The
mechanism of interaction between FcPFs and HBV ss- or ds-DNA immobilized
on the electrode surface was also found to be electrostatic. Since 2007, a wide
variety of so-called impedimetric immunosensors have been reported for the
detection of different bacteria’’ and enzymes. For example, Cortina et al. 7

developed an impedimetric urea biosensor using the ether polymer R6hm

.___________________________________________________________________________________|
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Pharma Eudragit S-100, which is a copolymer of methyl methacrylate and
methacrylic acid that undergoes a degradation process at pH values above 7.
In this enzymatic biosensor, hydrolysis of urea by urease, which causes an
increase in pH, triggers polymer degradation and generates an increase in

capacity, followed by EIS.

1.2.4. Electrochemiluminescence (ECL) biosensors

The ECL biosensors, schemed in Figure 1.3e, are based on the
electrogenerated chemiluminescence, also called electrochemiluminescence
(ECL). This technique consists in the light production by a luminophore species
(an atom, a molecular entity or a nanoparticle) that is excited by an
electrochemical reaction”>~"8 and the subsequent electron-transferring at the
electrode surface. The initial electrochemical input, indeed, trigs a cascade of
chemical reactions that undergo highly exergonic homogeneous electron-
transfer reactions to generate the electronically excited state of the
luminophore. It relaxes to the ground state by emitting a photon. For instance,
[Ru(bpys]?* is a model ECL luminophore that is largely used even nowadays
and Tokel and Bard reported in the 1970s the first example of ECI derived from
electrogenerated species of the [Ru(bpys)]?* complex’®. The discovery of ECL
emission in aqueous media with efficient coreactants such as tri-n-propylamine
(TPrA)® has led to successfully commercialized bioassays for clinical
diagnostics8'82. Similar to amperometric and voltammetric biosensors,
electrochemiluminescence biosensors also work with a three-electrode
system, in which the WE is modified with the recognition element to serve as
a biosensing electrode. ECL is a technique with high sensitivity, good
reproducibility, and high spatial and temporal control, making it a powerful
analytical tool for biosensing a variety of disease molecules, including DNA,
miRNA, proteins, and tumor cells’®8384 An innovative ECL application has
been designed for PCR-free detection of the dsDNA genome of hepatitis B
virus (HBV)*’, Figure 5.
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Figure 1.5. Scheme of ECL-PCR-free biosensing strategy*’: Immobilization of
specific probes on the surface of a gold electrode; recognition of ds-HBV by surface
cooperative hybridization and intercalation of [Ru(phen).dppz]?*. The intercalating
complex in synergy with the coreactant, potassium persulfate (K2S20s), emits photons

that allow the entire HBV genome to be detected.

The proposed approach relies on the synergy between the cooperative
hybridization mechanism, performed by a sensing array of selective capture
oligonucleotide probes, and the ECL detection, performed by [Ru(phen).dppz]?*
complex, can detect the genetic target with LoD of 0.05 copies pL-", lower than
the average LoD of PCR-based methods. Moreover, by changing the
selectivity of the probes array, the strategy can be applied to the sensing of
other pathogens, thus, opening towards the development of new diagnostic
devices for massive bacterial and viral infectious diseases screening in a PoC
format. In the work of Kerr et al. is described the construction of a ECL system
with the help of a portable potentiostat and a smartphone camera to detect
miRNA-21 through a molecular beacon detection strategy with magnetic bead-
based electrochemiluminescence®. Lastly, some evidences report
combinations of the ECL method with charge-coupled cameras and
conventional microscopes for bioimaging applications where it is possible to
simultaneously detect multiple biomarkers through spatial or potential

resolutionsé,

20

Paolo Calorenni — Innovative Biosensing methods for nucleic acids detection in Point-of-Care devices



1.3.Optical Biosensors and detection techniques

Optical biosensors rely the analyte detection on its light absorption and
emission properties®”. The main components of an optical biosensor are: a
light source, a detection probe as sensing element (DNA, peptide, antibody,
aptamer, etc.), schemed in Figure 1.6a, a transducer tightly integrated with the
probe and an optical detection system?®. These biosensors can be divided into
two categories: label-based and label-free®®. A label-based detection uses a
fluorescent or colorimetric label and detects the analyte by observing the
fluorescence intensity or colour change®. This type of detection is very
sensitive and can achieve very low LoDs%. Instead, in label-free detection,
which is simpler and cheaper, a signal is generated directly from the interaction
between the target molecule and the optical transducer. There are several
spectroscopic transduction methods to detect optical signals resulting from
these biosensors, for example: light absorption, diffuse reflectance,
luminescence  (fluorescence, phosphorescence, chemiluminescence,
bioluminescence), fluorescence quenching, Raman, surface plasmon
resonance (SPR), interferometry®'. The surface plasmon resonance (SPR)
optical biosensor is the most widely used one®-3 which occurs on the surface
of a metal (or other conducting materials) at the interface of two transparent
media with different refractive indices. The most common applications for
optical biosensors are in the biomedical field, for example in the diagnosis of
infectious diseases®. There are also nanomaterial-based optical biosensors
designed with exosomal biomarkers for early cancer diagnosis®. Fluorescent
resonance energy transfer (FRET) biosensors are constantly used for the
detection of bioactive molecules and for monitoring cellular behavior®. Thanks
to technological progress, more performing optical transducers, as those
based on photonic crystals, interferometry, etc., have been included to favour

the implementation of sensors specificity and responsiveness.
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Figure 1.6. Optical biosensors. a) Detection probes and relative biochemical
analytes. b) Optical fiber biosensors, based on total internal reflection light guiding
mechanism and variations in absorption spectra of light depending on the analyte
characteristics. ¢) A typical optical waveguide biosensor, based on a thin, optically
transparent film with a refractive index that is higher than adjacent substrate and
superstrate mediums. d) Optical fluorescence and luminescence biosensors, based
on the measurement or imaging of the light emitted by a different luminescence
reactions. e) Surface plasmon resonance (SPR) biosensor, based on the variation of
the refractive index once the biomolecules have bonded to the surface which

generates the SPR angle.

1.3.1. Optical fiber biosensors

.___________________________________________________________________________________|
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Optical fiber-based biosensors, described in Figure 1.6b, are analytical
devices consisting of a fiber core, a cladding, a metal coating and a sensitive
layer for the detection of analytes. These optical biosensors can be classified
into two different categories: intrinsic sensors, where the interaction with the
analyte takes place within an element of the optical fibre; and extrinsic sensors,
in which optical fiber is used to couple light, usually to and from the region
where the light beam is affected by the measurand. Optical fiber biosensors
use the principle of total internal reflection (TIR) in which the light traveling
through the core of the fiber is surrounded by a cladding. A part of the coating
region is replaced with the metal coating and the detection probes. Probes are
immobilized on the fiber core to react with the analyte. The usual purpose is to
produce a signal that is proportional to the analyte concentration towards
which the probe is sensitive. Numerous recent works reported optical fiber
biosensors applications. Molecular recognition processes are very important
in the study of biological phenomena as well as in the development of these
biosensors. Figure 1.7 shows a portable and low-cost borosilicate glass fiber
optic biosensor for the detection of Escherichia coli (E. coli) using the variation
of the refractive index of the glass fiber®’. E. coli can also be recognized with
promising materials such as the biofunctionalized polydiacetylene lipids p-
10,12-pentacosadiino-1-N-(3,6,9-trioxaundecylanide)-a-D-mannopyranoside
(MPDA), synthesized from 10,12-pentacasadiinoic acid (PDA)%.

- Anti E. coli antibody

7~
7

Crosslinker

LED circuit Photodiode and

amplification circuit
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Figure 1.7. Schematic representation of the glass optical fiber biosensor with
antibodies immobilized on the surface. As light travels through the glass fiber, the

evanescent field interacts with the bacteria on the surface of the fiber?’.

The mixed (MPDA/PDA) monolayer resulted in a colour change of the film that
allowed to quantify E. coli by UV-VIS absorption spectroscopy. Lastly, another
optical fiber biosensor has been reported for the detection of the CD44
protein®®, whose main function is the recognition of hyaluronic acid in particular
areas such as embryonic connective tissues and the outline of invasive
cancerous lesions. The biosensor is based on a spherical optical fiber tip that
was functionalized with anti-CD44 antibodies detecting the target of interest
with an achieved LoD of 17 pM.

1.3.2. Optical waveguide biosensing

Optical waveguide biosensors due to their ultra-small size, high sensitivity,
detection and label-free are perfectly suitable for biosensing. Compared with
traditional sensors that rely on electrical signals for sensing, the optical
waveguide sensor has lighter mass, smaller volume and lower power
consumption'9-192 The working principle of optical waveguides can be
explained by attenuated total reflection (ATR). When light propagates in the
dense medium of the waveguide, a leakage field is generated on the surface
of the waveguide. They consist of a sensing layer, cladding and waveguide
layers placed on a substrate as shown in Figure 1.6¢c. The most used
biosensor in biochemical detection is the Mach-Zehnder interferometer®3 that,
thanks to the dual-arm structure, can achieve real-time detection and reduce
the error caused by multiple measurements of a single arm. Recently, the
research direction is aimed at improving the optical waveguide structure
especially towards the composite structure. For example, Liu and his
colleagues recently introduced a highly sensitive biosensor based on a silicon
nitride slot waveguide with a slot waveguide sensing arm while a slot

waveguide reference arm strip84.

1.3.3. Fluorescence and luminescence biosensing
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In this class of biosensors, the light coming from a fluorescence/luminescence
process is detected using appropriate photodiodes or photomultipliers. In
Figure 1.6d, the typical structure of a fluorescent and luminescent biosensor
is shown. Fluorescent biosensors have made great progress in recent years
and are widely used in many scientific fields such as biology, chemistry,
medicine and others'%-197_ The operating principle is based on the intensity of
the fluorescence which is recorded as a readout signal for the analytes. They
have many advantages including rapid response, multiple assays, high
sensitivity and selectivity'08-110,

Fluorescence detection is very sensitive, so that several parameters need to
be considered when building the biosensor. A brighter fluorescent tag and
signal amplification technology are usually applied. Researchers explored new
signal amplification strategies that could significantly improve the fluorescence
signal and sensitivity'''. Among these, cyclic signal amplification (CSA)
technology is one of the most useful due to its low-cost and versatile design
principles. CSA technology utilized the hybridization of nucleic acids or
enzymes for nucleic acids to release the analyte, which will be recycled for
further increase the fluorescence outputs of the biosensors. Therefore, after
the CSA, the fluorescence signal could be amplified many folds to achieve
highly sensitive and low limit of detection for biomolecules. . Therefore, the
fluorescence signal can be amplified many times to achieve a highly sensitive
and low detection limit for biomolecules. The most commonly used CSA
methods include rolling circle amplification (RCA), and enzyme-assisted
amplification (EAA)'12113, The first method is a signal amplification technology
commonly used to construct fluorescent biosensors'4. It is a relatively simple
and powerful technique for isothermal DNA replication. RCA contains a circular
DNA and a linear complementary primer''S, as shown in Figure 1.8. Circular
DNA is used as a template, and the primer is hybridized with circular DNA,
which then forms a single strand of DNA containing a large number of repeated
sequences by polymerization, which can trigger the increase of fluorescence
signal through amplification.
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Figure 1.8. Schematic illustration of circular DNA as a template for RCA™.

Lastly, the enzyme-assisted amplification (EAA) refers to the CSA reaction
assisted by different enzymes (such as exonuclease, endonuclease and
ligase) for nucleic acids that operate different signal amplification patterns. The
released analyte can, then, trig another round of probes activation through the
amplification process. Therefore, by EAA sensitivity and selectivity of
fluorescent biosensors can be significantly improved %117 Zhou et al.
proposed a method for sensitive detection of miRNA based on EAA™8 that
achieved a LoD of 1 pM and a good suitability for cancer cells applications.

Other luminescent biosensors exploit the sensing on the measurement of light
produced by bio-chemiluminescence (BL, CL), thermochemiluminescence
(TCL) or electrochemiluminescence (ECL) reactions. Their main advantage is
the improved sensitivity due to the high detectability of photons released by
these chemical reactions. For example, it is known that the light emitted by
chemiluminescence arises from an exergonic chemical reaction that produces
an intermediate in its singlet excited state, which undergoes radiative decay.
Chemiluminescent assays generally use direct labeling with isoluminol and
acridinium esters, the sensitivity of which can be up to the nanomolar level and
the signal-to-noise ratio is very high. In particular, acridinium salts show a
higher quantum yield in aqueous media than luminol derivatives''®. However,
sensors based on bioluminescence have the peculiar characteristic of
providing much higher quantum vyields, compared to classical
chemiluminescence methods, due to the light emission resulting from a singlet
excited state enzyme-product complex. Bioluminescence mainly rely on
enzymes like luciferase that in presence of ATP gives luminescence allowing
ultrasensitive detection down to the part per million (ppm) level in several

bioanalytical applications20.121,

.___________________________________________________________________________________|
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1.3.4. Surface plasmon resonance (SPR) biosensing

Surface plasmon resonance (SPR) biosensors, Figure 1.6e, are probably the
most studied and used optical biosensors due to their advantages such as (i)
label-free detection, (ii) dynamic measurement of binding—unbinding kinetics
to observe the reaction mechanism occurring over the sensing surface, and
(iii) high sensitivity. SPR is a technology that detects alterations in the localized
refractive index (resonant angle) to evaluate the bonding of molecules on a
metal surface. Variations in the refractive index generate surface plasmons
(large groups of electrons in an oscillating state) which are proportional to the
mass of the sample (for example antibodies) immobilized on the
biosensor'?2123_ The unitary SPR signal is defined as the resonance unit (RU),
and is equivalent to a critical angle shift of 10 degrees which corresponds to
approximately 1 pg (picogram)/mm? of analyte-bound surface area*. At the
beginning of the experiment, in the absence of the target analytes, the initial
RU value coincides with the resonance angle. The variation of the refractive

index within a layer of thickness h can be calculated as (4):

dn AT
Mng = (vt ()

where:

da . . . . . .
(d_:)m)l is the increase of refractive index n with the volume concentration of

analyte c; Al is the concentration of the bound target on the surface.
The development of SPR-based sensors was introduced by Kretschmann and
Reather in 1968, who introduced the conventional prism-based
configuration'?4. Since then, SPR-based research has grown exponentially,
with the development of different configurations for creating new sensors
towards PoC applications. To develop these devices, the sensing layer is
prepared on a thin metal-coated glass substrate (~50 nm) and the analyte is
flowed into a microfluidic channel close to the sensing layer to enable
biorecognition. Bai et al.'® presented an SPR-based biosensor for the
detection of avian influenza virus (AlV) H5N1 using a selected aptamer as the
recognition element, described in Figure 1.9.

.___________________________________________________________________________________|
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Figure 1.9. Internal configuration of the SPR-based aptasensor for the AV

detection'.

The sensing device was fabricated by immobilizing the biotinylated aptamer
on a streptavidin-coated gold surface. The sensor had an analysis time of 1.5
hours and showed applicability in poultry swab samples. Preliminary studies
have shown highly sensitive virus detection in the range of 0.5-10 ug/mL along
with a high precision.

The detection of AlV using a cooperative DNA hybridization mechanism was
proposed by Kim et al.'?® by a study based on quantitative monitoring of
thiolated oligonucleotides during the hybridization process.

Palau et al.'?’, instead, demonstrated a direct analysis of RNA-RNA binding at
the 3' end of hepatitis C virus (HCV), by which biological interactions were
analyzed through complex mutation and reverse genetics experiments,

involving 5BSL3.2, i.e. a stem loop located in the HCV NS5B coding region.

1.4. Medical biosensors for Point-of-Care testing

As described before, one of the most important applications of biosensors are
the point of care testing (PoCT), which consist in diagnostic or prognostic test
that allows rapid results to be obtained for the diagnosis of or monitoring of

diseases. This type of test must be performed quickly, easily, without the aid of
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expensive instrumentation and specialized staff as a laboratory is not
necessary'?®129  Currently, with its ability to generate rapid results, the
research focused on PoCT is shifting towards massive screening and early
diagnosis of diseases in order to effectively manage treatments, thus, reducing

the mortality rate.

The most established PoC platforms are the Lab-on-a-chip (LoC) devices,
shown in Figure 1.10. These are miniaturized devices able to provide various
analyses such as biochemical operations, chemical synthesis, DNA
sequencing onto a single chip which otherwise would have been performed in
laboratory taking sufficient amount of time. Due to the miniaturization of these
biochemical operations, better diagnostic speed, cost efficiency, ergonomy,
sensitivity and so on can be achieved. There are different materials by which
it is possible to fabricate lab-on-chip biosensors including: glass, silicon,
thermoplastic polymers, based on paper and polydimethylsiloxane (PDMS).
The last two are the most widely used due to their low cost and easy

manufacturing 3.
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Figure 1.10.Schematic illustration of LoC devices. a) Electrochemical sensor based
on four-way junction (4-WJ) hybridization for the detection of SARS-CoV-2b) EDL-
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gated BioFETs to rapidly detect SARS-CoV-2 viral RNA in saliva and c) GFET
biosensor for SARS-CoV-2 RNA detection*®.

LoCs are suitable for several applications mostly concerning molecular
diagnostics, in which these devices allows a faster nucleic acids detection
based on microscale thermal shifting at high speeds’'. Some evidences in
literature report an application of LoCs in non-small cell lung cancer
diagnosis'32. This device was based on an integrated volumetric bar graph
chip made of nanoporous glass (NPG V-Chip) in which a lung cancer
biomarker, carcinoembryonic antigen (CEA), was conjugated to the surface of
the NPG and quantified. The reaction was aided by adding hydrogen peroxide
to produce oxygen gas. This then pushed the red ink through the serpentine
channels to form a bar graph, indicating that the further the red ink moves, the

higher the concentration of CEA in the sample.

A special type of PoC are labeled PoCs, in which the target itself is not the
transducer. When the target is present starts a series of events that lead to a
detectable signal. One of the most consolidated labelled PoC system is based
on the enzyme-linked immunosorbent assay (ELISA)'33. The technology relies
on capture antibodies bounded to the sensing surface and able to recognize a
specific antigen target. Once interacted, a labelled secondary antibody (linked
to nanoparticles or enzymes) binds to the captured antigen forming a
molecular sandwich. Other evidences report labelled PoC applications in
molecular diagnostics, using DNA probes as sensing elements. One of these
concern the sensing of human papillomavirus (HPV)'34, focused on the genetic
plasmids of HPV types 6, 11, 16 and 18. Targets were first amplified and
labelled by fluorescent primers in PCR and, then, flowed into a microfluidic
system exposing oligonucleotide capture probes selective for each HPV
strains. After hybridization with capture probes, the amplified and labelled
targets were revealed by their fluorescence using an optical reader.

Labelled PoC systems, however, have the main disadvantages of time
required to label the sample and need to operate in specific laboratories. These

limitations have been overcome by label-free techniques.
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Instead, label-free PoC devices don’t require a target labelling and
consequently eliminates all sample processing steps and lab constraining'3.
Moreover, many of these methods involve nanomaterials for detection'3. An
example of label-free PoC systems concerned the detection of tobramycin,
with a LoD of 3.4 yM, using an SPR-based aptasensor. This method measured
several biomarkers in blood serum and worked in both direct and sandwich
tests%7.

However, a main drawback of label-free PoCs is that samples often need to

be amplified before use, and without this, a lower sensitivity may be observed.

Lastly, it is important to mention the PCR-free PoCs and their genomic
detection strategies which will be the central topic of the following thesis. The
PCR-free approach for the DNA/RNA detection introduced a new frontier of
molecular diagnostics where the viral genome is directly revealed without its
amplification. To accomplish this type of alternative molecular analysis,
however, is very important to guarantee the best compromise between a high-
resolution analysis, which could be able to provide the sensitive and accurate
revelation of a few copies of a genetic target, and an integrable and
miniaturizable dedicated measurement setup that is consistent with the idea of

a PoC application*®.
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Figure 1.11. PCR-free genomic detection strategies in genetic PoC systems'®.

So, alternative PCR-free genomic detection strategies, reported in Figure
1.11, have been proposed in genetic PoC'® Zhao et al., for example,
developed a PCR-free system for the rapid detection of avian influenza virus
H5N139, Figure 1.11.a. The system was a modified microarray platform with
immobilized oligos used to directly and specifically hybridize the HSN1 RNA
and, then, allow another poly-A-tailed intermediate oligos to form a sandwich
complex with the target. Furthemore, in 2017, Sciuto et al. proposed a
technology for portable and rapid electrochemical detection of HBV without NA
amplification', Figure 1.11b. The device consisted of a silicon miniaturized
chip containing three microelectrodes and the chemical strategy employed
was based on the hybridization between the target viral genome and two
specific oligonucleotide probes grafted on top of the WE of the chip. Thus, from
these simple examples it is clear that these new biosensors, most of which
have not yet been thoroughly studied and commercialized, involve a variety of
detection strategies suitable for providing rapid and accurate analysis of the
virus towards its early and massive screening and active surveillance for the

containment of viral infections.
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CHAPTER 2

PCR-free Biosensing method
for the detection of infectious
pathogens nucleic acids In a
PoC
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2. State-of-the-art on PCR-free biosensor for infectious

diseases

The detection of nucleic acids is nowadays of extreme importance in many
medical fields for early and accurate diagnosis, personalized therapy, and
preventive screening. In this context, DNA/RNA identification and
quantification through molecular methods provides relevant clinical
advantages with respect to the traditional laboratory methods, such as
bacterial cultures or antibody detection, being much faster (hours vs days for
bacterial cultures), specific (allowing the detection of genotypes), sensitive
(few copies of pathogens in a sample) and accurate (able to detect different
microorganisms through the specific molecular biomarkers). However,
molecular methods typically need an amplification step achieved through the
well-known PCR reaction that is intrinsically quite laborious because it involves
a multi-step and expensive process (about 15% to 80$% per sample), thus,
limiting its utilization to specialized laboratories'#'. Therefore, although current
PCR-based methods are well-established and consolidated, they are not
suitable to be used by unqualified personnel, in decentralized applications and
at competitive costs, which represents a strong limitation for molecular
analysis massive use in public health.

Actually, the recent period of coronavirus disease 2019 (COVID-19) pandemic
brought a growing need of fast and reliable methods for pathogen
microorganisms detection'#2-44 combining the high sensitivity and accuracy
level of PCR-based molecular analysis with the speed and low costs of rapid
immunological tests, pointing to achieve a significant breakthrough in
diagnostics and genetic detection. This led to the introduction of the Genetic
Point-of-Care technologies'! 4% (G-PoC) that brought important advantages
concerning the simplified and time-costs saving analytical protocols
(performable also by untrained personnel), the low power supply and the
miniaturizable and integrable system architecture that makes the analysis
suitable for low-resource settings applications'46:147. G-PoC are mostly based

on the PCR-free approach that excludes any pre-amplification of the genetic
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target by PCR, thus, simplifying the sample preparation and the required
instrumentation. However, this approach is extremely challenging since the
direct detection of the target must be performed at a very low concentration of
template. This is the case of the infectious diseases in which the concentration
of bacterial or viral genome is restricted to low copy number per microliters of
biological fluids (saliva, blood, etc.). Therefore, only few examples of PCR-free
methods have been reported in the literature so far and, consequently, a limited
number of devices has been proposed®®. Furthermore, most of them used
indirect strategies for pathogens detection that achieved high LoDs and were
constrained to complex lab instrumentations™#® 140 149 Additionally, all the
reported methods needed a sample pre-treatment or labelling step, thus,

increasing the level of complexity'*°.

A fundamental prerequisite to achieve an effective PCR-free detection of the
pathogens NA is the design of an innovative sensing strategy for the molecular
detection of genetic/genomic targets and its combination with a highly efficient
transduction method, as schemed in Figure 2.1. The strategy should rely on
the use of two or more oligonucleotides that bind the same NA target sequence
by a mechanism called cooperative hybridization'®'. The oligonucleotides used
as sensing elements or probes are typically immobilized via different grafting
and anchoring approaches onto silicon-metal surfaces to form the sensing
array. Immobilization of the probes on the surface is the crucial step for this
DNA detection strategy. Various methods, such as covalent binding,
adsorption, and trapping, have been employed to stabilize DNA on various
surfaces’2. Once immobilized, the probes can capture the molecular target
via cooperative hybridization and cause the recognition event that is properly
revealed by electrochemical, optical or electrical techniques. Among these, the
electrochemical detection is widely used since it provides low LoDs, the
possibility to consistently downscale the entire sensing system, cost-
effectiveness, easy-to-use procedures and rapid responses’®31%4. In parallel,
in order to increase the yield and stability of probes-target interaction via
cooperative hybridization is, also, important to achieve the right dimension and
degree of conservation of the genetic region inside the target that is recognized

.___________________________________________________________________________________|
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by the probes. Moreover, it is necessary to choose the best composition of
probes, in terms of guanine-cytosine content percentage (GC%), annealing
temperature and chemical derivatization to improve the capture performances

in the PCR-free sensing.
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Figure 2.1 PCR-free approach for nucleic acid detection through the mechanism of

cooperative hybridization.

Consistently, in this section is described the development of a PCR-free
sensing strategy for the molecular detection of three pathogen microorganisms
of relevant importance for human health: L. infantum (LI) protozoan; the P,
aeruginosa (PA) bacterium; SARS-CoV-2 (SC) virus. The whole genome or not
amplified genetic materials of these pathogens have been chosen as used-
case target for the PCR-free detection via cooperative hybridization. These
targets were: the circular KDNA of LI; the dsDNA genome of PA; the ssRNA
genome of SC. In a first step, three combinations of oligonucleotide probes,
for each target, have been defined by an approach that started with a study of
the most significative genes belonging to the genomes of the above reported
targets. The probes have been, then, customized with specific 5’ thiol-
derivatizations, needed by the subsequent functionalization procedures. Lastly
it has been developed the chemical protocol for the functionalization of gold
(Au) working electrodes surface of selected use cases with the three types of
capture probes specific and genetic material. The effectiveness of probes
anchoring, genetic material hybridization and coverage of the electrodes

.___________________________________________________________________________________|
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surface has been, also, characterized by contact angle (CA) measurements,
electrochemical impedance spectroscopy (EIS), cyclic voltammetry (CV) and

X-ray photoelectron spectroscopy (XPS).

2.1. Development DNA strategy for PCR-free molecular

detection of Leishmania infantum

Leishmania, a protozoan parasite, causes leishmaniasis or kalaazar
disease'®®. Leishmaniasis is one of the chief parasitic diseases that causes
epidemic and is transmitted through infected blood transfusions, sand fly bites
and the reuse of infected needles’®. Visceral leishmaniasis (VL) as one of the
most severe clinical manifestations of leishmaniasis, is caused by the species
of LI parasite that can cause a high rate of mortality. In VL, LI parasite migrates
to the visceral organs of bone marrow, spleen and liver'®”. As the main host of
LI, dogs are considered as the primary reservoirs for human Leishmania
infections™8. Clinical presentation in this host is characterized by renal
alterations, prolonged fever, splenomegaly, hepatomegaly, ocular lesions, skin
disease, and respiratory system and cardiovascular disorders. It is estimated
that there are >400000 new cases of VL each year with > 40000 deaths™>°,
Hence, early and accurate diagnosis and proper management of L. infantum
infection is highly important. Generally, leishmaniasis is confirmed by (i)
amastigotes presence by microscopic recognition; (ii) detection of the parasite
genomic DNA, LI consists in a small minicircular DNA, between 0.8 and 2 Kbp,
in tissue samples; (iii) enzyme-linked immunosorbent assay (ELISA); (iv)
indirect immunofluorescence assay test (IFAT); and (v) detection of the
parasite reproductive form in the spleen aspirates or bone marrow0.161,
Although these methods can be considered for VL diagnosis and can bring
reliable results, specific limitations have been found for these methods®.
Furthermore, molecular biology techniques, such as spot, dot, and squash
blots, as well as ELISA, lack of rapidity, sensitivity and specificity for the
isolates'62-164_ Although the results obtained from PCR, RFLP, RT-PCR and

conventional PCR are quantitative and reliable, they require a well-equipped
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laboratory and technical complexity'6°1%6, Hence, there is a growing need to
develop rapid, sensitive, selective, cheap and reliable methods for the

Leishmania identification.

Several detection methods have been reported for the detection of LI mostly
based on electrochemical detection, which allows to obtain useful information
on the electrical double layer formation and biointerface performance. An
example was from Nanani-Vanani et al'®’, that proposed an electrochemical
biosensor for the detection of LI based on the immobilization of a DNA probe
sequence on a gold surface coated by a layer of polyaniline matrix with a
terminal thiol group (PANIAuNp). The probe-target DNA binding was assayed
by electrochemical impedance spectroscopy and cyclic voltammetry. These
types of DNA-based electrochemical sensors have gained considerable
popularity due to their wide implementation for the detection of mutated genes,

target DNA sequences, and various diseases'®®.

In the present section, the development of a PCR-free sensing method for the
molecular detection and quantification of LI is reported. The method brings an
improvement of the conventional NA detection in terms of time-/cost- saving,
since exclude the PCR amplification step keeping a high level of sensitivity and
selectivity, and suitability for PoC applications, due to the miniaturizability of
the analytical system architecture. The developed sensing method relies on a
gold surface functionalization based on the grafting of specific thiol-modified
oligonucleotides probes used for the selective recognition of LI via a

cooperative hybridization mechanism.

2.1.1. Experimental

The capture probes selection and design for the recognition of the minicircle
kinetoplast (k)DNA of LI have been performed by a first investigation of
literature. The work of Mary et al. in 2004'%° reported the performances of two
highly selective primers used for the Real-Time (q)PCR amplification of the

kDNA. These primers were specifically designed to recognize an inner region
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of the KDNA, whose sequence is highlighted in the map and detail reported in
Figure 2.2a and 2.2b. The two oligonucleotides, for convenience, have been
named “LlI_P1” and “LI_P2” and have been identified as optimal solution in
terms of recognition sequence size, 140 bp, and annealing temperature,
around 60 °C. In order to anchor the oligonucleotide probes on the surfaces to
be treated, these have been 5’-derivatized with thiol chemical group (-SH) for
the creation of the interfaces used in the pathogens biosensing application. A
chain of 6 carbon atoms (C6) has been also added at 5’ end of each sequence
to act as spacer for the right orientation of probes once anchored to the
surface, Table 2.1. The thiol-modified probes LI_P1/2-T, both purchased from
MetaBion (Planegg, Germany), were grafted on top of the gold (Au) surface
and the subsequent formation of a self-assembled monolayer (SAM). The
couple of anchored probes were, then, exposed in the right orientation for the
synergic interaction with the molecular target in the cooperative hybridization,

enhancing both yield and stability of the target capture.
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ATCGGCTCCGGGGCGGGAAACTGGGGGTTGGTGTAAAATAGGGCCGGGTGG
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Figure 2.2 a) Map of the 800 bp kDNA of L. infantum. b) LI_P1 and LI_P2

recognition sequence.

Table 2.1. Use case thiol-modified probes

Probe Sequence 5°-3’
LI_P1-T HS-C6-CTTTTCTGGTCCTCCGGGTAGG
LI P2-T HS-C6-CCACCCGGCCCTATTTTACACCAA
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For the target preparation, extracted and purified LI kDNA samples at a
concentration of 108 cps/uL were provided by the group of Prof. Varani from
University of Bologna and diluted in DNAse and RNAse-free water to the
working concentration, from 108 to 10" cps/uL.

The chemical functionalization of the gold surface was fully characterized by
contact angle (CA) and surface-free energy (SFE) analysis using an gold-
sputtered silicon sample as substrate. We performed the surface
characterization analysis using four replicates of each functionalization step.
The substrate used, instead, for the sensing tests was a commercial gold
electrode from CH Instruments. We performed the electrochemical analysis
using five replicates for each functionalization step, five replicates for each
tested kKDNA concentration and three of zero-dose measurement (blank),
which is considered a baseline measurement. In this case, the correct
functioning of the biosensor and its ability to recognize LI kDNA was evaluated
electrochemically with cyclovoltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements, performed in collaboration with the group

of Prof. Prodi and Prof. Valenti of the University of Bologna.

2.1.1.1. Gold-sputtered silicon substrate functionalization

The gold-sputtered silicon substrate of 0.55 cm x 1 cm was functionalized with
LI probes (Table 2.1) and kDNA target according to the chemical protocol
schemed in Figure 2.3. First, it was carried out a step of surface cleaning that
has been deeply optimized in order to find the best compromise between dust
and unspecific organic dendrites removal and surface gold layer preservation.
The gold substrate was placed inside a Teflon container and, initially, 10-fold
rinsed with distilled water. Subsequently, a basic piranha solution (H202: NH3
: H20 = 1:1:4) was spotted at 70°C for 2 minutes to completely clean the
surface. At the end of the process, the substrate was rinsed abundantly with
ultrapure water and fluxed with nitrogen. Subsequently, the substrate was
incubated with a 1 yM solution of thiol-modified probes, suspended in PBS
0.01 mM at pH = 6.0, at 25°C for 4 h with 40 rpm of stirring.
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This condition was required to allow the probes to be efficiently dispersed and
favour the thiol-gold complex formation in a SAM configuration. The SAM
enabled the probes to be exposed in the right orientation for the sensing
interaction with the genetic target. Then, a washing step with PBS removed
the unbound probes from the surface. For the not amplified genetic target
hybridization, kDNA was directly used at a final concentration of 107 copies/uL
in PBS at pH 5.5, prepared by diluting the 10'° copies/uL stock solution. The
final gold interface functionalized with Ll1/Ll2 probes were dipped in kDNA
solution at 50 °C for 3.5 h. Then, the unbound kDNA was washed away from
surface by PBS buffer.

Li2
L1 u2
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®
A LI KDNA K\%
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Figure 2.3. Gold substrate preparation, a) Surface cleaning with basic piranha

L2

solution; b) Immobilization of specific probes LI+ and LI> and c) recognition of LI kDNA

by surface cooperative hybridization.
2.1.1.2. Commercial gold electrode functionalization

A CHI101 gold electrode was functionalized as reported in Figure 2.4. First,
the electrode surface has been cleaned using the following treatment:
polishing of the Au surface with alumina slurry and washing by sonication in
50% ethanol for 5 min; cyclic voltammetry in 0.5 M H2SO4, in the range of -1
V to 1V for 10 cycles; drying with Ar gas. Next, LI_P1-T and LI_P2-T thiol 5’-
terminated probes were dissolved in PBS 0.01 M (pH 6.0) buffer at a
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concentration of 1 yM and immobilized on the surface according to the
following procedure: electrodes were kept at "Room Temperature (RT)" for 4 h
immersed in the solution containing the thiol-terminated probes. Probes target
the conserved region of the kDNA minicircle molecules, a part of Leishmania
spp. entire genomic DNA (gDNA)'°. The distance between the two internal
ends is 94 base pairs (bp) when aligned against L. infantum KDNA sequence
(Accession number Z235273.1). The SAM enabled the probes to be exposed in
the right orientation for the sensing interaction with the genetic target.
Afterwards, they were gently washed with PBS 0.01 M (pH 6.0) followed by an
overnight blocking procedure with 10 uM of CeH140S dissolved in PBS 0.01 M
(pH 6.0) to stabilize the assembled layer of LI1 and LIz specific probes. For the
not amplified genetic target hybridization, kDNA was used at a different
concentration (1, 10, 102 and 10* copies/yL) in PBS at pH 5.5, prepared by
diluting the 10'° copies/uL stock solution. The final gold interface functionalized
with LI1/LI2 probes were dipped in KDNA solution at 50 °C for 3.5 h. Then, the
unbound KDNA was washed away from surface by PBS buffer.
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Figure 2.4. Electrode gold surface preparation; a) Immobilization of specific probes

Au electrode

LI+ and LI> and of b) 6-Mercapto-1-hexanol on the surface of a gold electrode; c)

recognition of LI kDNA by surface cooperative hybridization.

44

Paolo Calorenni — Innovative Biosensing methods for nucleic acids detection in Point-of-Care devices



2.1.2. Surface characterization analysis and sensing tests

Once functionalized, the gold substrates were used for two task: 1) sensing
surface chemical-physical characterization; 2) PCR-free sensing of LI kKDNA

by electrochemical analysis.

The first task was focused on the investigation of the wettability and isoelectric
properties of the sensing surface and was performed by CA and SFE analysis.
For the measurements, a drop of 1 yL of ultrapure water was spotted on top of
the gold substrate and the CA of drop was acquired after 10s. The analysis
was performed on a clean gold substrate, used as reference, and substrates
functionalized with probes and probes-target interfaces. All contact angle
values, measured in four replicas (n = 4). In parallel, the SFE was also
evaluated by applying the Owens Wendt Rabel and Kaelble (OWRK)
model'”1:172in CA. In this case, it was dosed 1L of ultrapure water and 1L of
diiodomethane as reference values for the SFE calculation. For the isoelectric
properties analysis, the CA of 0.2 M phosphate buffer at pH 6.01, 0.2 M acetic
acid/acetate buffers at pH 5.05, 4.01, acetate solution at pH 3.1 and
hydrochloric acid 0.1 M at pH 2 drops were measured on step-by-step
functionalized gold substrates. This acidic pH range, from 2 to 7, has been
chosen to include the value of 5.5 at which the cooperative hybridization

between LI probes and kDNA occurs.

The second task devoted to the PCR-free sensing test was performed
electrochemically and characterised step by step by CV and EIS analysis. The
starting training was carried out at the University of Bologna supervised by the
Proff. Giovanni Valenti and Luca Prodi. The electrochemical measurements
were performed by using the portable potentiostat PalmSens4 (Palm
Instrument, The Netherlands) connected to a laptop and controlled by PSTrace
5.10 software. An electrochemical cell was built to connect CHI101 Au
electrode used as working electrode (WE), a Pt wire used as counter electrode
(CE) and an Ag/AgCl electrode as reference electrode (RE). The
measurements were carried out using a solution of 5 mM ferro/ferricyanide (1:1
v/v)in 0.1 M phosphate buffer (Pb) pH 6.8 as redox probe at room temperature.

.___________________________________________________________________________________|
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In the case of EIS measurements, a frequency range between 0.1 Hz and 100
KHz, 10 frequencies per decade, at an open circuit potential, with a voltage
amplitude of 0.01 V, was used. The electron transfer process, [Fe(CN)e]* + 1e-
2 [Fe(CN)e]*, has been studied using EIS'3174_ Experimental data were fitted
using PSTrace software for a common Randles circuit, Figure 2.5. This
equivalent circuit, which is one of the simplest possible models describing
processes at the electrochemical interface, consists of an active electrolyte
resistance RS in series with the parallel combination of the double-layer
capacitance constant phase element (CPE). To the above-mentioned
components, the charge transfer resistance (Rct) and the Warburg impedance
(W) are added. The latter are related to the electron transfer process and the
diffusivity of the redox probe between the solution and the electrode surface,
respectively. CV measurements were performed in the range of - 0.35 V to +
0.6 V voltage with a scan rate of 0.1 V/s, optimized for these electrodes

previously by Nikolau et al.*’

=27 ()

Figure 2.5. Schematic representation of equivalent Randles circuit. Rs: Ohmic
resistance; Rct: charge transfer resistance; W: Warburg impedance; CPE: constant

phase element.

2.1.3. Results and discussion
2.1.3.1. Sensing surface chemical-physical characterization

.___________________________________________________________________________________|
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The bio-interface is a crucial component for biosensor since it strongly affects
the bio-recognition processes and then, the performance of the sensing. This
is particularly relevant for PCR-free detection where the starting target
concentration are very low.'’”> Therefore, CA characterization of DNA-gold
functionalised interface has been performed in order to investigate the
changes of surface charges occurring in the interfaces upon the bio
derivatization and molecular recognition’6-178, Contact angle measurements
represent a fast and cheap way to evaluate the surface chemical properties of
functionalized interfaces. CA is thermodynamically defined as function of a
three-phase mechanical equilibrium that occurs in a solid-liquid-gas interface
that is created by spotting a fluid drop on a solid surface'’®. This equilibrium is
described by the Young's equation*® (2):
Yiw €0S0y = Vs — V51 (2)

where yi, ysv and ysl represent, respectively, the liquid-vapor, solid-vapor and
solid-liquid interfacial tensions and By is the CA, as illustrated in Figure 2.6a.
CAis primarily used to evaluate the surface wettability and morphology but, by
controlling the variables related to the three-phase interface, CA could be used

to study the surface isoelectric properties too.

Solid-biomaterial

EEE @ EE EEEEEEE
=== @EEEEE \)\T\,)(J@\J

lonized Surface
a b
Figure 2.6. a) Contact angle () in a three-phases interface formed by the liquid
droplet on a solid-biomaterial and the surrounding gas. b) Scheme of the electrical
double layer (EDL) produced by the droplet and the exposed surface charged

functional groups.
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The study of correlation between wettability'®* and CA allows to understand
how the droplet diffuses on the solid substrate and to evaluate the droplet
tendency to form surface interactions with the solid. Therefore, through this
combined investigation is possible to obtain fundamental information on
surface functionalization processes and applications based on phases
interactions.

The correlation between surface wettability and pH can be, also, used as valid
tool for the study of isoelectric properties and charge density of functionalized
interfaces. The spotting of a drop of an electrolyte solution onto an interface
create an electric double layer (EDL)'®?, as shown in Figure 2.6b. Within EDL,
the combination of counterions of drop with the charges of functional groups
exposed by the interface generates an electrostatic attractive force and a
potential that at certain pH decrease to zero (potential of zero charge, PZC),
identifying an isoelectric condition of the functionalized interface. Therefore, by
tuning the pH of the drop solution is possible to modify the charges
environment of EDL and the CA value as function of the isoelectric properties
of the studied interface.

A last parameter that correlates both wettability and surface charges is the
surface free energy (SFE) which measures the surface tension of a substrate.
SFE arises from molecular interactions at the air-solid interface so that the
higher SFE value the more hydrophilic is the solid surface. In our work to
calculate the SFE of the functionalized interface we employed the Owens-
Wendt-Rabel-Kaelble (OWRK) model*’*172 by which the surface tension of the
liquid, yvv, is calculated by the sum of a dispersive component (yPLv e.g. Van
der Waals interactions) and a polar component (y"Lv, e.g. hydrogen bonding).
Also, the solid SFE (ysv) is a sum of dispersive and polar components such
that ysv = yPsv + yPsv. The OWRK model, then, combines the liquid surface
tension, solid SFE, and liquid-solid contact angle (0) calculation into the

following equation (3):

1 1
Vv (1 + cos8) = 2[(vsyvin)2 + (Vévviv)2] (3)
In this approach the solid is theoretically smooth and chemically homogeneous
and the CA is measured from two liquids with known polar and dispersed

.___________________________________________________________________________________|
48

Paolo Calorenni — Innovative Biosensing methods for nucleic acids detection in Point-of-Care devices



fractions of SFE. Every system strives to achieve equilibrium with a free energy
state that is as low as possible.

Every system aspires to a state of equilibrium, solids, in particular, form an
interface with a liquid to attempt to minimize free energy, therefore having a
wettable surface'®. Therefore, the SFE of a solid is closely related to its
wettability, if high the surface of the solid will be wettable.

LIx and LI2 probes were properly designed to recognize an inner region of the
L. infantum kDNA. The probes sequences have been selected considering
both dimension and degree of conservation of the complementary regions
inside the genetic target. Moreover, it was guaranteed an optimal sequence
composition, with a guanine-cytosine content percentage below 50%, a good
melting temperature, between 50°C and 70°C, and a proper chemical
derivatization, with alkyl thiol group added at the 5' end of the sequence for the
SAM formation on gold.

The CA characterization of step-by-step functionalized DNA-gold interface is
shown in Figure 10. The corresponding CA measures are plotted in Fig. 2.9a.
Data highlight a marked increase of wettability after the Au cleaning step,
passing from 80.76° + 1.03° to 51.93° + 3.34° of CA, that could be related to
the formation of the thin hydroxyl layer on the gold surface. After the grafting
of oligonucleotide probes the wettability increased again, as proved by the
relevant decrease in CA of ~ 40° reported in figure 10. The reason of this trend
was due to the addition of charges to the gold surface, brought by the hydroxyl,
amino and phosphate groups of the oligonucleotide chains that led to a higher
number of electrostatic interactions between the water drop and the surface.
The functionalized interface was, then, treated with 107 copies/uL of the kDNA
target. The cooperative hybridization was performed according to a previous
work of PCR-free detection of Hepatitis-B Virus genome.*’ The advantage in
using such hybridization mechanism is that the two use-case probes
simultaneously recognize and hybridize two close regions of the same kDNA
molecule, with a recognition sequence gap of ~ 90 bp that minimizes the steric
hindrance!® in the probe-target interaction and increases both yield and

stability of the DNA capture. As shown in Figure 2.7a, CA analysis after the
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step of kDNA hybridization proved that the interface almost maintained the
high hydrophilicity and wettability, reporting a value of 16.58° + 1.13°. This
slight increase of CA value, compared to that measured on interface with
probes only, could be due to the molecular recognition.8® Indeed, the binding
between oligo and target chains causes a partial shielding of the charges
exposed by functional group of single strand probes affecting the interface

polarity.

To support our hypotheses, an SFE analysis in OWRK method was performed
on DNA-gold interface before and after the KDNA hybridization. The results for
the interface exposing probes only, described in Figure 2.7b-LI probes,
reported a high SFE value of 73.60° + 0.90 mN/m with a predominant polar
part at 58.27 £ 1.55 mN/m, due to the addition of oligonucleotides charges.
The analysis after the KDNA hybridization, in Figure 2.7b-LI probes-kDNA,
showed an SFE value of 70.66 £ 0.80 mN/m that proved the surface wettability
was kept after the cooperative hybridization. However, a lower value of the
polar part at 50.17 £ 1.03 mN/m was also observed, clearly proving the double
helix formation and the charges shielding effect as consequence of probe-

target hybridization.
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Figure 2.7. a) step-by-step CA characterization of functionalized interface; b) SFE
analysis on DNA-gold functionalized interface before (LI probes) and after (LI probes-
KDNA) the KDNA hybridization.

To further investigate the bio-interface properties, we performed a CA study at
various pH. The isoelectric properties and PZC of LI probes and LI probes-
target (kDNA) interfaces have been analyzed through CA measurements at
various pHs and results are reported in Figure 2.8. Actually, in the aqueous
environment of the studied DNA-gold interfaces the equilibrium can be easily
altered by changing the pH and the surface hydrophilicity*® since the anchored
biomolecules can be both positively and/or negatively charged with respect to
their isoelectric properties and the point of zero charge (PZC).187-189

51

Paolo Calorenni — Innovative Biosensing methods for nucleic acids detection in Point-of-Care devices



45

-+ Probes| | Bl |--ae- kDNA:

40 g i A
35

30

Contact Angle (°)
&
Contact Angle (°)

Figure 2.8. CA analysis of LI probes (a) and LI probes-target interface (b) at various

pHSs.

CA measured on the interface modified with LI probes only, Figure 2.8a,
reached a maximum of 41.24° + 2.43° at pH 5, considered as possible PZC
value, and decreased at other pHs. This trend could be explained as the
consequence of the ionization of DNA amino, hydroxyl and phosphate groups
when the pH is away from their PZC causing the increase of interface
hydrophilicity and surface wettability.

In the case of interface with LI probes and kDNA, Figure 2.8b, the average
contact angles highlighted a maximum of 32.47° + 1.25° around pH 6 and,
again, decrease at pHs that were different from the PZC. The pH values
obtained for the probes only and for kDNA probes are consistent with the
results obtained by. The values of pH 5, LI-probes, and pH 6, LI-probes-
kDNA, are consistent with literature data'®+'%, In fact, the use of acidic or
slightly acidic hybridization buffer can lead to the protonation of the -G and —C
groups of the nucleic acid that promotes a stronger binding with the probes.
Lastly, a slight increase, however, was observed also at pH 2, probably, since

the KDNA molecule at that pH tends to denature and alter its isoelectric profile.

This investigation was included in the work entitled “Advanced DNA-Gold
Biointerface for PCR-Free Molecular Detection of Leishmania infantum”

published on Advanced Materials Interfaces journal in 20241°1,
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2.1.3.2. PCR-free sensing of LI kKDNA by electrochemical

analysis

CV and EIS analysis were used to assay the electrochemical behaviour of the
electrode/electrolyte interface at each step of the biointerface fabrication and
to perform the LI kKDNA PCR-free detection.

The CV and EIS responses obtained by using [Fe(CN)e]>7#- as electroactive
probe are shown in Figure 2.9a and 2.9b, respectively. In particular, the
frequency response from the EIS measurements were fitted to the Randles
equivalent circuit (Figure 2.5), from which the charge transfer resistance, R,

was extracted.

60

——Bare

Prob ——Bare
407 robes 10000 —— Probes
— Thiol — Thiol
T 20t kDNA
k] 8000 KDNA
“E / —_
g o0 ”/ & 6000
3 /”/ N
3 3
20t ‘\ 4000
40} ] 2000 m
g0l — - : ' : - 0 . . . . .
04 02 00 0.2 04 06 0 2000 4000 6000 8000 10000 12000
Potential(V) 2(Q)
a b

Figure 2.9. Electrochemical characterization of Au electrode interfaces during the
multistep biosensor build-up using a L. Infantum DNA concentration of 10* cps/uL. a)
Cyclic voltammograms and b) Nyquist’s Plot recorded in 5 mM [Fe(CN)s]*™*~ in 10mM
PBS.

The voltammograms depicted in Figure 2.9a, reveal the effects of different
chemical and biological layers on the electrical conductivity and resistivity of
the electrode/electrolyte interface, influencing the performance of the WE. In
particular, the cooperative hybridization between probe and kDNA produces a
significant dysregulation in the magnitude of both voltametric peaks, reported
respectively as anodic and cathodic current peaks (lpa and Ipc). This is due to

a different in the diffusivity of the redox probe near the WE interface, resulting
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from the sequential immobilization on the electrode surface of probe, thiols and
the final addition of the LI kDNA. Similarly, Nyquist plots show an increase in
the total impedance of the system (bare-DNA) indicating that greater coverage
of the electrode surface leads to a slower electron transfer rate and greater
resistance to charge transfer compared to the platform naked. These
phenomena are attributable to the coating layer of the electrode surface, which
became thicker with the assembly procedure, thus reducing the permeability

[Fe(CN)s]3>* through the immobilization of the layers.

The layer-by-layer electrochemical characterization of the detection strategy
gold electrode-based kDNA, resumed in Table 2.2, focused on the following

types of surface modifications.

Bare-Au: for bare-Au a typical electrochemically reversible couple
voltammogram was obtained. In fact, both species (Fe?* and Fe3*) rapidly
exchange electrons with the working electrode and the peak-to-peak
separation is lower than 59 mV/e- (Figure 2.9a, black line). Consistently, the
Nyquist plot (Figure 2.9b, black line) shows a smaller semicircle domain in
comparison with the modified gold surfaces, indicating a small charge transfer
resistance (Rct), meaning a small resistance encountered by the electron as it
travels between the redox species and electrode surface. Low Rct values

(132Q) indicate a more electrochemically active surface’?.

Probes anchoring: the effectiveness of thiol-terminated probes Ll1 and LI2
grafting onto the electrode surface was tested using a 1 yM probes mix. The
choice to use the mixture of the two probes at this concentration was not
arbitrary. In fact, this condition was required to allow the probes to be efficiently
dispersed and to anchor the electrode surface through the thiol-Au complex
formation in a SAM configuration. The SAM enabled the probes to be exposed
in the right orientation for the sensing interaction to the genetic target'°. Then,
a washing step performed by rinsing the electrode with drops of PBS buffer
was used to remove the unbound probes from the surface. From the
voltammograms reported in Figure 2.9a (red line), it is possible to observe a
little decrease in the magnitude of the voltametric peaks (Ipa, Ipc) for LI probes
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and an important increase in the peak-peak separation (AE = 0.110 V %
0.0001V) compared to bare-Au. This can be attributed to the shielding
characteristic of the grafted probes layer, which gradually hinders the transport
of electrons on the surface of the gold electrode’®. To obtain further
information on the functionalization of the WE, EIS analysis was also
employed, Figure 2.9b. A clear increase in the total impedance was observed
between Au-bare (Rct = 132Q) and electrode functionalized with probes. In fact,
there is an increase in the total impedance; Figure 2.9b red line, Rct =1610Q
+ 275.5 Q. This effect is due to the chemical properties of the probes which
prevent for the most part of Faradaic currents from penetrating to the surface
(due to the high insulating properties of the thiol)'%4. Indeed, the reaction rate
of the iron/ferricyanide couple for this step becomes gradually slower than the
previous one.

Passivation: After grafting the probes, we therefore exploited the ability of a
passivating molecule (6-mercapto-1-hexanol) to cover the uncovered sites of
the functionalized surface with a solution of 10uM in PBS buffer overnight. A
washing step, in PBS buffer, was performed to remove the excess of 6-
mercapto-1-hexanol from the surface. The choice of using a passivating
molecule is important to stabilize the assembled layer of the specific probes
Ll1 and LI2 and thus obtain homogeneously distributed arrays of probes. From
the voltammograms reported in Figure 2.9a (blue line), it is possible to observe
a significant decrease in the magnitude of the voltammetric peaks (Ipa, Ipc) for
the passivating molecule and an important increase in the peak-peak
separation (AE = 0.356V £ 0.005V ) compared to bare-probes. This can be
attributed to the highly shielding characteristic of the grafted organic layer,
which gradually hinders the transport of electrons on the surface of the gold

electrode.

To obtain further information on the functionalization of the WE, also in this
case, EIS analysis was also employed, Figure 2.9. A sharp increase in the
total impedance was observed between Au-probes and electrode
functionalized with passivating. In fact, there is an increase in the total
impedance; Figure 2.9b blue line Rct = 6017Q £ 542.88 Q. This effect is due
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to the chemical properties of the passivating which prevent almost all Faradaic
currents from penetrating to the surface (due to the high insulating properties
of the thiol)'®. Indeed, the reaction rate of the iron/ferricyanide couple for this
step becomes gradually slower than the previous one, as shown by the

increased peak-to-peak separation (form of reversible voltammograms).

Table 2.2. Charge transfer resistance (R«), peak-to-peak separation, anodic and
cathodic peak ratio (lpa/lpc), estimated for SPGE using CV and EIS in 5 mM [Fe(CN)g]*
- in Pb pH 6.8, during kDNA detection strategy construction. Average values of at

least 3 Au electrodes are presented.

kDNA (cps/pL) Rct (Q) AE(V) Ipallpc
Bare 132 £ 17 0.100 = 0.01 1.04 + 0.02
Probes 1610 + 270 0.110 = 0.001 1.06 + 0.01
Thiol 6017 + 500 0.356 + 0.005 8.08 + 1.51
kDNA 104 10166 + 1200 0.393 + 0.005 3.50+0.10

LI kDNA hybridization: the voltammograms reported in Figure 2.9a (orange
line), reported a further slight decrease of the current peaks (Ipa, Ipc) and an
increase in peak-peak separation (AE = 0.393V + 0.005V) after the
functionalized electrode exposure to the kDNA target, compared to the
previous condition with only probes and thiol passivator. This was attributed to
the probes-target cooperative hybridization and the genetic material addition
to the previously formed surface dielectric, demonstrating the ability of this

strategy to directly detect the LI KDNA without further PCR amplifications.

Lastly, further information on the functionalization of the WE was obtained,
through the EIS analysis, Figure 2.9b (orange line). A clear increase in the
total impedance between Au-bare, probe-thiol and electrode functionalized
with target DNA. In fact, the EIS analysis shows that the diameter of the
semicircles in the Nyquist plots increases with the addition of the L. infantum
DNA used and there is therefore an sharp increase in the total impedance; Rct
=10166Q + 1258.3Q). This effect is due to the chemical properties of DNA that

prevent almost all Faradaic currents from penetrating to the surface (due to
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the high insulating properties of the thiol). In fact, also in this case the reaction
speed of the iron/ferricyanide couple becomes even slower than in the

previous one, as demonstrated by the increased peak-peak separation.

The analytical performance of the detection strategy was tested with different
LI kDNA concentrations ranging from 0 to 10* cps/uL. Then, the electrodes
were incubated for 3.5h at 50°C, so that the hybridization process between the
strands occurs. Figure 2.10a, represents the Nyquist plots recorded after
hybridization. The impedance responses comprised simply a semicircle
related to the charge transfer process across the constructed biointerface.
After hybridization, the total impedance Rt of the electrodes increased in a
concentration-dependent behaviour The Nyquist plots were characterized with
the equivalent circuit shown, as done previously, in Figure 2.9b. The
equivalent circuit was fitted to the Nyquist plots and the dependence of the
charge transfer resistance values on the kDNA concentration (using three
equally prepared electrodes) is shown in Figure 2.7b. The obtained results
indicated the higher the DNA concentration bigger the recorded Rct (Figure
2.10b).

The reproducibility of the response of the detection strategy was investigated
by analysis of four concentrations of kDNA using three equally prepared
electrodes for each concentration, and a relative standard deviation for each
concentration used was calculated (Table 2.3). The goodness of the correct
functioning of the method was then obtained by plotting on the x-axis the four
types of KDNA concentration versus ARct. ARct was calculated by the following

equation (1):
ARt = Rypna — Rp—t(l)

Where R,_. is the value of charge transfer resistance value when probe and

passivator are immobilized on the electrode surface and Ry py4 is the charge
transfer resistance value after the cooperative hybridization with kDNA is
established. The dependence of ARct values on kDNA concentration is shown
in Figure 2.10c. In particular, the LOD and LOQ values were 1 and 10 cps/uL
respectively with values of 334.6Q + 875.5Q and 555Q + 326.07Q, leading to
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hypothesize a possible future application of the developed strategy to real

biologic samples.
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Figure 2.10. Analytical performance of kDNA detection strategy. a) Nyquist’'s Plot
using different kDNA concentration in the range 0-10* cps/uL; b) Calibration curve
obtained using different kDNA concentration in the range 0-10* cps/uL; c) Calibration
curve obtained plotting AR.: (kDNA — Thiol) vs different KDNA concentrations 1-10*
cps/uL; d) Calibration curve obtained plotting Cep. vs different kDNA concentrations
0-10* cps/uL in 5 mM [Fe(CN)s]*"*~ in 0.2 M Pb. The error bars in panel b,c,d are the
standard deviation calculated on 4 independent electrodes for each tested kDNA

concentration and 3 independent electrodes for each zero-dose measurement.

Finally, it was interesting to evaluate the capacitance of the electric double
layer (EDL) at the electrolyte-semiconductor interfaces. Indeed, the gold
electrode used as WE was "transformed" into a semiconductor material after
the various functionalization. Consequently, when a semiconductor material

interacts with liquid electrolytes (in our case the iron/ferricyanide couple), an
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electric double layer (EDL) is formed, which can have a significantly high
charge transport capacity, in times as high as 8.0 x 10 cm™ at the ionic
liquid/solid interfaces'®. The EDL formed at the semiconductor/liquid
interfaces is mainly capacitive, due to the presence of a large interfacial

capacitance and the high-density charge storage capability.

Table 2.3. Charge transfer resistance (Rc), peak-to-peak separation (AE) and
Capacitance EDL (CepL) estimated for different concentrations of L. infantum
kDNA using CV and EIS in 5 mM [Fe(CN)g]*"*, in Pb pH 6.8.

kDNA (cps/uL Ret (Q AE(V CepL(nF/mm?
0 4407 + 700 0.356 + 0.005 52.8+1.5
1 4722 + 800 0.330 £0.010 53.9+2.1
10 5564 + 230 0.340 £ 0.010 56.2+1.3
102 7555 + 1500 0.350 £ 0.017 57.4+58
104 10166 + 1200 0.393 £ 0.005 76.2+84

However, the capacitance of the double layer (CepL) is generally enhanced at
liquid-semiconductor interfaces when the interface is used for biosensing as a
result of the formation of biomolecular complexes'®, in our case probe-thiol-
kKDNA. The CepL actively changes with the concentration of the biomolecular
bond, so we expected a linear increase with the concentration of KDNA
employed. The different CepL were evaluated by EIS measurements at the
same frequency for all substrates. Figure 2.10d shows the dependence of
CepL values on kDNA concentration from 1 cps/uL to 10# cps/uL along with the
zero-dose measurement (blank), which is considered a baseline
measurement. In particular, the calculated CeoL values confirm the previously
detected LoD and LoQ in EIS for 1 and 10 cps/pL with the values of 53.92 +
2.17 nF/mm? and 56.24 + 1.38 nF/mm?. These results demonstrate that there
is a higher charge accumulation at the electrode interface as the kDNA
concentration increases, thus demonstrating that more biomolecular bonds are

formed'%8 due to increased cooperative hybridization.

The selectivity of the detection method was evaluated by impedimetric

measurements in the presence of hepatitis B virus (HBV) DNA 10* cps/pL.
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Hepatitis B virus DNA was chosen because of its similarity to LI DNA in terms
of shape and size. In fact the HBV genome DNA is a relaxed-circular DNA
(rcDNA) of approximately 3.2 kb in length with a complete minus strand and
an incomplete plus strand'®. The signals ARt obtained (DNA - Thiol) for this
unspecific HBV DNA (US) were compared with those of the four concentrations
of KDNA previously illustrated. The signals ARct obtained (DNA - Thiol) for
these solutions were compared with those for the standard solution in the
absence of any interferent. The results reported in Table 2.4. indicated high
selectivity of the fabricated sensors, in fact the ARct values were not affected
by the presence of HBV DNA.

Table 2.4. Difference charge transfer resistance (AR.) DNA-Thiol and
peak-to-peak separation (AE) estimated for different concentrations of
L. Infantum kDNA and US Hepatitis b virus DNA using CV and EIS in 5
mM [Fe(CN)s]**, in Pb pH 6.8.

kDNA AR(Q) AE(V)
cps/uL
1 335+ 870 0.34 £ 0.01
10 555 + 320 0.34 £ 0.01
102 2325 £ 2300 0.35+0.02
104 4449 + 2700 0.39 £ 0.01
2.2. Development RNA strategy for PCR-free molecular

detection of SARS-CoV-2

Since January 2020 the world has been forced to face SARS-CoV-2, beloging
to the Coronaviridae family and responsible for the human severe respiratory
syndrome of COVID-19200-202_ From its first report in Wuhan, China, the SC
contagion quickly spread worldwide becoming a pandemic, as declared by the
World Health Organization (WHO), bringing up more than 600 million infected
people and 6.5 million deaths?°32%4_ Currently, the most reliable test is based
on a molecular analysis of swab sample by reverse-transcriptase polymerase
chain reaction (RTPCR), which, according to the guide lines of the WHO and
the American Center for Disease Control (ACDC), is considered the unique
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standard for COVID-192% diagnosis. This molecular technique focuses on the
detection and quantification of the SC genome, consisting in a 30 Kb single
strand (ss)RNA encoding for: spike protein (S), that is affine towards the
angiotensin converting enzyme 2 (ACE 2) receptor exposed by host cell,
involved in the infection process; matrix protein (M), responsible for the
nutrients transmembrane transport and viral envelope formation; small
envelope (E) and nucleocapsid (N) protein, which affect the immune response;
non-structural proteins, such as 3-chymotrypsin-like protease and RNA-
dependent RNA polymerase?°6297 So far, although extremely consolidated
and highly accurate, the RT-PCR method includes two steps of genome target
pre-amplification that make harder the laboratory procedures. In the standard
RT-PCR, indeed, the viral RNA of SC must be reverse transcribed into
complementary DNA and then amplified through PCR. Moreover,
notwithstanding the growing efforts to improve the speed of the molecular
analysis and integrate it into PCR-based biochip?®® systems, mostly need for
qualified personnel and the use of costly reagents so that they can be used
only in a laboratory environment. Therefore, these methods are not suitable
for large-scale diagnosis, limiting, de facto, their massive use for screening
and control of COVID outbreak.

Other COVID-19 tests were, instead, based on the immunological tests that
provided rapid diagnosis, within 20 min, to be used in the frontline testing.
However, these methods caused a high rate of false-negative results?® limiting

their reliability.

Therefore, in order to control and mitigate this kind of viral infections avoiding
any risk for future pandemic outbreaks it is mandatory to introduce new
diagnostic tools for fast, accurate and more accessible viruses identification.
In this scenario, the development of PCR-free PoC sensors could certainly
make a revolution in the molecular diagnostics allowing the possibility to

decentralize and make faster the molecular analsysis#/-175208.210,

In the present section, the development of a PCR-free biosensing strategy for
quantitation of SC ssRNA is reported. As described in the previous section for
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LI kDNA sensing, we functionalized the surface of gold substrates by grafting
specific thiolated oligonucleotides probes for the SC ssRNA cooperative

hybridization.

2.2.1. Experimental

Probes for the PCR-free detection of SC ssRNA genome have been, again,
developed by a first study of literature. The investigation evidenced the N gene,
encoding the viral nucleocapsid phosphoprotein, as one of the most conserved
regions inside the genome and, therefore, widely included as control in
commercial kits for the molecular SWAB analysis. A combination of 3 thiol-
modified probes (SC_P1, SC P2 and SC_P3) has been designed for the
cooperative hybridization with the 92 bases sequence of N gene, which is
reported in the map and detail of Figure 2.11a and 2.11b. The third probe
SC_P3, binding the inner part of the recognition sequence, has been added to

improve the selectivity of detection and the annealing performances.
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Figure 2.11. a) Map of the 29 Kb ssRNA of SARS-CoV-2; b) SC_P1, SC_P2 and

SC_P3 recognition sequence.

Probes customized with a 5’-thiol-C6 modification (from MetaBion International
AG), reported in Table 2.5, were used for the gold surfaces functionalization

via SAM formation.
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Table 2.5. Use case thiol-modified probes.
SC_P1-T HS-C6-GACGTCTAAACCTACTAAAGAGG

SC_P2-T HS-C6-CCTTGTGTGGTCTGCATGAGTTTAG
SC_P3-T HS-C6-TAACGTTGTTAGGTACTCGTCACGACTGAG

The target was a synthetic liophylized SC ssRNA genome (Amplirun)
resuspended in DNAse and RNAse free water in a final concentration of 104

cps/uL.

The sensing surface properties were first investigated on Au-sputtered silicon
substrate, that was functionalized with probes and SC ssRNA using X-ray
photoelectron spectroscopy (XPS) and CA analysis. We performed the surface
characterization analysis using four replicates for CA and three replicates for

XPS of each functionalization step.

Subsequently, EIS and CV analysis were used to electrochemically assayed
the PCR-free molecular detection of SC ssRNA, captured through cooperative
hybridization. In this case, we performed the electrochemical analysis using
four replicates for each functionalization step, four replicates for each tested
RNA concentration and three of zero-dose measurement (blank), which is

considered a baseline measurement.

2.2.1.1. Gold-sputtered silicon substrate functionalization

Gold-sputtered silicon substrate of 0.55 cm x 1 cm functionalization with SC
probes and ssRNA target, schemed in Figure 2.12, was performed according

to the following chemical protocol reported in section 2.1.1.1 for LI kDNA.
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Figure 2.12. Gold substrate preparation, a) Surface cleaning with basic piranha

solution; b) Immobilization of specific probes SC+, SC; and SCsz and c) recognition of

SC ssRNA by surface cooperative hybridization.

For the not amplified genetic target hybridization, the syntethic SC ssRNA was
diluted to 102 copies/uL in PBS at pH 5.5. The final gold interface functionalized
with SC1/SC2/SCs probes were dipped in ssRNA solution at 50 °C for 3.5 h.

Then, the unbound ssRNA was washed away from surface by PBS buffer.

2.2.1.2. Commercial gold electrode functionalization

The commercial CHI101 gold electrode was modified with the SC probes
(Table 2.5) and ssRNA according to the functionalization scheme reported in
Figure 2.13 in according to what described previously in section 2.2.1.2. for LI
kKDNA.

For the not amplified genetic target hybridization, ssRNA was used at different
concentrations (101, 1, 10, 102 and 10* copies/uL) in PBS at pH 5.5, prepared
by diluting the 108 copies/uL stock solution. The final gold interface
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functionalized with SC1/SC2/SCs probes were dipped in ssRNA solution at 50
°C for 3.5 h. Then, the unbound ssRNA was washed away from surface by
PBS buffer.
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Figure 2.13. Electrode gold surface preparation; a) Immobilization of specific probes
SC1, SC2 and SCs and of b) 6-Mercapto-1-hexanol on the surface of a gold electrode;

c) recognition of SC ssRNA by surface cooperative hybridization.

2.2.2. Surface characterization analysis and sensing tests.

As already mentioned in the previous work for LI KDNA, the gold substrates
were used in a two-step characterization: 1) sensing surface chemical-physical
characterization; 2) PCR-free sensing of SC ssRNA by electrochemical

analysis.

The sensing surface composition was studied by XPS, performed in
collaboration with the group of Prof. G. Condorelli of the University of Catania.
The spectroscopy was carried out using a PHI 5000 Versa Probe Instrument
using a monochromatic Al Ka X-ray source excited with a micro-focused

electron beam. All the analyses were performed with a photoelectron take-off
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angle of 45° (relative to the sample Surface). The XPS binding energy (B.E.)
scale was calibrated on the C1s peak of adventitious carbon at 285.0 eV.

In parallel, the wettability and isoelectric properties of the functionalized
sensing surface were evaluated by CA and SFE analysis. For the
measurements, a drop of 1 uL of ultrapure water was spotted on top of the gold
substrate and the CA of drop was acquired after 10s. The analysis was
performed on a clean gold substrate, used as reference, and substrates
functionalized with probes and probes-target interfaces. All contact angle
values, measured in four replicas (n = 4). The SFE was done as described
before for LI KDNA.

The second task related to the ssRNA PCR-free detection was done
electrochemically by CV and EIS analysis. The measurements were

performed using the same procedure as that already used for LI KDNA .

2.2.3. Results and discussion

2.2.3.1. Sensing surface chemical-physical characterization

The XPS analysis of the SC-functionalized gold surface was done focusing on
the sensing interface chemical composition after each step of surface
modification. The analysis of relative atomic concentrations, resumed in Table
2.9, showed an increase of carbon, oxygen and nitrogen levels in the Au-SC
probes surface due to the organic chemistry of DNA probes that accumulated
over the adventitious elements in the Au reference surface. The C1s band was
deconvoluted into different components, as reported in Figure 2.15a and
2.15b, most of which became prominent in the Au-SC probes surface as
consequence of the C-C, C-O and C-N bonds brought by the aromatic
nucleobasis of probes. This data was supported by the N1s signal (Figure
2.15¢) whose peak appeared only in presence of probes. The increase of the
S2p signal, reported both in Table 2.9 and Figure 2.15d, was instead related
to the thiol group of probes that was used for the covalent binding of SAM to
the surface, proving the effectiveness of the molecules anchoring to the
electrode.
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Table 2.9. Atomic concentrations comparison.

Surfaces Cis (0213 N1s S2p Ausf
Au 2559 16.08 1.13 0.28 54.75
Au-probes 39.70 19.2 6.42 0.39 21.42
Au-Probes- 42.62 23.27 4.25 1.02 23.81
Target

On the contrary, the Ausf peak concentration reported in table decreased in the
Au-SC probes surface. This was probably due to the good coverage of
anchored capture probes that exclude the underneath Au layer from the XPS

reading.
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Figure 2.15. Deconvolution of Css peak of Au (a) and Au-SC probes (b) surface.
XPS analysis of Nss (c) and Szp (d) peak

Furthermore, after the addition of Sars-Cov-2 ssRNA, the amount of C1s
further increased because of the C-C, C-O and C-N bonds contributed by the
aromatic nucleobase of the probes and ssRNA. This finding was supported by
the N1s signal (Figure 2.16b) whose smoother peak compared to the Nis
signal (Figure 2.16a) can be attributed to the formation of hydrogen bonds

between the probes and the genome (cooperative hybridization)?'1212,

401.9 400.2

Amino group
Imino %
L M | s | s | s |
407 404 401 308 395
B.E. (eV)
a
Amino group 4013 3997
Imino group
L | 1 | J
407 404 401 308 395
B.E. (eV)

Figure 2.16. Deconvolution of N4s peak of Au-Probes (a) and Au-probes-target (b)

surface.

Lastly, CA characterization of RNA-gold functionalised interface has been
performed in order to investigate the sensing interface surface properties

modification upon the functionalization and the molecular interactions'’6-178,

The CA characterization of step-by-step functionalized RNA-gold interface is
shown in Figure 2.17. The corresponding CA measures are plotted in Figure

2.17a. Data highlight a marked increase of wettability after the Au cleaning
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step, passing from 80.76° £ 1.03° to 51.93° + 3.34° of CA, that could be related
to the formation of the thin hydroxyl layer on the gold surface. After the grafting
of oligonucleotide probes the wettability increased again, as proved by the
relevant decrease in CA of ~20° reported in Figure 2.17a. The reason of this
trend was due to the addition of charges to the gold surface, brought by the
hydroxyl, amino and phosphate groups of the oligonucleotide chains that led
to a higher number of electrostatic interactions between the water drop and
the surface.

As shown in Figure 2.17a, CA analysis after the hybridization with 102
copies/uL of the RNA target proved that the interface almost maintained the
high hydrophilicity and wettability, reporting a value of 23.15° + 1.43°. This
slight decrease of CA value, compared to that measured on interface with
probes only, could be due to the molecular recognition.*® In fact, the binding
between oligo and target chains causes an increase in polar groups on the
biointerface exposed by both the functional groups of the probes and the
ssRNA, that influence the polarity of the surface.

To support our hypotheses, the SFE analysis in OWRK method was performed
on DNA-gold interface before and after the RNA hybridization. The results for
the interface exposing probes only, described in Figure 2.17b-SC probes,
reported a high SFE value of 64.48° + 6.51 mN/m with a predominant polar
part at 44.18 mN/m += 4.9 mN/m, due to the addition of oligonucleotides
charges. The analysis after the ssRNA hybridization, in Figure 2.17b-SC
probes-RNA, showed an SFE value of 67.13 mN/m + 7 mN/m that proved the
surface wettability was kept after the cooperative hybridization. However, a
higher value of the polar part at 48.59 mN/m £ 5.5 mN/m was also observed,
clearly proving the double helix formation and the charges shielding effect as

consequence of probe-target hybridization.
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Figure 2.17. a) step-by-step CA characterization of functionalized interface; b) SFE
analysis on RNA-gold functionalized interface before (SC probes) and after (SC
probes-RNA) the RNA hybridization.

To further investigate the bio-interface properties, we performed a CA study at
various pH. The isoelectric properties and PZC of SC probes and SC probes-
target (RNA) interfaces have been analysed through CA measurements at
various pHs and results are reported in Figure 2.18. Actually, in the aqueous
environment of the studied RNA-gold interfaces the equilibrium can be easily
altered by changing the pH and the surface hydrophilicity*® since the anchored
biomolecules can be both positively and/or negatively charged with respect to
their isoelectric properties and the point of zero charge (PZC).187-189
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Figure 2.18. CA analysis of SC probes (a) and SC probes-target interface (b) at

various pHs.

CA measured on the interface modified with SC probes only, Figure 2.18a,
reached a maximum of 65.56° + 2.8° at pH 4, considered as possible PZC
value, and decreased at other pHs. This trend could be explained as the
consequence of the ionization of RNA amino, hydroxyl and phosphate groups
when the pH is away from their PZC causing the increase of interface
hydrophilicity and surface wettability.

In the case of interface with SC probes and DNA, Figure 2.18b, the average
contact angles highlighted a maximum of 39.06° + 3.9° around pH 2 and, in
this case the maximum is obtained at the pH value in which the RNA molecule

at that pH tends to denature and alter its.

2.2.3.2. PCR-free sensing of LI kKDNA by electrochemical

analysis

The electrochemical analysis was used to deeply characterize the behaviour
of the electrode/electrolyte interface at each step of the biosensor fabrication.
Results of CV and EIS are shown in Figure 2.19a and 2.19b, respectively. In
particular, the frequency response from the EIS measurements were fitted to
the Randles equivalent circuit (Figure 2.5), from which the charge transfer

resistance, Rct, was extracted.
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Figure 2.19. Electrochemical characterization of Au electrode interfaces during the
multistep biosensor build-up using a Sars-CoV-2 RNA concentration of 10* cps/uL. a)
Cyclic voltammograms and b) Nyquist's Plot recorded in 5 mM [Fe(CN)s]*™*~ in 10mM
PBS.

The voltammograms depicted in Figure 2.19a, reveal the effects of different
chemical and biological layers on the electrical conductivity and resistivity of
the electrode/electrolyte interface, influencing the performance of the WE. In
particular, the cooperative hybridization between probe and ssRNA produces
a significant dysregulation in the magnitude of both voltametric peaks, reported
respectively as anodic and cathodic current peaks (lpa and Ipc). This is due to
a different in the diffusivity of the electro-active analyte near the WE interface,
resulting from the sequential immobilization on the electrode surface of probes,
thiol and the final addition of the SC ssRNA. Similarly, Nyquist plots show an
increase in the total impedance of the system (bare-RNA) indicating that
greater coverage of the electrode surface leads to a slower electron transfer
rate and greater resistance to charge transfer compared to the platform naked.
These phenomena are attributable to the coating layer of the electrode
surface, which became thicker with the assembly procedure, thus reducing the
permeability [Fe(CN)s]*/* through the immobilization of the layers.

The electrochemical characterization of the functionalization and PCR-free
detection of ssRNA, whose values are resumed in Table 2.6, focused on the

following steps.
I ——
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Bare-Au: for the bare-Au, a typical electrochemically reversible couple
voltammogram was obtained. In fact, both species (Fe?* and Fe3*) rapidly
exchange electrons with the working electrode and the peak-to-peak
separation is lower than 59 mV/e" (Figure 2.19a, black line). In line, the Nyquist
plot (Figure 2.19b, black line) shows a smaller semicircle domain in
comparison with the modified gold surfaces, indicating a small charge transfer
resistance (Rct), meaning a small resistance encountered by the electron as it
travels between the redox species and electrode surface. Low Rct values

(132Q) indicate a more electrochemically active surface’?.

Probes anchoring: the red line of voltammogram in Figure 2.19a showed a
little decrease of the voltametric peaks magnitude for SC probes and an
important increase in the peak-peak separation (AE = 0.110 x 0.0001V )
compared to bare-Au. This was correlated to the shielding characteristic of the
grafted probes layer, which gradually hinders the transport of electrons on the
surface of the gold electrode®3. In addition, EIS analysis showed an increase of
the total impedance was observed between Au-bare (R« = 132Q) and
electrode functionalized with probes. In fact, blue line of Figure 2.19b reported
a Rct of 730Q £ 72.11 Q. This effect was due to the chemical properties of the
probes which prevent for the most part of Faradaic currents from penetrating
to the surface (due to the high insulating properties of the thiol)'%*. Indeed, the
reaction rate of the iron/ferricyanide couple for this step becomes gradually

slower than the previous one.

Passivation: we therefore exploited the ability of a passivating molecule (6-
mercapto-1-hexanol) to cover the uncovered sites of the functionalized surface
with a solution of 10pM in PBS buffer overnight. A washing step, in PBS buffer,
was performed to remove the excess of 6-mercapto-1-hexanol from the
surface. The choice of using a passivating molecule is important to stabilize
the assembled layer of the specific probes SC1, SC2 and SCs and thus obtain
homogeneously distributed arrays of probes. From the voltammograms
reported in Figure 2.19a (blue line), it is possible to observe a significant
decrease in the magnitude of the voltametric peaks (lpa, Ipc) for the passivating

molecule and an important increase in the peak-peak separation (AE = 0.300
|
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+ 0.02V ) compared to bare-probes. This can be attributed to the highly
shielding characteristic of the grafted organic layer, which gradually hinders
the transport of electrons on the surface of the gold electrode. Also in this case,
the EIS analysis supported the characterization reporting a sharp increase of
the total impedance, blue line in Figure 2.19b, passing from the Au-probes to

the Au-probes-thiol functionalized electrode.

Table 2.6. Charge transfer resistance (Rq), peak-to-peak separation, anodic and
cathodic peak ratio (la/lpc), estimated for SPGE using CV and EIS in 5 mM [Fe(CN)g]*
- in Pb pH 6.8, during genetic-SC-PoC fabrication. Average values of at least 3 Au

electrodes are presented.

RNA (cps/uL) Ipallpc (HA)
Bare 132 £ 17 0.1+0.01 1.05+0.02
Probes 730+ 70 0.110 £ 0.001 1.08 £ 0.02
Thiol 4409 + 400 0.300 £ 0.02 1.57 £ 0.10
RNA 104 4911 + 210 0.343 + 0.001 8.85+0.70

SC RNA hybridization: for the hybridization with the SC RNA, the
voltammogram reported in Figure 2.19a (orange line) showed a further slight
decrease in the magnitude of the peaks for RNA target and therefore an
increase in peak-peak separation (AE = 0,343 = 0,001V) compared to the
probes and thiol grafted onto the WE surface. This was due to the cooperative
hybridization formation and the material genetic addition to the previously
formed surface dielectric, demonstrating the ability of this strategy to directly
detect Sars-CoV-2 RNA without further amplification?'3. Further information on
the functionalization of the WE was obtained via EIS analysis, Figure 2.19b
(orange line). A clear increase in the total impedance between Au-bare, probe-
thiol and electrode functionalized with target RNA. In fact, the EIS analysis
shows that the diameter of the semicircles in the Nyquist plots increases with
the addition of the Sars-CoV-2 RNA used and there is therefore a sharp
increase in the total impedance?'4; Rct =4911.33Q + 210.6Q. This effect is due
to the chemical properties of RNA that prevent almost all Faradaic currents
from penetrating to the surface (due to the high insulating properties of the

.___________________________________________________________________________________|
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thiol). In fact, also in this case the reaction speed of the iron/ferricyanide couple
becomes even slower than in the previous one, as demonstrated by the

increased peak-peak separation.

The analytical performance of ssRNA detection strategy was tested with
different SC ssRNA concentrations ranging from 0 to 10* cps/uL, Figure 2.20.
Then again, the electrodes were incubated for 3.5h at 50°C, so that the
hybridization process between the strands occurs. Figure 2.20a, represents
the Nyquist plots recorded after hybridization. The impedance responses
comprised simply a semicircle related to the charge transfer process across
the constructed biointerface. After hybridization, the total impedance Rct of the
electrodes increased in a concentration-dependent behaviour. The Nyquist
plots were characterized with the equivalent circuit shown, as done previously,
in Figure 2.15b. The equivalent circuit was fitted to the Nyquist plots and the
dependence of the charge transfer resistance values on the RNA
concentration (using three equally prepared electrodes) is shown in Figure
2.20b. The obtained results indicated a tight correlation between RNA
concentration and measured Rct. The reproducibility of the response of the
method was investigated by testing four concentrations of RNA with three
equally prepared electrodes for each concentration, and a relative standard
deviation for each concentration used was calculated (Table 2.7). The
goodness of the correct functioning of the biosensor was then obtained by
plotting on the x-axis the four types of RNA concentration versus ARct. ARct

was calculated by the following equation (4):
AR;t = Rpya — Rp—t(4)

Where R,_, is the value of charge transfer resistance value when probe and
passivator are immobilized on the electrode surface and Ryy, is the charge
transfer resistance value after the cooperative hybridization with RNA is

established.
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Table 2.7. Charge transfer resistance (R«), peak-to-peak separation (AE) and
Capacitance EDL (CepL) estimated for different concentrations of Sars-CoV-2
ssRNA using CV and EIS in 5 mM [Fe(CN)g]*”*, in Pb pH 6.8.

RNA (cps/uL) Rct (Q) AE(V) CeoL(nF/mm?) |
0 3896 + 200 0.300 + 0.02 455+ 4.5
1 4127 + 400 0.300 + 0.03 A78+47
10 4367 + 400 0.295 + 0.02 484+ 4.8
102 4650 + 400 0.315 +0.03 53.2+5.3
104 4911 + 200 0.343 + 0.001 55.3 + 0.6

The dependence of ARct values on kDNA concentration is shown in Figure
2.20c. In particular, the LoD and LoQ values were 1 and 10 cps/uL respectively
with values of 144 + 414Q and 90 £ 410Q), leading to hypothesize a possible

application of the developed detection strategy to real biologic samples.
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Figure 2.20. Analytical performance of ssRNA detection strategy. a) Nyquist's Plot
sing different RNA concentration in the range 0-10* cps/uL; b) Calibration curve
obtained using different RNA concentration in the range 0—10* cps/uL; c) Calibration
curve obtained plotting AR (RNA — Thiol) vs different RNA concentrations 1-10*
cps/uL; d) Calibration curve obtained plotting Cep. vs different RNA concentrations 0—
10* cps/uL in 5 mM [Fe(CN)g]*”* in 0.2 M Pb. The error bars in panel b,c,d are the
standard deviation calculated on 4 independent electrodes for each tested RNA

concentration and 3 independent electrodes for each zero-dose measurement.

Lastly, it was interesting to evaluate the capacitance of the EDL at the
electrolyte-semiconductor interfaces. Indeed, also in this case, the gold
electrode used as WE was "transformed" into a semiconductor material after
the various functionalization. The CepL were evaluated by EIS measurements
at the same frequency for all substrates. Figure 2.20d shows the dependence
of CepL values on RNA concentration from 1 cps/uL to 10* cps/uL along with
the zero-dose measurement (blank), which is considered a baseline

.___________________________________________________________________________________|
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measurement. In particular, the calculated CepL values confirm the previously
detected LoD and LoQ in EIS for 1 and 10 cps/pL with the values of 47.77 +
4.7 nF/mm? and 48.37 + 4.83 nF/mm?. These results demonstrate that there is
a higher charge accumulation at the electrode interface as the RNA
concentration increases, thus demonstrating that more biomolecular bonds are

formed'®® due to increased cooperative hybridization.

The selectivity of the new ssRNA detection strategy was evaluated by
impedimetric measurements in the presence of dsDNA HBV genome at 104
cps/pL. The ARct signals obtained for this unspecific (US) genome were
compared with those of the four concentrations of RNA previously illustrated.
The signals ARct obtained (RNA - Thiol) for these solutions were compared
with those for the standard solution in the absence of any interferent. The
results reported in Table 2.8 indicated high selectivity of the fabricated
sensors, in fact the ARct values were not affected by the presence of BJO1
RNA.

Table 2.8. Difference charge transfer resistance (AR:) RNA-Thiol and
peak-to-peak separation (AE) estimated for different concentrations of
Sars-CoV-2 RNA and SARS Coronavirus BJO1 RNA using CV and EIS in
5 mM [Fe(CN)6]4-/3-, in Pb pH 6.8.

RNA ARc(Q) AE(V)
(cps/pL)
1 90 + 400 0.30+0.03
10 144 + 400 0.29 + 0.02
102 227 + 600 0.32+0.03
104 864 + 300 0.34 + 0.01
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2.3. Development DNA strategy for PCR-free detection

of Pseudomonas Aeruginosa

Pseudomonas aeruginosa is a common, opportunistic, Gram-negative bacillus
that causes several clinical infections as well as serious infectious
disorders?'%216_ PA is a pathogen responsible for severe infections in various
body systems, including the respiratory and the urinary tracts, the vascular and
the central nervous system. Furthermore, PA is one of the main causes of
nosocomial infections?'”. Disorders triggered by PA can occur even at low
concentrations, and this bacterium has intrinsic resistance to numerous
antimicrobial agents due to its low outer membrane permeability, upregulation
of multidrug efflux pump systems?'® and its virulence factor biofilm?'°. These
properties make it able to tolerate numerous antibiotics with ease??°. Thus, it
is essential to treat PA infections as soon as they are screened. This led to the
need of rapid, accurate, and ultrasensitive PA diagnostic solutions that could
make more effective the therapeutic measurements. Conventional approaches
involve techniques based on culture, biochemical assays, and microscopy.
Presently employed diagnostic techniques to identify PA include culture-
dependent colony counting methods like Microbial Source Tracking (MST) and
faecal indicator bacteria, as well as immunodetection, PCR, and matrix-
assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-
TOF-MS)?2'. Although cell culture platforms are a common diagnostic method
for identifying PA infections, they are laborious and time-consuming, require
selective enrichment and biochemical screening, and are associated with low
sensitivity, selectivity, and the risk of contamination. As a result, there is a need
for more rapid, accurate, and sensitive diagnostic methods for identifying
PA222.223  Alternative techniques are faster, sensitive, and specific than
immunological methods, which need a lot of antigens. Studies suggest that
Immunoblotting Test (IBT) tests based on immunohistochemistry and gel
electrophoresis provide sensitivity for the early detection of PA while being less
frequent??*. Instead, advanced molecular technologies, encompassing various
types of PCR, such as Real-time quantitative (q)PCR, Multiplex PCR, RT-PCR,
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droplet digital PCR (ddPCR), etc., and the NAs sequencing, have become
pivotal diagnostic approaches, gradually superseding conventional cell
culture-based and immunological assays??4225. However, PCR-based
methods need the NAs amplification to reliably detect the bacterium, thus,
limiting the technological progress due to the need for dedicated
instrumentation, thermal modules and an optical apparatus that cannot be
easily integrated into portable systems. For this reason, again, PCR-free
biosensors have been extensively used in the health field in recent years due

to their rapidity, specificity, sensitivity, and inexpensiveness??°.

In the present section, the development of a biosensing strategy for the PCR-
free molecular detection of PA is reported. Also in this case, the surfaces of a
gold-sputtered silicon substrate and a commercial gold electrode have been
functionalized by grafting specific thiol-modified oligonucleotides probes
selective PA dsDNA and this was revealed and quantified by cooperative

hybridization.
2.3.1. Experimental

Probes for the selective recognition of the PA dsDNA have been developed
through a first study concerning the identification of the most significative
genes belonging to the selected target. This revealed a series of candidate
genes such as the acyl-homoserine-lactone synthase (lasl), the fucose-binding
lectin (lecB) and the RNA polymerase D subunit (rpoD), whose annealing
regions are highlighted in violet in the PA genome map reported in Figure
2.21a. Among these, it was chosen the housekeeping rpoD gene since highly
conserved among all subspecies and strains of P. aeruginosa. For this gene,
specific probes named PA_P1 and PA_P2 (green in Figure 2.21b) have been
identified in the work of Perfumo et al. of 2013227, and provided an optimal
compromise in terms of recognition sequence size, 163 bp, and annealing

conditions.
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/ _PA_P1 (636.186 .. 636.205)
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6.264.404 bp

PA_P1 a

{GCTGTCTCGAATACGTTG A}’CCCCATGTCGTTG ATCATGCGGATGATGTCTTCCACCTGTTCCGGATCGGAAATATCCTCCGGCAGGTGGTCGTTG

ACCTCCGCGTAAGTCAGGTATCCCTGCTCACGGCCTCGGGCGATCAACTCTTTCAGACGAGATTGCT

Y
PA_P2

b

Figure 2.21. a) map of the 6 Mbp dsDNA genome of P. aeruginosa. b) PA_P1 and

PA_P2 recognition sequence.

The customized thiol-modified probes (from MetaBion International AG) are
described in Table 2.10. These were grafted onto the surface of the two use-
case substrates, already described in the previous LI and SC applications, for
the surface properties characterization via CA and SFE analysis and the PCR-
free sensing tests via CV and EIS analysis. Also here, we performed CA
analysis using four replicates of each functionalization step and

electrochemical analysis using four replicates for each functionalization step,
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four replicates for each tested DNA concentration and three of zero-dose

measurement (blank).

Table 2.10. Use case thiol-modified probes

Probe Sequence 5’-3’

PA_P1-T HS-C6- AGCAATCTCGTCTGAAAGAG
PA_P2-T HS-C6- GCTGTCTCGAATACGTTGAT

For the target preparation, the dsDNA genome of PA was isolated from a
commercial strain (ATCC) with a concentration of 10° copies/yL and, then,
diluted in DNAse and RNAse-free water to the final working concentration,

from 10#to 10! copies/pL.

2.3.1.1. Gold-sputtered silicon substrate functionalization

Gold-sputtered silicon substrate of 0.55 cm x 1 cm functionalization with PA
probes and dsDNA target, schemed in Figure 2.22, was performed according
to the following chemical protocol reported in section 2.1.1.1 and 2.1.2.1. for
LI KDNA and SC ssRNA.
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Figure 2.22. Gold substrate preparation, a) Surface cleaning with basic piranha

)

solution; b) Immobilization of specific probes PA1 and PA.and c) recognition of PA

dsDNA by surface cooperative hybridization.

For the not amplified genetic target hybridization, PA dsDNA was diluted to 104
copies/pL in PBS at pH 5.5. The gold interface functionalized with PA1/PA2
probes was dipped in dsDNA solution at 50 °C for 3.5 h. Then, the unbound

dsDNA was washed away from surface by PBS buffer.

2.3.1.2. Commercial gold electrode functionalization

Commercial CHI101 gold electrodes were modified according to the
functionalization protocol schemed in Figure 2.23 in according to what
described previously in sections 2.2.1.2. and 2.1.2.1. for LI kDNA and SC
ssRNA.
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Figure 2.23. Electrode gold surface preparation; a) Immobilization of specific probes

PA1 and PA; and of b) 6-Mercapto-1-hexanol on the surface of a gold electrode; c)

recognition of PA dsDNA by surface cooperative hybridization.

For the not amplified target hybridization, the extracted PA dsDNA was used
at the concentration of 1, 10, 102 and 10* copies/pL in PBS at pH 5.5. The final
gold interface was dipped in PA dsDNA solution at 50 °C for 3.5 h. Then, the

unbound dsDNA was washed away from surface by PBS buffer.

2.3.2. Surface characterization analysis and sensing tests

As already mentioned in the previous paragraphs, the surface properties of PA
dsDNA interface was characterized in two task: 1) sensing surface chemical-
physical characterization; 2) PCR-free sensing of SC dsDNA by

electrochemical analysis.

Also in this case, the wettability and isoelectric properties of the functionalized
sensing surface were evaluated by CA and SFE analysis. For the

measurements, a drop of 1 uL of ultrapure water was spotted on top of the gold
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substrate and the CA of drop was acquired after 10s. The analysis was
performed on a clean gold substrate, used as reference, and substrates
functionalized with probes and probes-target interfaces. All contact angle
values, measured in four replicas (n = 4). The SFE was done as described
before for LI KDNA and SC ssRNA.

The second task related to the dsDNA PCR-free detection was done
electrochemically by CV and EIS analysis. The measurements were
performed using the same procedure as that already used for LI kDNA and SC
ssRNA.

2.3.3. Results and discussion

2.3.3.1. Sensing surface chemical-physical characterization

The CA characterization of step-by-step functionalized gold interface is shown
in Figure 2.24. The corresponding CA measures are plotted in Figure 2.24a.
Data highlight a marked increase of wettability after the Au cleaning step,
passing from 80.76° = 1.03° to 51.93° + 3.34° of CA, that could be related to
the formation of the thin hydroxyl layer on the gold surface. After the grafting
of oligonucleotide probes the wettability increased again, as proved by the
relevant decrease in CA of ~8° reported in Figure 2.24a. The reason of this
trend was due to the addition of charges to the gold surface, brought by the
hydroxyl, amino and phosphate groups of the oligonucleotide chains that led
to a higher number of electrostatic interactions between the water drop and
the surface.

The functionalized interface was, then, treated with 10* copies/uL of the DNA
target. The cooperative hybridization was performed according to a previous
work of PCR-free detection of Hepatitis-B Virus genome.*” As shown in Figure
2.24a, CA analysis after the step of DNA hybridization proved that the interface
almost maintained the high hydrophilicity and wettability, reporting a value of
32.3° £ 1°. This slight increase of CA value, compared to that measured on
interface with probes only, could be due to the molecular recognition.'®

Indeed, the binding between oligo and target chains causes a partial shielding
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of the charges exposed by functional group of single strand probes affecting

the interface polarity.

To support our hypotheses, SFE analysis was performed on DNA-gold
interface before and after the DNA hybridization. The results for the interface
exposing probes only, described in Figure 2.24b-PA probes, reported a high
SFE value of 59.89° £ 5.9 mN/m with a predominant polar part at 36.85 + 4.9
mN/m, due to the addition of oligonucleotides charges. The analysis after the
DNA hybridization, in Figure 2.24b-PA probes-DNA, showed an SFE value
of 62.2 + 6.2 mN/m that proved the surface wettability was kept after the
cooperative hybridization. However, a higher value of the polar part at
37.55mN/m = 3.7mN/m was also observed, clearly proving the double helix
formation and the charges shielding effect as consequence of probe-target
hybridization.
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Figure 2.24. a) step-by-step CA characterization of functionalized interface; b) SFE
analysis on DNA-gold functionalized interface before (PA probes) and after (PA
probes-DNA) the DNA hybridization.
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The isoelectric properties and PZC of PA probes and PA probes-dsDNA
interfaces have been analyzed through CA measurements at various pHs and
results are reported in Figure 2.25. Actually, in the aqueous environment of
the studied DNA-gold interfaces the equilibrium can be easily altered by
changing the pH and the surface hydrophilicity'®® since the anchored
biomolecules can be both positively and/or negatively charged with respect to

their isoelectric properties and the point of zero charge (PZC).187-189
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Figure 2.25. CA analysis of PA probes (a) and PA probes-target interface (b) at
various pHs.

CA measured on the interface modified with PA probes, Figure 2.25a, reached
a maximum of 64.69° £ 0.57° at pH 4, considered as possible PZC value, and
decreased at other pHs. This trend could be explained as the consequence of
the ionization of DNA amino, hydroxyl and phosphate groups when the pH is
away from their PZC causing the increase of interface hydrophilicity and
surface wettability.

In the case of interface with PA probes and DNA, Figure 2.25b, the average
contact angles highlighted a maximum of 50.66° + 5° around pH 6 and, again,
decrease at pHs that were different from the PZC, as also observed for kDNA
LI. A slight increase, however, was observed also at pH 2, probably, since the

DNA molecule at that pH tends to denature and alter its isoelectric profile.
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2.3.3.2. PCR-free sensing of LI kDNA by electrochemical

analysis

The CV and EIS results are shown in Figure 2.26a and 2.26b, respectively. In
particular, the frequency response from the EIS measurements were fitted to
the Randles equivalent circuit (Figure 2.5), from which the charge transfer

resistance, Rct, was extracted.
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Figure 2.26. Electrochemical characterization of Au electrode interfaces during the
multistep biosensor build-up using a Pseudomonas Aeruginosa dsDNA concentration
of 10* cps/uL. a) Cyclic voltammograms and b) Nyquist's Plot recorded in 5 mM
[Fe(CN)s]*’*~ in 10mM PBS.

The voltammograms depicted in Figure 2.26a, reveal the effects of different
chemical and biological layers on the electrical conductivity and resistivity of
the electrode/electrolyte interface, influencing the performance of the WE. In
particular, the cooperative hybridization between probe and dsDNA produced
a significant decrease in the magnitude of both voltametric peaks, reported
respectively as anodic and cathodic current peaks. This was due to a drastic
decrease in the diffusivity of the redox probe near the WE interface, resulting
from the sequential immobilization on the electrode surface of probe, thiol and
the final addition of the PA dsDNA. Similarly, Nyquist plots showed an increase
in the total impedance of the system (bare-DNA) indicating that greater

coverage of the electrode surface leads to a slower electron transfer rate and
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greater resistance to charge transfer compared to the platform naked. These
phenomena were attributable to the coating layer of the electrode surface,
which became thicker with the assembly procedure, thus reducing the

permeability [Fe(CN)s]>/# through the immobilization of the layers.

Steps that have been investigated in the punctual electrochemical
characterization of surface modification effects, whose EIS values are

resumed in Table 2.11, are reported below.

Bare-Au: in this case both species (Fe?* and Fe?®*) rapidly exchange electrons
with the working electrode and the peak-to-peak separation is lower than 59
mV/e" (Figure 2.26a, black line). In line, the Nyquist plot (Figure 2.26b, black
line) shows a smaller semicircle domain in comparison with the modified gold
surfaces, indicating a small charge transfer resistance (Rct), meaning a small
resistance encountered by the electron as it travels between the redox species
and electrode surface. Low Rct values (132Q) indicate a more

electrochemically active surface?.

Probes anchoring: the voltammograms reported in Figure 2.26a (red line),
showed a little increase in the magnitude of the voltametric peaks and an
important increase in the peak-peak separation (AE = 0.110 £ 0.0001V )
compared to bare-Au. This can be attributed to the shielding characteristic of
the grafted probes layer, which gradually hinders the transport of electrons on
the surface of the gold electrode’®3. The EIS analysis showed an increase of
the total impedance passing from the Au-bare (Rct = 132Q) to electrode
functionalized with probes??® (Figure 2.26b red line). This effect was due to
the chemical properties of the probes which prevent for the most part of
Faradaic currents from penetrating to the surface (due to the high insulating
properties of the thiol)'®*. Indeed, the reaction rate of the iron/ferricyanide
couple for this step becomes gradually slower than the previous one.

Passivation: blue line in Figure 2.26a showed a significant increase in the
magnitude of the voltammetric peaks for the passivating molecule and an
important increase in the peak-peak separation (AE = 0.303 + 0.005V )
compared to bare-probes. This was attributed to the highly shielding

.___________________________________________________________________________________|
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characteristic of the grafted organic layer, which gradually hindered the
transport of electrons on the surface of the gold electrode. Also in this case,
the EIS analysis supported the data, reporting an increase of total impedance
after the electrode passivation (Figure 2.26b, blue line). This effect was due
to the chemical properties of the passivating which prevent almost all Faradaic
currents from penetrating to the surface (due to the high insulating properties
of the thiol)'®. Indeed, the reaction rate of the iron/ferricyanide couple for this
step becomes gradually slower than the previous one, as shown by the

increased peak-to-peak separation (form of reversible voltammograms).

Table 2.11. Charge transfer resistance (Rct), peak-to-peak separation, anodic and
cathodic peak ratio (lpa/lpc), estimated for CHI101 using CV and EIS in 5 mM
[Fe(CN)e]*”*, in Pb pH 6.8, during genetic-PA-PoC fabrication. Average values of at

least 3 Au electrodes are presented.

DNA (cps/uL) lpallpc (HA)
Bare 132 £ 17 0.1 £0.01 1.04 £ 0.02
Probes 1341 + 300 0.110 £ 0.001 1.12 £ 0.01
Thiol 4589 + 40 0.303 £+ 0.005 10.81 £ 0.20
RNA 104 7100 + 700 0.323 + 0.020 6.12+1.10

PA DNA hybridization: in Figure 2.26a (green line) it is possible to observe a
further slight increase in the magnitude of the voltametric peaks for dsDNA
target and therefore an increase in peak-peak separation (AE = 0,323 + 0,02V)
compared to the probes and thiol grafted onto the WE surface. This was
related to the cooperative hybridization effect and the material genetic
inclusion in the dielectric composition, and demonstrate the ability of this
sensing strategy to directly reveal the PA dsDNA without further
amplification?'3. The EIS analysis, in Figure 2.26b (green line), reported a
clear increase of impedance from Au-probe-thiol to dsDNA-hybridized
electrode. The diameter of the semicircles in the Nyquist plots increased with
the addition of the PA DNA used to a Ret =7100Q + 710Q. This effect was due
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to the chemical properties of DNA that prevent almost all Faradaic currents
from penetrating to the surface (due to the high insulating properties of the
thiol).

The analytical performance of the detection strategy was tested with different
PA dsDNA concentrations ranging from 0 to 10* cps/uL, as reported in Figure
2.27. The Nyquist plots recorded after hybridization shows an increase of the
total impedance Rct in a concentration-dependent manner. The reproducibility
of the response was investigated testing four concentrations of DNA with three
equally prepared electrodes, and a relative standard deviation for each
concentration used was calculated (Table 2.12). The goodness of the correct
functioning of the biosensor was then obtained by plotting on the x-axis the

four types of DNA concentration versus AR
. ARct was calculated by the following equation (5):
AR;t = Rpya — Rp—t(s)

Where R,_. is the value of charge transfer resistance value when probe and

passivator are immobilized on the electrode surface and Rpy,4 is the charge
transfer resistance value after the cooperative hybridization with DNA is
established. The dependence of ARct values on dsDNA concentration is shown
in Figure 2.27c. In particular, the LOD and LOQ values were 1 and 10 cps/uL
respectively with values of 382 + 614Q and 556 + 631Q, leading to hypothesize

a possible application of the developed genosensor to real biologic samples.
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Figure 2.27. Analytical performance of dsDNA detection strategy . a) Nyquist’'s Plot
sing different DNA concentration in the range 0-10* cps/uL; b) Calibration curve
obtained using different DNA concentration in the range 0—10* cps/uL; c) Calibration
curve obtained plotting AR (DNA — Thiol) vs different DNA concentrations 1-10*
cps/uL; d) Calibration curve obtained plotting Cep. vs different DNA concentrations 0—
10* cps/uL in 5 mM [Fe(CN)g]*”* in 0.2 M Pb. The error bars in panel b,c,d are the
standard deviation calculated on 4 independent electrodes for each tested DNA

concentration and 3 independent electrodes for each zero-dose measurement.

The different Cep. were evaluated by EIS measurements at the same
frequency for all substrates. Figure 2.27d shows the dependence of CepL
values on DNA concentration from 1 cps/uL to 10* cps/uL along with the zero
dose measurement (blank), which is considered a baseline measurement. In
particular, the calculated CepL values confirm the previously detected LOD and
LOQ in EIS for 1 and 10 cps/uL with the values of 53.63 + 5.3 nF/mm? and
54.9 + 5.4 nF/mm?2. These results demonstrate that there is a higher charge

accumulation at the electrode interface as the DNA concentration increases,
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increased cooperative hybridization.

thus demonstrating that more biomolecular bonds are formed'®® due to

Table 2.12. Charge transfer resistance (R«t), peak-to-peak separation (AE) and

Capacitance

EDL

(Cepp)

estimated

for different

concentrations

of

Pseudomonas Aeruginosa dsDNA using CV and EIS in 5 mM [Fe(CN)g]*'*,

in Pb pH 6.8.
DNA (cps/uL) Rct (Q) AE(V) CepL(nF/mm?) |
0 3896 + 200 0.29 + 0.02 52.0+5.2
1 4127 + 400 0.29 +0.03 53.7+5.3
10 4367 + 400 0.30 + 0.02 549 + 5.4
102 4650 + 400 0.31 £ 0.03 55.8 +5.5
104 7100 + 700 0.32 £ 0.02 56.9 + 5.6

The selectivity of the fabricated genetic-PA-PoC was evaluated by
impedimetric measurements in the presence of HBV dsDNA 10* cps/uL. The
ARt signals obtained for this unspecific target were compared with those of
the four concentrations of DNA previously illustrated. The results reported in
Table 2.13 indicated high selectivity of the fabricated sensors, in fact the ARct

values were not affected by the presence of US dsDNA.

Table 2.13. Difference charge transfer resistance (AR«) DNA-Thiol and
peak-to-peak separation (AE) estimated for different concentrations of
Sars-CoV-2 RNA and US Hepatitis b virus DNA using CV and EIS in 5 mM
[Fe(CN)6]4-/3-, in Pb pH 6.8.

DNA (cps/uL) AR(Q) AE(V) |
1 382 + 600 0.29 + 0.03
10 556 + 600 0.30+0.02
102 690 + 600 0.31+0.03
104 2458 + 900 0.32 +0.02
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24. Probe-phage based biosensors

This part of the research was focused on the design of a biosensor for

pathogens detection based on probe phage in PoC format.

Conventional culture-based methods for detection of bacteria in different kinds
of sample are time consuming requiring further confirmation by biochemical
assay or PCR. As an alternative, several biosensors have been proposed for
detection of pathogens in biological samples. Among them magnetic beads
have assumed considerable importance due to their greater surface/volume
ratio compared to a flat surface. There are a lot of works reporting the use of
magnetic particles for identification of viruses and bacteria in food, water,
environmental or biological samples??%-231, However, most of them used
antibodies as sensing element that are very sensitive to environmental
physicochemical variations such as pH, temperature, presence of organic
solvents, as well as to mechanical stresses. Moreover, their large-scale
production and purification are expensive, time-consuming and mostly not
reusable. M13 phages?32233, if opportunely engineered, can be very selective
toward specific targets and used as a valid substitute for antibodies or peptides
overcoming most of their limitations. Indeed, phages are robust, stable and
resistant to temperature variations and hard pH conditions. In addition, their
propagation on host bacteria cells is cheaper compared to both antibodies and
peptides production and they can be used multiple times even after treatment

with urea or high temperatures.

In this activity | worked on the design and characterization of a probe phage-
based biosensor for the pathogen detection for possible implementation in

PoC format.

The steps of the biosensing strategy, as schemed in Figure 2.28, were first
defined as follows: (a) probe phages anchoring on magnetic beads surface,
that should be performed via covalent immobilization of phage capsids; (b)
derivatized beads exposure to whole pathogen targets for the phage

recognition and capture; (c) beads separation and washing steps, that should
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imply effective buffers and temperatures to remove unbound biomolecules and
starting sample dendrites; (d) final detection of target capture, achievable via
different optical, electrical or electrochemical methods. This detection should
be carried out directly on top of the phages-derivatized beads into a plastic
ELISA plate.
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Figure 2.28. General steps of probe phage-based biosensing strategy: (a) M13

‘—R Magnetic beads

phages anchoring on beads; (b) pathogen capture; (¢) magnetic beads separation

and washing; (d) final detection on ELISA plate.

Subsequently, the rough specifications of a possible architecture of the POC
devices were designed, schemed in Figure 2.29. This integrates: the inlet of
pathogen sample (A); the inlet of probe phages-derivatized beads (B); a
microfluidic system composed of 4 chambers for the washing buffers and
additional co-reactants inlet (C) and 4 chambers for washing wastes outlet (E),
including also a resistor on the back side for the thermal management during
washing steps; a capture channel (D) for the beads exposure and capture of
pathogen; the outlet of sample dendrites and unbound pathogens (F); the
optical/electrical detection chamber (G). To accurately manage fluids
movements, specific systems such as micropumps and micromixers can either

be embedded inside the microfluidic device.
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Figure 2.29. Scheme of rough specifications of probe phage-based biosensor: (A)
sample inlet; (B) probe phage-beads inlet; (C,E) microfluidics network; (D) capture

channel; (F) sample outlet; (G) detection chamber.

In order to develop a possible prototype of a sensor based on phage probes,
the following activities were, then, performed: (1) preparation of a probe
phage-based sensing interface derivatized inside the plastic well of an ELISA
96-well plate and preliminary optical (colorimetric) characterization of the
biosensor interface assembly; (2) characterization via wettability assay of
plastic surfaces derivatized with probe phages already decorated with
nanomarkers, which could be used in a possible implementation of the

detection system.

The first activity (1) was performed by anchoring 200 uL of M13 phages at

concentrations from 107 to 10" cps/pL inside the wells of an ELISA plate. Then,

97

Paolo Calorenni — Innovative Biosensing methods for nucleic acids detection in Point-of-Care devices



wells were washed 3 times with washing buffer (PBS + 0.05% Tween 20).
Lastly, 250 ul of monoclonal PVIII-HRP conjugate of the main anti-M13 coat
protein (1:7500 diluted in PBS + 0.1% BSA + 0.5% Tween 20) were added.
After 1 hour of incubation at 37°C, reactions were developed with 250 ul of
3,3,5,5’-TetraMethylBenzidine (TMB), Horse Radish Peroxidase (HRP)
substrate, for 20 minutes in the dark, stopped with H2SO4 0.6N and read at
450 nm, Figure 2.30.

108 107 CTRL

Figure 2.30. ELISA test for preliminary characterization of the probe phages interface
assembly. There are four negative control and five positive tests (in yellow) at different

concentrations of beads-M13phages from 107 to 10" cps/uL.

As shown in Figure 2.30, the presence of M13 phages was validated through
the colorimetric reaction developed with anti-M13 antibodies. From the results,
the coloration is much more intense with the increase in the concentration of
anchored phages in the wells, achieving absorbance values of 1.541 + 0.01
for 10" cps/uL. The data showed a good tendency in discriminating the
different concentrations reaching values of 0.165 * 0.001 for the lowest
concentration, thus highlighting the possibility of integrating this strategy with

appropriate engineered phages for the capture of pathogens.

Furthermore, the surface properties of assembled probe phage-based
interface were assayed by surface wettability characterization (2). The
analysis, reported in Figure 2.31, showed an increase of the surface wettability

after its derivatization with probe phages (Figure 2.31b), as proved by the
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reduction in drop curvature compared to the no functionalized surface (Figure
2.31a). This was due to the charged of numerous functional groups exposed
on the phage capsid, which cause a significant increase of surface polarity

together with the wettability.

Figure 2.31. Wettability evaluation of a surface before (a) and after (b) probe phages

immobilization.

The above data, which were preliminary for the development of a possible

biosensor based on phage probes.

2.5. Future perspectives

In this chapter, we discussed the construction of new detection methods for
the diagnosis of infectious diseases through the construction of biointerfaces
using the cooperative hybridization mechanism. In order to improve the
implementation of this technology for PoC applications, future perspectives will
be devoted to the integration into portable and easy-to-use devices. In this
sense, we considered to integrate biointerfaces into printed circuit sensors,
Figure 2.28a, which include three screen-printed gold WE, Ag/AgCl RE and Pt
CE. This technological advancement will allow to obtain flexible, easy-to-use
devices with low-cost production and the possibility of decentralized PoC

applications?34-236
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Figure 2.28. Advances in the diagnosis of infectious diseases. (a) New
Electrochemical Sensors for PoC Applications, (b) PoC Strategy Through New

Integrated Electrochemical Systems

The commercialization and broad applicability of integrated electrochemical
biosensors will require coordinated efforts in improving sensing techniques
and flexible materials, and in consolidating electronics, wireless electronics,
data processing and data mining. Moreover, the integration of these
biosensors with 10T (Internet of things) would, also, introduce the possibility to
automatically transmit data by wireless network modalities (e.g., cellular data
service, Wi-Fi, Bluetooth) for a cloud heath database?3’-23% making massive

and realt-time the pandemic monitoring and containment.
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CHAPTER 3

Biosensing methods for the
detection of Alzheimer’s
disease associated biomarkers
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3. State-of-the-art on clinically oriented biosensor for AD

Biosensors have been widely explored in various biomedical applications,
mostly focused on the human neurodegenerative diseases?4%241, Alzheimer's
disease (AD), is one of the most severe disorder accounting for 60-70% of
total dementia cases worldwide?#2243. The onset of AD is related to a series of
molecular events, consisting in the amyloid-B (AB) peptides accumulation
inside neurons and the subsequent plaques formation, and the tau protein
phosphorylation and loss of function, vascular damage, synapse loss,
damaged neuronal cells, etc.?*4245 So far, two mains approach have been
used for the diagnosis and treatment of AD. The first is based on the use of
chemotherapy drugs and highly expensive pratiques with invasive sampling
procedures of biological fluids (blood or cerebrospinal fluid). The second
approach, instead, concerns the biosensing of biomarkers for their early
detection and monitoring. In this context, PoC diagnostics?41:246-248.249.250 hgg
been widely applied in AD diagnostics.?°'-2°3, Presently, the main development
is now directed towards a PoC device that is testable at the time and place of
patient care, suitable for self-testing and compliant with PoC guidelines.
Recently, several biomarkers have been chosen for the development of
biosensors such as amyloid, tau, apolipoprotein E4 (ApoE4) gene, o-
synuclein, a-1 antitrypsin, acetylcholine, miRNA, etc.?%*2% most of which are

known to accumulate in cerebrospinal fluid and neuroimaging specimens?%.

In this chapter, the design and development of two new sensing strategies for
the AD diagnosis in a PoC format are exposed. The first strategy, is an
innovative silicon-based sensing technology capable of detecting AB auto-
antibodies (immunoglobulin G or IgG) as biomarkers in human sera using
engineered M13 phages as AD-probe-phage (ADPPs) sensing element. This
strategy is based on the diagnostic power of phages®’ and “AB-

autoantibodies” antibody markers against Alzheimer’s syndrome?2%8.25°,

In fact, a positive association has been observed between the amount of AR

autoantibodies in the serum of AD patients and the disease status260-261,

.___________________________________________________________________________________|
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In this perspective, in literature, the feasibility of this approach was
demonstrated using two methods. The first, in order to evaluate whether IgG
serum levels against engineered M13 phage clone were able to discriminate
the immune response between AD patients and healthy subjects?®, this clone
was tested in ELISA assay against a pool of five human sera from AD subjects
and a pool of five human sera from healthy individuals (CTR). Results obtained
showed a mean OD4s0 value of 1.266 against AD sera and a mean of 0.464
against healthy sera (p-value < 0.0001, one-way ANOVA test), demonstrating
the presence of serum IgG levels toward the displayed peptide that were

significantly higher in AD patients.

The second, to quantify the number of phages bound?®®, which indirectly
reflects the amount of Ap autoantibodies present in sera, the authors we lysed
five different phages and quantified their DNA through PCR in a single-step
process performed on a silicon chip. The phagic weight was significantly
different as indicated by one-way analysis of variance (ANOVA, p < 0.0001 for
all five phages) and that phages only bind to this class of immunoglobulins.
Furthermore, Post hoc analyses with Bonferroni's correction indicated that two
phages clone significantly discriminated between non-AD and severe and

between mild-to-moderate and severe (p < 0.0001 for all comparisons).

Therefore, the applicative potential of these markers in a rapid PCR-free
diagnostic approach has been demonstrated using a detection technology

compatible with PoCs.
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Figure 3.1. Alzheimer's disease physiological effects and approaches for rapid
diagnosis. 1. Formation of amyloid plaques and fibrillary tangles (a), loss and
degeneration of neurons (b). 2. (a) Biosensing approach for rapid and low-cost

screening through AD biomarkers. (b) AD biomarker results after screening.

The second detection strategy is based on the molecular detection of AD
associated miRNA as biomarkers via an electrochemical PCR-free sensing.
Even in the case of miRNAs, the diagnostic power against AD is already
known, as reported by various studies in the literature on miRNA circulating
markers of the disease?®?-264, For example, the possibility of diagnosing AD
through miRNAs has been used in several detection strategies showing a

linear response in the range of tenths of yg mL -1 and a LOD of 20-300
nM265.266
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Recently, Pereira et al. described a novel PoC for miRNA-34a with good target
affinity, reflected on a 100 pM to 1 uM linearity range and a limit of detection
(LOD) of 39 pM in buffer and 94 aM in serum?%”. With these premises, for some
of these miRNAs the feasibility of a PCR-free approach has been
demonstrated using technology compatible with PoCs through preliminary

qualitative and quantitative assays.

3.1. Silicon-based sensing for Alzheimer’s disease

diagnosis by phages probes

Nowadays, research efforts have been focused on the development of
alternative non-invasive sensing methods for the AD screening, particularly at
an early stage. Among these, the lossy mode resonance (LMR) technology
implemented in D-shaped single-mode fibers (reporting high sensitivities and
detection limit), the surface plasmon resonance?%826° (SPR), the localized
SPR?70271 the electrochemical?’?273 and immunological methods have been
widely explored. In particular, immunological methods are often applied in
diagnostics in rapid tests that are based on the enzyme-linked immunosorbent
assay (ELISA). This method exploits the binding affinity and the solid-state
interaction between antibodies and antigens through a molecular sandwich as
sensing interface. Among the immunological methods using ELISA tests the
phage display technology is gaining a growing interest.Nowadays, research
efforts have been focused on the development of alternative non-invasive
sensing methods for the AD screening, particularly at an early stage. Among
these, the lossy mode resonance (LMR) technology implemented in D-shaped
single-mode fibers (reporting high sensitivities and detection limit), the surface
plasmon resonance®®®?%® (SPR), the localized SPR?/0271 the
electrochemical®*’2273 and immunological methods have been widely explored.
In particular, immunological methods are often applied in diagnostics in rapid
tests that are based on the enzyme-linked immunosorbent assay (ELISA). This
method exploits the binding affinity and the solid-state interaction between

antibodies and antigens through a molecular sandwich as sensing interface.
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Among the immunological methods using ELISA tests the phage display

technology is gaining a growing interest.

Bacteriophages (or phages) are viruses that infect and replicate inside
bacteria. Phages, particularly M13 single-stranded ones, display proteins on
their capsid (pVIII and plll)?33.274 that are able to selectively bind and identify a
target biomolecule having implications in a series of human
syndromesBacteriophages (or phages) are viruses that infect and replicate
inside bacteria. Phages, particularly M13 single-stranded ones, display
proteins on their capsid (pVIIl and plll)233274 that are able to selectively bind
and identify a target biomolecule having implications in a series of human
syndromes?3? 275-278_Since there are approximately 2700 copies of pVIII per
single phage, it is possible to produce highly multivalent libraries?’® composed
by phage expressing randomic peptides. The phages of interest are isolated,
then, by including the libraries in a biopanning process and exposing them to
the specific target?80-283for the affinity selection. These selected phages, used
as probes, demonstrated to have high specificity against their targets, high
thermal stability, and are not affected by changes in surrounding
compositions?84.285. The application of phages brings also advantages in rapid
diagnosis?®, low cost, and resistant to harsh conditions, including organic
solvents and high temperatures, and can discriminate between viable and not
bacteria?®6-287  Furthermore, the use of phages instead of enzymes or
secondary antibodies as biorecognition probes significantly improves the
biosensing performances in terms of stability to thermal and pH variations,
reduction of synthesis and purification costs and greater avidity of the binding
of the target, solving some of the main problems related to the enzymatic
probes typically used in conventional ELISA259288.289 275-278 gGince there are
approximately 2700 copies of pVIlI per single phage, it is possible to produce
highly multivalent libraries?’® composed by phage expressing randomic
peptides. The phages of interest are isolated, then, by including the libraries in
a biopanning process and exposing them to the specific target?®%-283for the
affinity selection. These selected phages, used as probes, demonstrated to
have high specificity against their targets, high thermal stability, and are not

.___________________________________________________________________________________|
107

Paolo Calorenni — Innovative Biosensing methods for nucleic acids detection in Point-of-Care devices



affected by changes in surrounding compositions?84285, The application of
phages brings also advantages in rapid diagnosis?®8, low cost, and resistant to
harsh conditions, including organic solvents and high temperatures, and can
discriminate between viable and not bacteria?86287_ Furthermore, the use of
phages instead of enzymes or secondary antibodies as biorecognition probes
significantly improves the biosensing performances in terms of stability to
thermal and pH variations, reduction of synthesis and purification costs and
greater avidity of the binding of the target, solving some of the main problems

related to the enzymatic probes typically used in conventional ELISA?259.288,.289,

The phage display has been applied to the early diagnosis and monitoring of
AD?2%8.259.290The phage display has been applied to the early diagnosis and
monitoring of AD?2%8:259.290 in which modified filamentous phages (M13, Fd,
1)29" were used to identify the AR peptide involved in the formation of amyloid
fibres?%2. However, most of these applications were limited by the integration
of plastic material, that affect both stability and reproducibility of the method.
The combination with silicon material, on the other hand, is still few explored.
Silicon technology would overcome the limitations of plastic-based phage
display by introducing many technological advances such as high sensitivity
transduction, fluidic movement and electronic reading?®3. Silicon would also
bring excellent material properties, in terms of good heat capacity and thermal
conductivity, the possibility of nanostructuring, that could to increase the
surface—area ratio, and a high level of opto-electronics miniaturization and
integration, that would open towards the possibility of new PoC applications

and diagnostics decentralization40149,208,294,295

Within this perspective, we developed a combined innovative silicon-based
sensing technology for the AD diagnosis by phages probes, using human sera
as testing samples. This work has been published in 2024 to the Advanced
Materials Interfaces Journal?®,
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3.1.1. Experimental

The technology proposed was based on a biosensing surface that has been
appropriately derivatized on top of two silicon substrates: i) a flat silicon slide,
used as reference model for characterization; ii) a miniaturized chip, used in
first trials of PoC application. The sensing surface was structurally and
chemically characterized by atomic force and scanning electron Microscopy
(AFM and SEM), X-ray photoelectron spectroscopy (XPS), and contact angle
measurements (CA). The molecular recognition of AD AB-autoantibodies in
human sera by phage probes was ascertained by transduction with enzyme-
linked anti-M13 antibodies.

3.1.1.1. Human sera

Sera used were provided by the Neurologic Unit of the University Hospital
“Policlinico Vittorio Emanuele” of Catania, Italy, and diagnosticated as AD by
the Mini Mental State Examination (MMSE). The study was approved by the
Ethics Committee of the “Policlinico Vittorio Emanuele” of Catania. For the
testing experiments, 3 sera with MMSE between 12 and 15 (severe AD) of a
75-year-old male patient, containing AD AB autoantibodies, and 3 sera with
MMSE of =29 (healthy) were used. It was diluted 1:50 in a buffer, prepared by
mixing 50 mL PBS with 500 mg of 1% non-fat dried milk powder and 50 pL of
0.1% Tween 20.

3.1.1.2. Phage-probe preparation

The ADPP phage probe (named 12CllI1) used for the experiments has been
previously selected?®®. The ADPP phage probe (named 12CllI1) used for the
experiments has been previously selected?®®. To prepare it, 90 pl of
exponential culture broth (LB) of the TG1 strain of E. coli (Kan-, Amp-, lacZ-)
was infected with 10 ul of ADPP, then incubated at 37 -C in static conditions
for 15 minutes, followed by stirring for 20 minutes. After incubation, culture was
plated onto Luria—Bertani modified with bacteriological agar (Condalab) plates
containing 50 uyg mL-1 of ampicillin (Merck) and incubated at 37 -C in static

condition. A colony of transformed E. coli was inoculated into 10mL of LB
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containing ampicillin and incubated at 37°C with shaking until an optical
density (OD) of 600 nm = 0.2 was reached. Then, isopropylthio-B-galactoside
(IPTG, 40 ug mL™"), from Merck, was added to the culture and helper phage
M13K07 (109 TU mL™"), incubated at 37 -C under static conditions for 30
minutes, and shaken gently for 30 minutes. By centrifugation at 8000xg, the
cells were collected and transferred into 500mL of LB medium containing
ampicillin and kanamycin (50 ug mL™"), from Merck, and incubated overnight
with shaking at 37 -C. Subsequently, the infected culture was centrifuged at
8000x g for 20 min at 25 -C, the supernatant was then mixed with 25% (v/v)
PEG/NaCl solution (Merck), chilled on ice for 4 h and precipitated by
centrifugation at 15000x g for 45 min at 4 -C. The pellet was resuspended in
10% (v/v) TBS (Merck), mixed again with 25% (v/v) PEG/NaCl, chilled on ice
for 4 hours, and the solution was centrifuged as above. Finally, the pellet
containing the phages was suspended in 10% (v/v) TBS, filtered through a
0.22 ym pore size membrane (GVS), and stored at 4 -C.

3.1.1.3. Sensing surface functionalization based on silicon

substrate

A 3 mm x 3 mm flat silicon substrate was chosen as sensing surface for first
characterization. The functionalization scheme involved the use of a Teflon
beaker as a processing support. First, it was necessary to clean the surface
with a basic piranha solution H202:NH3:H20 (1:1:4) at 80 °C for 25 min, which
has the characteristic of being a strong oxidant. After rinsing in ultrapure water,
a treatment was performed on the surface with an acid solution (HCI:H20,
1:7.5) at room temperature for 10 min. Subsequently, the surface was silanized
via chemical value deposition (CVD) with GOPS
(Glycidyloxypropyl)trimethoxysilane) silane at 125 °C for 4 h. Then, the surface
was rinsed with a washing buffer composed of 50 mL of PBS + 25 pL of 0.05%
Tween 20 and used for the subsequent functionalization step. Recombinant
protein G was anchored to the silanized surface by soaking the silicon
substrate overnight at 4 °C with 200 uL of 0.5 ug mL~" protein G solution diluted
in PBS. Then the substrate was rinsed three times with PBS.
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3.1.1.4. Sensing surface preparation of silicon chip

The second substrate was a miniaturized 1 cm x 2 cm silicon chip composed
of six circular wells of 3 mm diameter that have been realized by lithography
of a 15.24 cm diameter silicon wafer. On top of the silicon chip a polycarbonate
mask was attached creating six microchambers of 25 yL capacity. To avoid
fluids leakages during the functionalization and testing treatments, the silicon
wells and the plastic mask were aligned and glued via a conductive resin. The
sensing surface was treated according to the protocols above described using

a volume of 20 uL for each treatment.

3.1.1.5. Testing and surface characterization analysis

Once functionalized, the AD sensing performances of the silicon surfaces were
tested by a three-step approach: (1) antibodies binding; (2) ADPP phage
recognition; (3) transduction by M13 phage ELISA assay.

(1) The G protein is known to bind the Fc domain of IgG antibodies. The IgG
binding step was performed by adding healthy human sera and AD. As a
negative control, plain 10 mM PBS was used. First, 200 uL of sera diluted 1:50
and 10 mM PBS (negative control) were added to each Teflon beaker
containing the silicon surface and incubated for 1 h at 37 °C with 80 rpm of
shaking. For the silicon chip, 20 uL of diluted sera was used. Finally, unbound

IgG was removed via three steps of cleaning the wash buffer.

(2) The ADPP phage recognition of anti-AB antibodies was a crucial step. To
prevent possible non-specific binding by the phage, the exposed silicon points
on the surface were blocked. A preliminary passivation of the silicon surface
and the chip was performed, incubating the substrate with 200 uL in one case
and 20 L for the chip, of a blocking solution prepared by mixing 5 mL of 0.01
m PBS with 250 mg of milk skimmed powder and 2.5 pL of 0.05% Tween 20
for 2 hours at 37 °C. Once passivation occurred, the recognition of A
autoantibodies was performed by spotting 10" copies of ADPP probe diluted
in 0.01M PBS for 1 hour at 37°C with 80 rpm of stirring. Any unbound phages
were removed by five steps of cleaning the wash buffer.
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(3) The transduction was performed by M13 phage ELISA assay using a
volume of 200 uL of a 1:750 solution of HRP-conjugated anti-M13 IgG,
suspended in dilution buffer, added to both silicon substrates previously
treated with steps (1) and (2). These were incubated at 37 °C for 1 h with 80
rpm of stirring. For the silicon chip, 20 uL of HRP-conjugated anti-M13 IgG was
used, the chambers were rinsed three times with wash buffer and used for the
final immunochemical analysis. The immunological detection was performed
by adding 100 uL of 3,3',5,5'-tetramethylbenzidine (TMB) for the functionalized
silicon surfaces and incubated for =15 min at room temperature in the dark,
while for the silicon, 10 uL of TMB was used. If AD positive samples are present
a blue color will appear, due to oxidation of TMB by HRP. The reaction will be
stopped by adding 100 pL, and 10 pL for the chip, of H2SO4 0.6 N, causing a
color change from blue to yellow. The color intensity was then measured by
reading the absorbance of the samples at 450nm using a VICTOR 3S V
Multilabel Plate Reader spectrophotometer. In the case of the silicon chip, the
volume of each well was transferred to a 96-well plate and diluted tenfold by
adding 180 pL of PBS, to obtain the correct volume for the absorbance reading;
subsequently, the absorbance values were corrected by multiplying by the
dilution factor. Statistical analysis was performed via one-way ANOVA test

using GraphPad InStat version 3.1.

As mentioned, each step of the sensing surface assembly (GOPS silanization,
G protein anchoring, 1gG binding and probe phage capture) was studied to
evaluate the correct functionalization of the substrates. The topography and
surface composition was studied using three different techniques in
collaboration with the group of Prof. Condorelli of the University of Catania: a)
AFM, performed by a SolverP47 NT-MDT instrument, in semicontact mode,
using a scan window of 5 ym x 5 ym and 2 ym x 2 ym. Silicon probes (NT-
MDT) with constant force in the range of 0.01-0.5 Nm have been used for the
analysis. All the data for each AFM image were evaluated by Gwyddion
software; b) SEM, using a ZEISS VP 55 field emission SEM (FESEM)
(Oberkochen, Germany); c) XPS, carried out with a with a PHI 5000 Versa
Probe Instrument using a monochromatic Al Ka X-ray source excited with a
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micro-focused electron beam. All the analyses were performed with a
photoelectron take-off angle of 45 (relative to the sample surface). The XPS
binding energy (B.E.) scale was calibrated on the C 1s peak of adventitious
carbon at 285.0 eV.

Lastly, the wettability of the surface was evaluated by CA analysis. The CA, as
a function of the surface wettability after each functionalization step, was
assayed in drop casting mode using 1 pL of distilled water and analyzing the
drop age at 4 time points (0, 68, 134, and 203 s). In parallel, CA was also
measured using a drop of buffers citrate at pH 4.40 and 6.02, buffers
carbonate/bicarbonate at pH 9.36 and 10.2, to evaluate the isoelectric point
(IP), and the surface charge profile of the biomolecules anchored in step-by-

step assembled sensing surface.

3.1.2. Results and discussion

The silicon-based detection strategy was based on the molecular recognition
of AB-autoantibodies using the ADPP probe expressing the
RWPPHFEWHFDD capsid peptide, attracted to the silicon surface by the A
autoantibodies and detected by transduction with silicon-bound anti-M13
antibodies. To do this, as shown in Figure 3.2, the silicon surface was
functionalized with GOPS through a covalent bond between its Si-OCH3s
groups and the -OH groups exposed by the surface (previously formed by

activation treatment with piranha solution).
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Figure 3.2. Silicon- ADPP detection strategy for AB-autoantibodies identification.

A crucial step in this functionalization was the anchoring of the protein G. This
streptococcal protein binds the human IgGs 1-4 in the Fc domain with extreme
selectivity, thus, avoiding unspecific interactions with other IgM and IgA2%7.
Therefore, the formation of the protein G layer is fundamental for the detection
strategy since affect the quality of sera IgGs capture and immobilization. In the
silicon-based sensing strategy the IgGs orientation should be done in an
proper orientation, so that the antigen binding sites (Fab domain) could be
correctly exposed for the ADPP interaction?®®. The improvement of the
detection efficiency due to the IgGs orientation has been preliminary proved
by testing in triplicate an AD serum in ELISA performed on a plastic 96-well
plate functionalized with and without the protein G layer. Results, reported in
Figure 3.3, shown four times enhanced absorbance values of wells

functionalized with protein G.
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Figure 3.3. ADPP recognition of AD serum on plastic surface with and without protein

G functionalization.

After verifying the efficiency of the protein G, it was possible to obtain the
specific identification of AB-autoantibodies via molecular recognition with an
ADPP probe, forming the IgG-ADPP molecular complex (“Functionalization” of
Figure 3.2). In fact, this phage brings on its pVIII capsid hundreds of copies of
a AB-mimics peptide that molecularly recognize specific regions of AB-
autoantibodies, thereby discriminating between healthy and AD sera?%8.In fact,
this phage brings on its pVIlI capsid hundreds of copies of a AB-mimics peptide
that molecularly recognize specific regions of Ap-autoantibodies, thereby
discriminating between healthy and AD sera?®®. While the Protein G layer
immobilize all the IgGs present in the serum, ADPP will bind only the A auto-
antibodies, thus proving selectivity to the assay. The IgG-ADPP complex is
subsequently transduced with a secondary probe constituted by the enzyme-
linked anti-M13 antibodies conjugated with HRP that produce a colorimetric

signal (“Testing” of Figure 3.2).

The AFM and XPS analyses of step-by-step functionalization was done in
order to deeply characterize surface morphology and composition after each

modification and to validate the effectiveness of the chemical protocol.

The first step analyzed was the GOPS sample. The AFM image, shown in
Figure 3.4a, shows a flat surface due to the formation of a homogeneous layer

of the silane on the silicon surface. This was further confirmed by the RMS
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data, 0.267 nm, and the height distribution profile, in Figure 3.6a, which reveal
an average height peak at 0.94 nm while the height profile in Figure 5b shows

no structure on the surface , thus providing a homogeneous background.
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Figure 3.4. AFM analysis of GOPS and GOPS-PG surfaces: a,c) surface
topography, and b,d) heights distribution profile.

The next step concerns the AFM analysis of the SiO2 surface functionalized
with GOPS after the anchoring of protein G (GOPS-PG). The images showed
no noteworthy holes or rough features, Figure 3.4c. However, analyzing the
RMS data shows an increase in surface roughness of 0.33 nm, 25% more than
that of the GOPS sample, which could be attributed to the additional protein G

layer anchored to the silane layer.

This hypothesis was further supported by the height distribution profile where

the average peak deconvolution, obtained by fitting two Gaussian functions,
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reveals the presence of two dispersed objects on the GOPS-PG surface.
Indeed, as described in Figure 3.5b, Fit Peak 1 (red line) reports an average
height of 1.1 nm, which could be related to the GOPS distribution, while Fit
Peak 2 (green line) provides an average of 1, 4 nm, attributable to the protein
G layer. This surface structuring is also confirmed by the background reported

in the height profile shown in Figure 3.4d.
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Figure 3.5. a) Height distribution of Figure 3.5a; b) Height distribution of Figure 3.5c.

The success of the proposed assembly up to the GOPS and GOPS-PG steps
was confirmed through the XPS analysis reported in Figure 3.6. In particular,
the C1s band relating to the GOPS can be deconvoluted into three
components: the primary component at 285, 0 eV corresponds to the
hydrocarbon skeleton of GOPS and adventitious carbon. A second component
to be considered at 285.8 eV can be attributed to the oxidized carbon in the
ether group, while the third component at 287 eV represents the carbon of the
epoxy groups. The shape of the bands changes significantly once the protein
G is anchored. In fact, in addition to the typical C1s signal at 285 eV, the
spectrum is characterized by the prominent signal of the oxidized carbon at
286.4 eV which derives from the carbon atoms of the carboxyl groups of the
protein. Lastly, the N1s peak was found at 399.8 eV and was only detected in
the sample containing the protein G, due to its amino acid composition,

confirming the covalent binding of the molecule to the GOPS layer.
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Figure 3.6. XPS analysis of C1s and N1s spectral regions of GOPS and GOPS-PG

surface.

As previously described, IgG present in human sera has the ability to
effectively bind to the formed protein G layer, exposing antigen binding sites
(Fab domain) towards the phage probe. To evaluate and visualize the
effectiveness of this binding, an AFM analysis was performed at the GOPS-
PG biointerface after the step that included IgG anchoring. The data is shown
in Figure 3.7a-h. As highlighted by the images, there is topographic variation
due to the presence of widely distributed circular features. In the 5 ym x 5 ym
and 2 ym x 2 ym AFM images shown in Figure 3.7a and d the presence of
these large structures correlates with an accumulation of organic material.
Looking in detail at the height profile in Figure 4b, referenced to line 1 in Figure
4a, a feature with a height between 2 and 15 nm is shown, where the few larger

structures in the range 5-15 nm can be identified as IgG aggregation.
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Furthermore, it is interesting to note the configurations of the structures shown
in Figure 3.7b and Figure 3.8 a and b which reveal a distinct conformation
with two peaks at the bodies' tips, possibly associated with the characteristic

“Y” shape structure commonly observed in 1gG.

a €
—— Height Profile ol Height Profile
7\
704 A
ol [
! ™ |
= [ T A
£ ‘\I \ Ilw '—%- = ; | A Ia
~ ( ‘I"l | ‘ 0 [ N Il
\ f [ f ) | {1 I
1M A | T
s " f [ 204 | | [ ‘
) I ARE Pl
I AP ,r/ Lot et L Ao W WS A
5 7 Z ] o 7 ; ; 7
X [pm] X [um]
4 20
— Height Profile —— Height Profile
35
30 15
- 25 M ‘[ﬁ l/\, f/W\ J\,\’\\)\n =
£ % /"\AJ W l\/‘/f\ £ ] \ /\
s\ [\/ il M\\/\»/J \
10 s
05
0
1 2 3 a [ 1 2 3 4 5
X [um] * furm]
¢ g

119

Paolo Calorenni — Innovative Biosensing methods for nucleic acids detection in Point-of-Care devices



Figure 3.7. AFM analysis of GOPS-PG-IgG and GOPS-PG-IgG-ADPP surfaces. a)
AFM topography at 5 um x 5 ym of GOPS-PG-IgG; b) Heights profile of the line 1 in
Figure 8a,c) Heights profile of the line 2 in Figure 4a; d) AFM topography magnification
of Figure 8a at 2 ym x 2 uym of GOPS-PG-IgG focused on the antibody; e) AFM
topography at 5 um x 5 ym of GOPS-PG-IgG-ADPP; f) Heights profile of the line 1 in
Figure 8d; g) Heights profile of the line 2 in Figure 8d; h) AFM topography
magnification of Figure 8d at 2 um x 2 ym of GOPS-PG-IgG-ADPP focused on the
surface after the ADPP adhesion.

A height profile along line 2 in Figure 3.7a, obtained without intersecting the
prominent features, and the total height distribution are presented in Figure
3.7c and Figure 3.8e to illustrate the morphology of the background outside
the large IgG assemblies. The height distribution indicates how most of the
features are in the range 3.8-5.5 nm, which confirms the variations in
morphology compared to the GOPS and GOPS-PG samples where almost all
the features were in the range 1- 2 nm. These data were consistent with
previous literature works, in which an average of heights for antibodies in the

range of 3-8 nm are indicated?®°3%,
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Figure 3.8. a) AFM image of GOPS-PG-IgG; b) height profile of the dotted line in (a);
¢) AFM image of GOPS-PG-IgG-ADPP; d) height profile of the dotted line in (c); e)
Height distribution of figure 4a GOPS-PG-IgG.

The RMS analysis confirmed the topographic evidence by reporting an
increased surface roughness of 3.11 nm, compared to the 0.33 nm of the
GOPS-PG sample.

The efficiency of the binding between the protein G layer and IgG was further
highlighted through SEM inspection. The comparison of GOPS-PG-IgG and
GOPS-IgG samples is shown in Figure 3.9. In the first sample. Figure 3.9a,
due to the strong interaction of the Fc domain of IgG with the G protein there

is a wide and uniform distribution. A completely different situation was
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observed in the second sample, Figure 3.9b. In this case the absence of the
protein G caused the formation of IgG aggregates as a consequence of
unspecific Fab-Fab lateral interactions®':3%2 between physiosorbed
antibodies. Lastly, through topological and morphological analyses, the link
between IgG and ADPP was determined. We inspected the morphology of the
GOPS-PG-IgG-Phage biointerface via AFM and SEM analysis. AFM
topographic images of this surface, Figure 3.7e, show the presence of larger
features than those observed in the GOPS-PG-IgG surface, Figure 3.7a. The
height profiles related to lines 1 and 2 of Figure 3.7e are reported in Figure
3.7f and g respectively, highlighting the presence of large structures of height
~50 nm, Figures 3.8a and b, and a background outside these structures (line
2) with a morphology that presents a greater height and less roughness

compared to the GOPS-PG-IgG samples due to the presence of ADPP.

Figure 3.9. SEM analysis of GOPS-PG-IgG (a), GOPS-IgG (b) and GOPS-PG-IgG-
ADPP (c) surfaces.

This is consistent with the observed roughness, which changes from 3.11 to
10.9 nm in the absence and presence of ADPP on the surface, respectively.
Furthermore, magnification, Figure 3.7h, of a 2 ym x 2 ym area without large
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structures shows a distribution of objects across the entire IgG surface with a
length of =0.25 um and with a height distribution of = 5,8 nm, Figures 3.10a,b.
These objects were associated with the captured probe phage. The SEM
image confirms the presence of the phage with a topographic profile exposing

blurry fractal bodies, Figure 3.9c.
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Figure 3.10. a) Masked AFM topographic image of Figure 3.7d; b) Height

distribution of Figure 3.7d of the unmasked surface.

CA measurements were carried out in drop casting mode using 1 pL of
ultrapure water for each surface functionalization phase to confirm the
effectiveness of interface functionalization. The results, recommendations in
Figure 3.11a, show a CA statement of =40° after the silicon surface cleaning
step due to the —OH groups making the surface more hydrophilic. With GOPS
silanization, however, the CA increased by >70° due to the hydrophobic
coating caused by the organic layer. Then, the wettability significantly
increased again after each biomolecular assembly process due to the addition
of polar protein G, I1gG, and phage structures. Furthermore, it was interesting
to study the surface charge characteristics of anchored biomolecules through
CA analysis at different pHs in the range 4-10. The results reported in Figure
3.11b, (the dashed lines have been added just as a guide for a better data
visualization) show a qualitative trend of the surface wettability as a function of

pH for the various functionalization levels. The silanized surface (black symbol
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in Figure 3.11b) was inert to pH variations and therefore without changes in

wettability, probably due to the non-polar nature of the silane.
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Figure 3.11. a) CA analysis of sensing surface step-by-step assembly; b) CA analysis
of GOPS (black line), GOPS-PG (red line), GOPS-PG-IgG (blue line), and GOPS-PG-
IgG-ADPP (green line) samples at 4-10 pH range.

On the contrary, both the PG and PG-IgG derivatized surfaces (red and blue
symbols, respectively), show a wettability change linked to pH with a first
increase of CA at pH 4 for the PG and a second common peak at pH 7 for both
PG and IgG molecules. Indeed, the biostructures of protein G and IgG are both
composed of zwitterionic amino acids, suggesting an isoelectric point (Ip) of
approximately pH 7. Finally, the complete GOPS-PG-IgG-Phage surface
(green symbols) gave a different behaviour of wettability, probably, because of
the presence of protein capsids and peptides exposed to the pVIll fraction of
docked phages. This observed behaviour can be attributed to specific
conformational changes of the ADPP structures and charge arrangement due
to their molecular interactions in combination with the ionic strength of the
buffer used for the analysis.

Lastly, after verifying the correct assembly of the biointerface, to evaluate the
validity of the biosensing strategy, we tested three healthy sera and 3 ADs,
comparing them with negative controls made with 10 mM PBS. The presence

of ADPP in all samples was verified by performing immune recognition with
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HRP-conjugated anti-M13 antibodies producing a colour absorbance at 450
nm. The results reported in Figure 3.12 indicate that the biointerface can
detect autoantibodies in both healthy and AD sera. The data show a good
tendency in discriminating AD sera from healthy ones (absorbance equal to
0.18 + 0.06 for healthy sera and 0.85 £ 0.3 for AD sera), also highlighting that

our biointerface is suitable for use in an integrated biosensor device.
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Figure 3.12. ADPP immune recognition of the silicon bio-surface of negative control,

healthy, and AD sera. Data were analyzed by one-way ANOVA test (p < 0.0001).

To this end, we transferred the biointerface built on flat silicon into a silicon
biochip, as a first prototype, to demonstrate the possibility of developing a
miniaturized biosensor for a future PoC device for early diagnosis and
screening of AD. Therefore, we applied the developed sensing strategy to a
silicon chip schematized in Figure 3.13a, which was chemically functionalized
following the same chemical protocol described in Figure 3.2. The chip was
composed by 6 reaction chambers in which we performed the detection assay
using two replicates of three negative controls and three types of healthy and
AD sera. The results are reported in Figure 3.13b and showed a statistically
significant change in absorbance between the healthy (Abs 450nm = 0.42 +
0.08) and the AD sera (Abs 450nm = 0.78 + 0.22).

125

Paolo Calorenni — Innovative Biosensing methods for nucleic acids detection in Point-of-Care devices



5 3
©
8 L
€ L
o & 1o}
A Q2 oof
Phage S ® os}
‘ 7‘.1 3 g o7t
. S osf *
pe L2 osf .
IR
2 o
024
0af
\ b 4 % Neg i Health
N et eg Ctrl ealthy
\ W
a b

Figure 3.13. a) Silicon biochip; b) immune recognition of negative control, healthy and
AD sera. Data were analyzed by one-way ANOVA test (p = 0.0002).

All data from both silicon flat substrate and chip testing were analyzed by one-
way ANOVA test, which indicated a significant difference among the samples
(negative control, healthy, and AD) group of values (p < 0.0001 for the Si flat
and p = 0.0002 for the chip). Moreover, for both series of testing, post-hoc
analysis with Tukey's correction indicated that the negative control group was
not statistically significant from the healthy group. In contrast, the AD group
was statistically significant from the other two groups (p<0.001 for both
comparisons). These findings were the consequence of the specific interaction
between the anchored AB-autoantibodies and the phage mimics peptides, that
could lead to a higher number of captured phages, thus, a more intense
detection by the secondary anti-M13 antibody conjugated with HRP. These
results proved that thanks to the combination with the miniaturized architecture
of a silicon chip, the technology opens to the possibility of a very large-scale

integration toward a new frontier of decentralized biomedical diagnostics.

3.2. miRNAs electrochemical based sensing as

biomarkers for Alzheimer's disease

Another approach for the AD screening, developed in my Ph.D. Thesis, was
based on the PCR-free detection of miRNAs as disease biomarkers. MiRNAs
are small non-coding oligo RNAg265266.303-307 that regulate the mMRNA

translation3%8, They are involved in several key biological processes, including
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apoptosis, proliferation and differentiation3%. In the nervous system, miRNAs
are very important and are associated with neuronal patterning,
synaptogenesis, neuronal plasticity and neurodegeneration3'031 Typical
miRNA detection is performed via Northern blotting, quantitative reverse
transcription (RT-gPCR), or microarray profiling, all of which are expensive,
complicated, and time-consuming methods?6%312, They play a prominent role
in fine-tuning gene expression3'3, which is why miRNAs have been associated
with various pathological conditions3'* and have been described as promising
biomarkers for various diseases including AD3'5. MiRNAs can be found in
various biological fluids associated to the neurological disorder such as
plasma, serum and cerebrospinal fluid (CSF)3'6, usually in a vesicle-
independent/free-floating form, which would facilitate the AD screening also in

the perspective of an early diagnosis of diseases3'"317,

The development of biosensing strategies based on the detection of these
molecular targets as AD biomarkers is very challenging, since the technologies
should point towards faster, simpler and non-invasive screening also at an
early stage compared to the conventional diagnostic techniques, thus, making
therapies more effective 3''. Furthermore, thanks to their resistance to RNAse
degradation and stability at prolonged storages, high temperatures, extreme
pH conditions and multiple freeze-thaw cycles3%® and, for some types, the
availability in the blood flow, the miRNA analysis would also open to possible

integration into PoC devices making the AD screening more accessible.

With the aim of introducing new potential tools for the fast and accurate AD
screening, we developed a new electrochemical PCR-free biosensing strategy
based on miRNAs that improves AD detection in terms of time, costs and
system architecture, also excluding the amplification steps required by the
conventional RT-gPCR for miRNA analysis. A first study was performed in
order to identify the best miRNAs candidate as potential biomarkers of AD,
leading to the selection of miR-34a, miR-125b, miR146a and miR-29b, whose
differential expression affects the physiological pathways of the neural cells.
Indeed, the upregulation of miR-34a influences the expression of several

genes belonging to the p53 protein network, as those involved in the caspase-
I ——
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3 activation and apoptosis, leading to the enhancement of the p53 mediated
neurons death?%4. The overexpression of miR-125b, instead, has been found
to induce the Tau protein phosphorylation, promoting the AD progression, and
influence the activity of factors involved in the cell cycle regulation (such as
synaptic phosphoprotein, lipoxygenase, etc.)?63318_ Lastly, the upregulation of
miR-146a and the downregulation of miR-29a have been correlated to the

neuroinflammation onset in AD319,

The miR-146a was used for the first development and characterization of the
sensing surface. To this purpose, CA and SFE measurements studying the
surface wettability have been performed on top of a gold-sputtered silicon
substrate functionalized by grafting thiol-modified oligonucleotides used as
probes for the selective recognition, via direct hybridization in a perfect match,
of the miRNA target. Subsequently, we modified the surface of a commercial
gold electrode and tested the PCR-free sensing performances, in terms of
sensitivity, selectivity and versatility, via CV and EIS analysis. The PCR-free
technology has been also integrated on top of an amperometric chip,
developed and provided by the Bruno Kessler Foundation (FBK), testing the

technology suitability for a PoC format.

3.2.1. Experimental

Table 3.1 reports the thiol-modified probes developed for the recognition of all
4 miRNAs chosen as potential AD biomarkers. At the 5’ end of each probe
sequence a hexyl pendant (C6) was added as spacer for the right orientation
of probes once anchored to the electrode surface, while the thiol group (HS-)
allowed the thiol-Au complex and the self-assembled monolayer (SAM)
formation. The following probes were reduced by Dithiothreitol (DTT) treatment
and purified at a concentration of 1uM via SephadeX G-25 gel filtration in NAP-
10 columns (from Cytiva).
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Table 3.1. Use case thiol-modified probes

Probe Sequence 5-3’

miR-146a_P-T HS-C6-AACCCATGGAATTCAGTTCTCA
miR-34a_P_T HS-C6-ACAACCAGCTAAGACACTGCCA
miR-29a_P_T HS-C6-TAACCGATTTCAGATGGTGCTA
miR-125b_P_T HS-C6-TCACAAGTTAGGGTCTCAGGGA

The chemical functionalization of the gold surface was fully characterized by

CA and SFE analysis using a gold-sputtered silicon sample as substrate.
3.2.1.1. Gold surface functionalization for CA analysis
The gold-sputtered silicon substrate of 0.55 cm x 1 cm was functionalized with

miR-146a probes as schemed in Figure 3.14, according to the chemical

protocol reported in the previous section.
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Figure 3.14. Gold substrate preparation: (a) surface cleaning; (b) miRNA-146a probe

grafting; (c) miRNA perfect match formation.

For the not amplified genetic target hybridization, the syntethic miRNA_146a
was diluted to 1 pM in nuclease-free water. The final gold interface
functionalized with miRNA _146a probes were dipped in miRNA target solution
at 50 °C for 3.5 h. Then, the unbound miRNA was washed away from surface
by water. We performed the surface characterization analysis using four

replicates of each functionalization step.

3.2.1.2. Commercial gold electrode functionalization

The substrate used for the sensing tests was a commercial gold electrode from

CH Instruments. For the sensitivity and cross-reactivity tests it has been used
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the probes and target of miR-146a as follows. The electrode surface was
modified by grafting the thiol-terminated oligonucleotide probes (Table 3.1)
and the synthetic miR-146a, according to the functionalization protocol
reported in Figure 3.15. The electrode surface has been first cleaned using
the following treatment: polishing of the gold surface with alumina slurry and
washing by sonication in 50% ethanol solution for 5 min; cyclic voltammetry in
0.5 M H2SOg4, in the range of -1 V to 1 V for 10 cycles; drying with Ar gas.
Then, the electrode was incubated with a mix solution (1:10 ratio) of thiol-
modified probel pM, suspended in PBS 10 mM at pH = 6.0, and 10 uM of 6-
mercapto-1-hexanol (CsH140S), dissolved in 10 mM PBS at pH = 6.0, at 25°C
for 4 h with 60 rpm of stirring. The once functionalized with probe and thiol, the
electrode surface was washed with PBS at pH 6.0. For the perfect match
formation with miRNA-146a target, the probe-gold assembled interface on the
electrode surface was dipped initially in a miRNA solution 1uM, prepared by
diluting the stock solution (mimetic models produced by MeTabion) 100uM in
ultrapure water, and incubated at 50 °C for 3.5 h. Lastly, a washing step with
ultrapure water removed the unbound miRNA. Subsequently, the analytical
performance was evaluated with two concentrations of mimetic miRNA-146a
(5nM and 500nM), while the cross-reactivity test was evaluated by exposing
the sensing surface to an unspecific (US) miRNA of same length of the
synthetic target. Electrochemical analyses were performed using three
replicates for each functionalization step, miRNA-146a and US concentrations

tested.

®

Figure 3.15. Electrode gold surface preparation: (A) surface cleaning; (B) probes

grafting; (C) miRNA-146a perfect match formation.
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For the versatility test, instead, probes of miR-34a, -29b and -125b were used
for the electrode surface functionalization and relative synthetic miRNA target
were used at a concentration of 1 uM. In this case, the preliminary analyses
performed have a qualitative character that allowed to confirm the feasibility of

the protocol used.

3.2.1.3. Electrochemical analysis

Once functionalized with probe-thiol and miRNA target, the gold working
electrode was used for the sensing tests by electrochemical analysis. The
miRNA-biosensor assembly and sensing performances were both
electrochemically characterized by CV and EIS. The measurements were
performed by using the portable potentiostat PaimSens4 (Palm Instrument)
assisted by PSTrace software. An electrochemical cell was built to connect
CHI101 Au electrode used as working electrode (WE), a Pt wire used as
counter electrode (CE) and an Ag/AgCl electrode as reference electrode (RE).
Instead, the electrochemical sensors 3 mm x 4 mm manufactured by FBK were
connected via a connector produced in our laboratories. The measurements
were carried out in drop casting mode using a solution of 5 mM
ferro/ferricyanide (1:1 v/v) in 0.1 M phosphate buffer pH 6.8 as redox probe at
room temperature. In the case of EIS measurements, a frequency range
between 0.1 Hz and 100 KHz, 10 frequencies per decade, at an open circuit
potential, with a voltage amplitude of 0.01 V, were used and the electron
transfer process, [Fe(CN)e]> + 1e- 2 [Fe(CN)s]*, has been studied using
EIS'3174 The experimental data obtained with the two systems described
above were fitted using the PSTrace 5.10 software to a common Randles
circuit, Figure 3.16. This equivalent circuit, which is one of the simplest
possible models describing processes at the electrochemical interface,
involves of an active electrolyte resistance Rs in series with the parallel
combination of the double-layer capacitance constant phase element (CPE).
To the above-mentioned components, the charge transfer resistance (Rct) and

the Warburg impedance (W) are added. The latter is related to the electron
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transfer process and the diffusivity of the redox probe between the solution

and the electrode surface, respectively.

Once all the main EIS experimental parameters were optimized, the analytical
performances of the electrochemical cell were initially studied by measuring
the variation of the signal obtained with different concentrations of miR-146a
and, for versatility and cross-reactivity test, TuM of miR-34a, miR-29b, miR-
125b and US miRNA.

The goodness of the correct functioning of the biosensor was then obtained by
plotting on the x-axis the four types of treated samples versus ARct. ARct was

calculated by the following equation (1):
ARt = Rpig — Rp—t(l)

Where R,_, is the value of charge transfer resistance due to the probe and

passivator immobilization on the electrode surface and R,,;z is the charge

transfer resistance measured after the perfect match formation with miR-146a.

CPE RN

~
~
~
~
~
~
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Figure 3.16. Schematic representation of equivalent Randles circuit. Rs: Ohmic
resistance; Rq: charge transfer resistance; W: Warburg impedance; CPE: constant

phase element.

The CV measurements were performed in the range — 0.35 to + 0.6 V vs
reference electrode with a scan rate of 0.1 V/s

3.2.2. Results and discussion

We have first evaluated the surface wettability via CA during the

functionalization of the gold sensing biointerface. Figure 3.17a shows that the

132

Paolo Calorenni — Innovative Biosensing methods for nucleic acids detection in Point-of-Care devices



CA of a bare electrode is approximately 80.76- + 1.03-, which indicates that
the rough surface of the gold surface provides a relatively hydrophobic
interface and which is in agreement with values found in literature3?°. The
cleaning procedure caused an improvement of the hydrophilicity of interface

(51.93- + 3.34°) suggesting the presence of gold oxide32'.
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Figure 3.17. (a) CA characterization of gold surface wettability after each
functionalization step. (b) SFE comparison between probes (red bar) and

probes+miR146a (blue bar) modified surface.

After the anchoring of probe-thiol mix (ratio 1:10), the hydrophilicity increased
(27.13- £ 1.777), due to the large presence of polar groups (the main ones are
-OH and PO4%*) on the surface from the probe'8%and thiol molecule®’. Lastly,
the wettability increased after the immobilization of miRNA-146a, showing the
smallest contact angle value (12.95- + 1.94°), suggesting an increase in polar
groups on the surface and the successful fabrication of the miRNA146a
biointerface, also confirmed by SFE analysis, Figure 3.17b, that reported an
increase of polar part of SFE, from 47.30 mN/m to 66.52 mN/m, after the direct
hybridization of probes with miR-146a target.

The CV and EIS characterization of the miRNA detection strategy is shown in

Figure 3.18. CV and EIS were used as complementary tools to correctly
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characterize both the electrochemical behaviour of the electrode/electrolyte

interface at each step of functionalization and the sensing performances.
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Figure 3.18. Electrochemical characterization of Au electrode interfaces during the
multistep biointerface build-up. (A) Cyclic voltammograms and (B) Nyquist’s Plot
recorded in 5 mM [Fe(CN)g]**in 0.2M Pb and analytical performance of miRNA-

146a sensor C) Cyclic voltammograms and D) Nyquist’s Plot.

The voltammograms reported in Figure 3.18a shows the effects of
functionalization on conductivity and resistivity of the electrode/electrolyte
interface, influencing the performance of the WE. The starting point was bare-
Au, where a typical voltammogram of the electrochemically reversible Fe?* and
Fe3* couple was obtained as both species rapidly exchange electrons. The
peak-to-peak separation was around 90 mV (Figure 3.18a, black line).

Subsequently, gold chemistry through covalent bond formation was exploited
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to functionalize the gold working electrode with thiolate compounds. Then, by
combining the thiol-terminated probe, described in Table 3.1, and the
passivating molecule (6-mercapto-1-hexanol) in a ratio of 1:10, a
homogeneously distributed probes array could be obtained. Indeed, the
passivating molecule allows to obtain an optimal distance between the
oligonucleotide chains for the subsequent formation of the perfect match with
miRNA-146a 1uM, respecting the steric hindrance of DNA-miRNA duplex'9".
From the voltammograms reported in Figure 3.18a red line, it is possible
emerged a significant decrease in the magnitude of the voltammetric peaks for
the probe-thiol system, reported respectively as anodic and cathodic current
peaks (lpa and lpc), and a significant increase in the peak-to-peak separation
(AE =180 mV £ 18 mV) compared to bare-Au, Table 3.2. This can be attributed
to the highly shielding characteristic of the grafted organic layer, which

gradually hinders the electron transport on the surface of the gold electrode %3,

Lastly, we proceeded with the formation of the perfect match between miR-
146a and the reference probe. It is evident, Figure 3.18a blue line, how the
perfect match between probe and miRNA produced a significant decrease in
the magnitude of both voltammetric peaks (lpa, Ipc), Table 3.2. This is due to a
further decrease in the diffusivity of the redox probe near the gold electrode
interface, resulting from the sequential immobilization on the electrode surface
of the probe, the thiol and the final addition of the target miRNA. Furthermore,
another validation of the perfect match formation can be observed from the
increase in peak-to-peak separation (AE = 230 mV £ 23mV), attributable to
several oligonucleotides chains addition to the dielectric surface proving the

ability of this strategy to directly detect miRNAs without further amplification.
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Table 3.2. Anodic and cathodic peak (Ipa and Ipc), peak-to-peak separation AE and
Charge transfer resistance (Rc), estimated for CHI101 electrode using CV and EIS in
5 mM [Fe(CN)e]*"*, in Pb pH 6.8, during miRNA-146a biointerface fabrication.

Sample: Ipa (pA) Ipc (uA) AE (mV) Ret (Q)
Bare 57.2+03 -5454+ 90 +2 150+ 14
0.01

Probe_Thiol 457+05 -37.3%+13 190 + 20 1000 + 100

miR-146a 443+10 -339+13 240 + 25 1853 + 100

In line with CV measurements, the Nyquist plots, Figure 3.18b, showed an
increase in the charge transfer resistance for each step of biointerface
functionalization. In detail, for bare-Au a small Rct, 150 Q, Figure 3.18b black
line, is present, highlighting how electrons do not encounter resistance while
traveling between the redox species and the electrode surface'?.
Subsequently, with the anchoring of the probe and the passivating molecule,
a clear increase in the total impedance between bare-Au (Rct = 150 Q) and the
probe-thiol functionalized electrode was observed (Figure 3.18b, red line Rct
= 1000.46 Q), Table 3.2. This increase is ascribable to the biochemical
properties of the probe that acts as a semiconductor. Furthermore, considering
also the insulating properties of thiol'%, the reaction rate of the
ferro/ferricyanide redox couple becomes slower, as shown by the increased
peak-to-peak separation, and consequently almost all faradic currents fail to
penetrate the electrode surface. Finally, also in this case further information on
the formation of the perfect match with miRNA-146a 1uM was obtained
through EIS analysis, Figure 3.18b blue line. Indeed, it is worth to note that
the diameter of the semicircles in the Nyquist plot increased with the addition
of the target miRNA, and consequently there was a clear increase in the total
impedance between the thiol-Au probe (1000.46 + 100 Q) and the electrode
functionalized with miRNA-146a (1660.23 + 166 Q ). Also in this case, the
semiconductor properties of the miRNA prevent all the Faraday currents from
crossing the surface, further slowing down the reaction rate of the redox
couple. This result demonstrated the feasibility of the proposed method and
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therefore the possibility of detecting miRNA-146a electrochemically with

commercial electrodes.

To furtherly test the sensitivity of the proposed method, we performed
additional functionalization tests at different miRNA concentrations of miR-
146a (500nM and 5nM), also including an US miRNA at 1uM, Figure 3.18c
and 3.18d. The first results have showed an excellent selectivity of our strategy
towards the miRNA-146a of our interest, in fact it cropped up a continuously
decrease in the voltammetric peaks lpa and Ipc and an increase in the peak-to-
peak separation for 5nM and 500nM concentrations compared to the Au-
probe-thiol system, Figure 3.18c and Table 3.3. These values are however
lower than the 1uM concentration, which confirm the presence of a smaller
amount of miRNA-146a on the electrode. Furthermore, the recorded Rct also
presented higher values than the Au-probe-thiol system, Figure 3.18d, as the
concentration varies and consequently also the calculated ARct increases as a
function of the concentration of miRNA-146a present in the samples, Table
3.3.

Table 3.3. Anodic and cathodic peak (lpa and lpc), peak-to-peak separation AE,
Charge transfer resistance (Rc) and AR values for CHI101 electrodes obtained for
the four samples analyzed using CV and EIS in 5 mM [Fe(CN)s]*”*, in Pb pH 6.8,

during miRNA-146a biointerface fabrication.

Sample: Ipa (MA) Ipc (MA) AE (mV) Ret (Q) ARct (Q)

us 456 + -36.3 200 £ 20 1201 £120 200 + 140
4.5 3.6

5nM 451 + -351%- 210+ 21 1355 +130 354 + 140
4.5 3.5

500nM 441 + -34.5+- 230+ 23 1650 £ 160 649 + 170
4.4 3.4

1M 443 + -34.9+ - 240+ 24 1857 £180 853 + 190
4.4 3.4

Lastly, the CV and EIS results recorded after adding an US miRNA 1 uM
highlighted the specificity of our probe towards miRNA-146a and therefore the
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robustness of our strategy. It is interesting to observe how the voltammetric
peaks values lpa and lpc, the peak-to-peak separation and the recorded Rct are
very similar to those of the Au-probe-thiol system, Figure 3.18c and 3.18d
purple line. These results confirmed the almost total absence of signal coming

from the US as confirmed by the calculated AR, Table 3.3.

The promising results moved us to validate the electrochemical PCR-free
method also with the miR-34a (a), miR-29b (b) and miR-125b (c) biomarkers,

using the relative probes reported in Table 3.1.
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Figure 3.19. EIS analysis for PCR-free of miR-34a (a), miR-29a (b) and miR-
125b (c) detection.

As shown in Figure 3.19, the measured resistance values confirmed the
effectiveness of miRNAs PCR-free detection. Indeed, the 210 Q resistance of
bare surface raised over 1000 Q after the probes grafting, due to the steric

hindrance and first electrostatic repulsions produced between the probes and
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the surface, and furtherly increased with an average gap of ~ 560 Q after the
miRNA target hybridization, as consequence of the perfect match formation
and the doubled number of strands added to the surface dielectric. This led to

a direct detection of miRNAs without any further amplifications by RT-qPCR.

3.2.3. Future perspectives: PCR-free sensing strategy implementation

into PoC device

The developed PCR-free technology has tested in its suitability for PoC
applications. The miRNA sensing interface has been functionalized on top of
a miniaturized amperometric chip fabricated by FBK. The chip, reported in
Figure 3.20a, was a 3 mm x 4 mm glass substrate patterned with 3
microelectrodes, i.e. a platinum WE and a gold CE and RE. A polycarbonate
mask (Figure 3.20b), having a capacity of ~50 pL, was assembled on top of
the electrodes area to avoid the fluids leakage during the functionalization and
testing processes. A polydimethylsiloxane (PDMS) mask completed the

assembly creating the microchamber for sample inlet.

PDMS mask | —

Polycarbonate mask

~

68¥ 16513 ‘ '

B

Working solution \
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Figure 3.20. Lab-on-chip system: a) Electrochemical miniaturized sensor 3mm x
4mm; b) Lab-on-chip system assembly through PDMS and polycarbonate masks; c)
Lab-on-chip system assembled for subsequent functionalization and
characterizations.
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The chip functionalization was performed in drop-casting mode directly inside
the microchamber and incubated in a humid chamber (90% RH), volumes of
about 20uL were used, as schemed in Figure 3.20c, according the
experimental protocol described for the commercial gold electrode, then the
same concentrations, incubation times were used. A CV and EIS analysis was
first performed to electrochemically characterize the chip, and we using three
different chips for the tests. The results, in Figure 3.21a and b, showed a
stable current response of the electrode to the voltage scan also for different
scan rate (from 0.05 Vs™' to 0.3 Vs') and a good surface active area®??. These
preliminary data were used to determine (through some manipulations of the
Randle-Sevcik equation3?® and considering the large active area of the bare
chip of 0.0706 cm?) the anodic (Da) and cathodic (Dc) diffusion coefficients
(Do) of ferricyanide using scan rates of 0.1 Vs-'. The results were compared

with the Konopka and McDuffie coefficients3?4.

15

15} ' , I | I I ]
03 (vs") ol /,/”“//1

Scan rate

0,05 (Vs™")

Current (uA)
(=]
Current (pA)
L ]
-—
[o]
A,
]
=]
©
(o5]

10}

-15¢

] 10}
1mM [Ks(FeCNG)]s""‘I ] °
-151 *

04 02 00 02 04 06 005 010 015 020 025 030
Potential (V) Scan rate (Vs™)

-20

A B

Figure 3.21. Electrochemical characterization of 3 mm x 4 mm amperometric chip.
(a) Cyclic voltammograms of bare 3 mm x 4mm at various scan rates in 1 mM
[Fe(CN)s]*”* in 0.1M KCl and (b) the linear dependence between Ipa and Ipc, obtained
using a 1 mM solution of [Fe(CN)s ]*7* in 0.1 M KCI, pH 7.0. The error bars in the
panel are the standard deviations calculated across three independent electrodes for

each condition tested.
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Data reported in Table 3.4 highlighted the bare electrode having diffusional
characteristics consistent with the Konopka and McDuffie coefficients, which
could be useful to obtain further information on the functionalization of the

sensing surface.

Table 3.4. Diffusion coefficient (D0O) estimated for 3x4 mm sensor using CV in 5 mM

[Fe(CN)s]*”*> in Pb pH 6.8. Average values of at least 3 sensors are presented.

Scan rate (Vs™) Da (cm?/s) Dc (cm?/s) Do (cm?/s)

0.1 (5.21 £0.01)=10° (4.66 £0.01)=10° (4.93 +0.01)-106

Subsequent CV and EIS analyses were performed to test the sensing
performances of the chip on the miRNA PCR-free detection. In this case,
probes and synthetic target of miR-125b were used for the chip WE
functionalization, done accordingly to the protocol previously described for the
commercial gold electrode. We performed the electrochemical analysis using

three replicates for each functionalization step.

The results, reported in Figure 3.22a and b, showed the variations of current
and potential at each functionalization step. For bare Pt WE, Figure 3.22a

black line, a typical voltammogram was obtained.
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Figure 3.22. (a) Voltammogram and (b) Nyquist's plot of chip step-by-step
functionalization characterization.
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The treatment with sulfuric acid activated the thiol groups on the surface,
consequently, modifying the WE surface electrical properties. Indeed, an
increase of both AE and Rctvalues, showed in Table 3.5, compared to the bare
surface was observed. The calculated electrode active area was significantly
reduced to 0.040 + 0.002 cm?, indicating a formation of a platinum oxide
layer3?S that causes a decrease in electron transfer. The functionalization with
probes and passivator (Figure 3.22a magenta line), then, created a
semiconductor-like layer that caused a further decrease of the anodic peak,
compared to the H2SO4 cleaned surface. This result proved the presence of an
organic layer grafted on the electrode surface, which gradually hindered the
electron transport on the surface of the platinum electrode a provoked a further
decreased of active area to 0.030 + 0.001 cm? The EIS, Figure 3.22b,
provided further valuable information on the presence of the probe-passivant
with a clear increase of total impedance (Rct = 4656.7 £ 405 Q, magenta line)
compared to the sulfuric acid treatment (Rct= 2379.2 + 290 Q, blue line). This
trend of impedance was associated to the chemical-physical properties of the
probe-thiol-modified WE surface, which prevented almost all the Faradaic
currents from penetrating the surface (due to the high insulating properties of
the thiol)'%4.

Table 3.5. Anodic and cathodic peak (Ipa and Ipc), peak-to-peak separation AE, active
surface area (A) and Charge transfer resistance (R«), estimated for 3x4 mm sensors
using CV and EIS in 5 mM [Fe(CN)g]*”*, in Pb pH 6.8, during miRNA-146a sensor

fabrication.

Sample lpa (MA) lpc (MA) AE (mV) A (cm?) Ret (Q)
Bare 68 + 10 -65+£10 1025 0.07 £ 0.01 3312
H2S04 3812 -28+2 264 £ 10 0.040 £ 2379 %
0.002 200
Probe_Thiol 28 £ 1 -19+1 362+6 0.030 £ 4657 +
0.001 400
miRNA- 28 £1 -16£1 391+£2 0.029 + 5710 £
125a 0.001 400
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Lastly, we tested the perfect match formation between the 500 nM miRNA-
125b mimetic and the grafted probes. As shown in Figure 3.22a, there is a last
slight decrease of the voltammetric peaks magnitude and the electrode active
area (A=0.0296 + 0.001 cm?) and an increase in the peak-to-peak separation
(AE = 391 £ 2 mV) compared to the probe-thiol modified surface. The EIS
analysis (Figure 3.22b orange line) supported the data. Indeed, it was
measured a marked increase of the total impedance, with a ARt of 1022.95
Q), as a consequence of the probes-miRNA duplex formation and the further
the electrical isolation at surface. These results proved the doubled number of
oligo strains added to the dielectric surface and the probes- miRNA-125b
perfect match formation, thus, demonstrating the suitability of the developed
PCR-free sensing method to properly work also integrated into portable chip

towards future PoC applications.
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CHAPTER 4

Conclusions
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4. Conclusions

My Ph.D. thesis has been focused on the development of novel innovative
sensing strategies for nucleic acid detection for future PoC biosensor
applications. The genetic PoC are systems integrating all steps necessary for
the molecular analysis such as sample preparation (extraction and purification
of DNA) and detection (i.e. PCR or real time PCR) and they should be able to
perform in vitro genetic analysis by unskilled personnel near to the patient, in

hospital, in the physician office, clinic or home with rapid answer and low cost.

In the first chapter, types and mechanisms of electrochemical and optical
biosensors have been reviewed. It has been explored the way electrochemical
biosensors can quantitatively assay biochemical analytes in biological fluids,
providing digital data of dynamic physiological processes for research and
future healthcare applications. Optical biosensors have made also great
strides in detecting a variety of chemical and biological analytes. The
performances of these devices will continue to evolve due to the need for low-
cost, durable, accurate and sensitive analysis in different biomedical
applications. In this scenario, PCR-free approaches emerged since aim to
provide an effective molecular diagnostics in a facilitate and decentralized way.
These methods are designed to perform the direct detection of genetic material
without the constrain to PCR amplification and bulky lab instrumentations,
thus, optimizing time, costs, and portability of the analysis. Further
development of these biosensors would enable routine health checks at home,
thus, detecting abnormalities at an early stage and making therapies more
effective. Moreover, the combination with the I[oT and a high level of
informatization would address the need of a real-time management of
screening data and the possibility to wireless share them in a common cloud
repository. This would be very useful, for example, in the infections screening
to quickly register asymptomatic and symptomatic subjects and to proceed
with the patient isolation, containing any risk of future pandemics. This
exhaustive study of the PoC and PCR-free technologies state-of-the-art has

been published in the Advanced Healthcare Material journal in 2023326,
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The second chapter of my Ph.D. thesis focused on the development and
characterization of new molecular methodologies for the PCR-free detection
of pathogen microorganisms. The sensing strategy has been designed for the
high throughput molecular detection of the genetic material of SARS-CoV-2
virus, the Pseudomonas aeruginosa bacterium and the Leishmania infantum
protozoan, all of which are responsible for severe human infectious diseases.
A cooperative hybridization mechanism has been performed by a thiol-
modified oligonucleotide sensing array functionalized on top of a commercial
gold electrode. The deep characterization of developed sensing interface
performed by CA, SFE and XPS analysis proved the effectiveness of each step
of gold surface functionalization, giving also some hints on the surface charges
properties of solid-state NAs complexations. The PCR-free sensing of all
genetic targets has been, instead, performed by CV and EIS analysis, which
reported analytical performances comparable to the PCR-based gold standard
techniques with a LoD of 1 cps/pL and LoQ of 10 cps/uL. One of the main
advantages of this sensing method is certainly the possibility to avoid further
NAs amplifications keeping a high level of sensitivity and accuracy, together
with the future possibility of a system integration into miniaturized chip that
would allow the development of portable, adaptable and low-sample
consumption biosensors. Another approach for PoC devices devoted to
microorganisms detection was based on phage probes leading to possible

device architecture to be implemented in miniaturized systems.

The results paved the basis for useful sensing strategies in pandemic
scenarios, opening the infections screening to massive and low-resource
settings applications in a PoC format. Part of this research activity was

published in the Advanced Materials and Interfaces journal in 202491,

The last section of my Ph.D. thesis was devoted to the development and
characterization of two biosensing strategies for the detection of other

molecular targets as specific biomarkers of the Alzheimer's disease (AD).

The first type was a silicon-based biosensing technology for the AD diagnosis
in human sera, relying on a sensing biointerface for the phage probes (ADPP)-
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based detection of AB-autoantibodies produced in the advanced stages of AD.
The AFM and XPS characterization confirmed the effectiveness of the silicon
surface functionalization with GOPS silane and protein G (PG). The SEM and
AFM inspections of both GOPS-PG-IgG and GOPS-PG-IgG-ADPP
biointerfaces proved the binding of the IgGs and the ADPP to the biointerface,
reporting the characteristics Y-shaped and circular fractal bodies. The CA
measurements at various pH demonstrated the effectiveness of each step of
functionalization together with a dependence of surface wettability upon pH
that was attributed to structural arrangement of the anchored biomolecules.
The sensing ability of the system, instead, was first validated with a silicon flat
substrate by testing both healthy and AD human sera. Results indicate a good
discrimination between AD and healthy sera, validating our biointerface for the
sensing purpose. Subsequently, the functionalization was applied to a silicon
miniaturized chip as first proof of concept for AD diagnosis and screening in a
PoC format. Data showed a statistically significative discrimination between
healthy and the AD sera and thanks to the combination with the miniaturized
architecture of the silicon chip, the proposed strategy would open to a very
large-scale integration toward a new frontier of decentralized biomedical
diagnostics. The results of this activity were published in the Advanced

Materials and Interfaces journal in 20232%.

The second and last activity of the chapter focused on the development of a
sensing strategy for the PCR-free detection of AD-associated miRNAs. The
sensing strategy, based on the use of specific oligonucleotide probes, was able
to detect miR-34a, 125b, 146a, and 29b, as important biomarkers of AD onset,
directly on top of a commercial gold electrode via a perfect match with the
surface array of probes and without any pre-amplification of the molecular
target, thus, making the analysis faster than commercial PCR-based methods.
The first CA characterization validate the effectiveness of gold surface
chemical functionalization, as proved by the increase of wettability and polarity
after probes and miR-146a surface binding and hybridization. The
electrochemical analysis with miR-146a, instead, confirmed the high sensitivity

of the sensing strategy, revealing down to 5 nM of miRNA copies. Furthermore,
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by changing the probes sequences, the technology proved also to be very
versatile, revealing also the 34a, 29a and 125b miRNAs, and highly selective,
avoiding any false positive detection towards the US miRNA. As future
perspective, the strategy was first implemented into an amperometric chip,
developed by FBK, composed by three electrodes patterned on a glass
substrate. The Pt WE surface of the chip was functionalized according to what
done with the commercial electrode and results confirmed the suitability of
PCR-free miRNA sensing strategy also for portable devices towards

decentralized PoC applications.
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Conoci S “PCR-free detection of miRNA biomarkers for neurodegener-
ative disorders” Eurosensors Conference 2024, Debrecen, Hungary,
September 1-4 2024

Calorenni P(poster), Sciuto EL, Balli MV, Valenti G, Paolucci F, Prodi L,
Conoci S “ECL-Based detection of pathogen genome for biosensing
application” Lights Interactions with low-dimensional systems Messina,
Italy, May 20 2024

Calorenni P(oral) “Study of solid-state DNA chemical properties on
gold”, AISEM Conference 2023 Bologna, Italy, February 07-09 2024

P. Calorenni (oral) “Isoelectric and Grafting Density Profiling of Si- and
Au-Immobilized Nucleic Acid”. Eurosensors Conference 2023, Lecce,
Italy, September 10-13 2023

5.4.Courses attempting and school

1.

Scuola di dottorato, “New trends in the application of Photonics”,
Catania (CT), 11-15 Novembre 2024

Seminario — Probing the curious chemistry in micro — and —
nanodroplets via nanoelectrochemistry — tenuto dal Prof. Jeffrey E.
Dick, Bologna, 09 Giugno 2023

PhD visiting at University of Bologna (G. Ciamician), April 15t— July 18t,
2023, Bologna, Italy. Topic:

e application of novel PCR-free biosensor for the early diagnosis
of virus infection via electrochemistry and
electrochemioluminescence

Scuola di Dottorato, “Il Scuola Nazionale Sensori Chimici”, Palazzo
Feltrinelli, Gargnano (BS), 17-19 Ottobre 2022
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