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Abstract

DNA biosensors have attracted great attention in the last years thanks to the application
perspectives in many fields such as environmental analysis, food safety and diagnostics. The
versatility of DNA as tool can be exploited to build nanotechnological devices, improving the
detection of a broad variety of analytes in real time, thanks to the implementation on the proper
technological platforms. Nowadays, new diagnostic tools are required for the sensitive detection
of biomarkers in human samples, towards the replacement or the integration of common lab-
based detection methods. MicroRNAs are very interesting biomarkers for many reasons: their
role and deregulation in pathological processes, their specific expression, and their stability in
body fluids. The challenge in their detection is related to their short sequences (20-23 nt), their
low concentration and the high sequence homology between different miRNAs. Common lab-
based techniques often struggle in efficiently detecting them because of the preparation required,
the complex instrumentation needed and the lack of sensitivity. Moreover, these techniques are
not conceptually adaptable to a fast diagnosis and point-of-care applications. DNA based
biosensors represent a valid alternative to these techniques, providing new detection methods
able to support the common analytical strategies or replace them. In this class of sensors, DNA
is employed as bioreceptor and it interacts directly with the specific nucleic acid target, returning
a signal, potentially with a reduced time of analysis. Biosensors in general can provide high
sensitivity and many examples are reported about biosensors working in complex media, avoiding
samples purifications. The peculiar features of DNA allow the design of a specific processes that
can enhance the sensitivity and the general performances of the detection. DNA nanotechnology
can furnish new tools to improve the sensitivity and the recognition mechanisms of such sensors.
We worked towards the development and the application of new strategies and nanotechnological
tools to improve the sensitivity of DNA based biosensors for miRNA detection. Hybridization Chain
Reaction is an isothermal amplification process based on the self-assembly of DNA strands in
solution. HCR can be used to improve DNA based biosensors leading to an enhanced response
upon target detection. In our lab, we have experience in the design of DNA assemblies, and we
designed HCR amplification to detect specific miRNAs. After the characterization in solution, we
worked towards the implementation on electrochemical sensing platform and in sensing based
on Localized Surface Plasmon Resonance in order to evaluate the enhancement in sensitivity
reachable with HCR. Although electrochemical detection has still to be improved and optimization
of the electrochemical setup is required, we proved the effect of the self-assembling reaction.
Better results were obtained in the LSPR setup that allowed performing the detection of the target
in real time and in a label-free manner. Using the LSPR detection we were able to detect the

target miR-17 in buffer with a limit of detection of 1 nM, and we improved it to 1 pM using HCR.
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In parallel, we designed an alternative detection method employing a triple helix probe, involving
a double hybridization chain reaction able to induce the formation of bigger nanostructure to
induce a greater amplification. The aim was to investigate new methods to further improve the
sensitivity of DNA based biosensors. This was done by exploiting the two triple helix forming
strands, both used to induce a response after target detection, in a strategy never reported in
literature. In principle, this strategy would allow the combination of different transduction methods
and the adaptation to multiplexed detection. We demonstrated the working principle of this
method and performed preliminary experiments in electrochemical detection of microRNAs. In
line with our aim, during the work, we explored alternative strategies to enhance the response of
DNA based biosensors, for instance investigating the possibility to employ DNA templated Ag/Pt
nanoclusters in sensing applications. We were able to characterize their formation and work on

the application in sensing thanks to a collaboration.
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1 Introduction

There is a great interest in the development of new methods for the sensitive and specific
detection of nucleic acids biomarkers. DNA based biosensors can be implemented in original and
alternative ways for this purpose. During the introduction, we will focus on the needs of innovative
analytical tools. We will present an overview of the main biosensing strategies for the detection
of biomarkers and especially of nucleic acids, presenting the state of the art and concentrating
the attention on short nucleic acids such as microRNAs. We will explain why they are so
interesting as biomarkers, its importance and the challenge in the detection, giving some hints
about the technigques employed with this purpose. We will present some of the nanotechnological
tools we decided to take into account for the development of such devices, introducing DNA

nanotechnology and metal nanoparticles.

1.1 MicroRNAs as biomarkers

MicroRNAs are small, conserved, endogenous, non-coding RNAs expressed in plants, animals
and some viruses. These RNAs are coded in the nucleus through transcription of nuclear DNA,
and they can be 20-23 nucleotides in length. They have regulatory roles for the level of expression
of genes at transcriptional and post-transcriptional level. Complexed in the RISC protein complex,
the miRNA performs its task, able to recognize the mRNA target and lead to its degradation or
silencing (O'Brien et al., 2018). In general, in physiological conditions, miRNAs are involved in
complex cellular networks with feedback mechanisms which ensure the efficiency of many
important biological processes. Researchers proved, and widely reported, the involvement of
miRNAs in the main cellular process, such as development, differentiation, apoptosis,
proliferation, migration, signal transduction and metabolism (Vidigal and Ventura, 2015, Chandra
et al., 2017, Hwang and Mendell, 2006). It is not surprising that, in pathological conditions, the
concentration and the activity of microRNAs may be affected (Chandra et al., 2017, Mendell and
Olson, 2012, Sayed and Abdellatif, 2011). For instance, many miRNAs are deregulated during
tumorigenesis and tumor progression (Calin and Croce, 2006, Sethi et al., 2014, Farazi et al.,
2011). The loss or gain of function of specific microRNAs can lead to the increase in the cell
plasticity, dedifferentiation and oncogenic transformation. The deregulation of a small group of
microRNAs could be enough to induce the progression towards neoplastic transformation of few
cells. The detection of the concentration and activities in cells and tissue would provide an
important tool towards early and efficient diagnosis of specific pathologies. MIRNAs are very
interesting as biomarkers also because they can be released from cells in body fluids such as
blood, saliva and urine (Bianchi et al., 2012, Li et al., 2019, Turchinovich et al., 2011).
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Figl.1. Scheme of the biogenesis and release of microRNAs by cells. MicroRNAs are coded and in the nucleus as
pre-miRNA and then exported in the nucleus where further maturation processes lead to the formation of the mature
miRNAs. miRNAs are then complexed in RISC complex or other proteins. miRNAs can then be released either
complexed in proteins, in vesicles such as exosomes but also in free forms in exosomes. Reprinted from Sohel 2016
(Image licensed under the Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International).

MiRNAs may act as hormones, able to regulate the expression of target genes in cells elsewhere
in the body. Mechanisms leading to these processes need to be further characterized, but it is
proposed that miRNAs could be released after cell damage, inflammation or necrosis, related to
pathological conditions (Chen et al., 2008b, Arroyo et al., 2011, Mitchell et al., 2008). The
secretion can take place through the formation of vesicles such as exosomes, apoptotic bodies
(Zernecke et al., 2009), complexed with lipoproteins (HDL) or RNA binding proteins. Researchers
reported the correlation between specific miRNAs in blood and tumor progression (Calin and
Croce, 2006, Chen et al., 2008b, Mitchell et al., 2008). Their presence in higher or lower
concentration can be used to get information about the status of a pathogenic process for
follow-up or diagnosis. Knowing the complexity of the biological networks and the individual
biological differences, a more efficient diagnostic strategy should focus on the determination of a
group (a signature) of miRNAs informative for the pathological outcome. For instance, in literature
many groups of miRNAs are reported as deregulated in patients affected by cancer, but there is
a big challenge in finding overlapping evidences because of the lack of standardization and robust
methods for their identification. In the case of lung cancer, many signature of miRNAs have been

validated (Abd-El-Fattah et al., 2013, Aushev et al., 2013, Bianchi et al., 2012, Geng et al., 2014,



Heegaard et al., 2012, Hennessey et al., 2012, Keller et al., 2011, Qin et al., 2015, Rabinowits et
al., 2009). Bianchi and its group identified a group of 34 circulating miRNAs in serum, allowing
the assignment of the onset probability of lung cancer in asymptomatic patients (Bianchi et al.,
2011). Their work shows how any group of five of these miRNAs are enough to obtain reliable
information about the status of the disease. A parallel study performed by Boeri's group revealed
a conceptually comparable group of miRNAs also in asymptomatic patients, including 13 miRNAs.
Five of these miRNAs are present in Bianchi’s diagnostic signature, with the same direction of
variation (over or under expression) (Boeri et al., 2011). Known that specific “signature” can be
defined and validated. Even if the standardization is one of the main issues, it is undoubtful that
the development of new detection methods, with better performances, would guarantee new
precious tools towards the diagnosis based on miRNAs, also in combination with existing

techniques.
1.1.1 MicroRNA detection

As mentioned before, microRNAs have perfect features as biomarkers: 1) they are well conserved
in the genome 2) they are expressed in tissue-specific manner 3) even a low alteration in their
concentration can be considered informative 4) microRNAs are very stable in body fluids. Beside
the standardization problems, there are problems due to their short length (20-23 nt), their low
concentration and the high similarity between different miRNAs. The most common techniques
for the detection of microRNAs are northern blot, microarrays, Next Generation Sequencing
(NGS) and quantitative real-time PCR (Graybill and Bailey, 2016). NGS allows the generation of
a large amount of data from parallel sequencing in a single reaction, and it emerged as one the
favorite system for the analysis of the expression of microRNAs. This technique is able to
discriminate differences of one base between miRNAs, and the analysis of large number of
samples is possible in weeks. The common techniques often are time consuming, expensive, the
sample need preparation steps and transfers all over the analysis. The manipulation of the sample
leads to higher variability or degradation, affecting the sensitivity. Table 1-1 resumes some
features of these techniques, pointing out also at the cost and the time needed for the analysis.
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Table 1-1.Common techniques for microRNAs detection and characterization. Reprinted (adapted) with permission
from Graybill & Bailey 2016 (Graybill and Bailey, 2016). Copyright (2016) American Chemical Society.

Summary of the gRT-PCR Microarrays Next Generation
common Gequencing
techniques
Time to result hours days weeks
Cost $$ $ $$$
Biochemical ligation with T4 (SYBR | no ligation steps ligate barcode
processing Green) Annealing of primers
Input low (ng) large (ng—-ug) large (ng-ug)
Drawbacks results need validation long | single plex do not always need global
time to result view

Different microRNAs can act in different ways during the same preparation procedure. In
techniques requiring enzymes, such as ligase or polymerase in PCR-based techniques and NGS,
the results strongly depend on the purity of the sample or the different method used for the
separation. Beside the short length, microRNAs can show great variation in the CG content,
affecting the detection efficiency. Alternative techniques could help to overcome the main
limitations of these methods, towards the development of easy to use devices allowing faster
point of care analysis of nucleic acids (Bellassai and Spoto, 2016, Tavallaie et al., 2015).
Biosensors represent a valid alternative, thanks to a broad variety of nanotechnological tools such
as Nano and Micro structured surfaces, nanoparticles, self-assembled biomolecules layers,
alternative amplification strategies and implementation on different transductors (Tian et al.,
2015).

1.2 Biosensors

Biosensors are analytical tools, in principle able to bring a big improvement to the detection and
quantification of biomarkers such as miRNAs. Biosensors are mainly composed by two elements:
the bioreceptor and the transducer. 1) The bioreceptor is responsible for the specificity in the
interaction with a target molecule in a complex medium. A large variety of biological elements can
be used, such as enzymes, antibodies, nucleic acids, entire cells, tissues, proteins or even cellular
receptors (Patel et al., 2016). Antibodies, and DNA have been widely employed in the realization
of many immunosensors and DNA based biosensors respectively, for their high specificity and
ability to recognize a wide range of analytes (Ronkainen et al., 2010). 2) The transducer is an
element designed to convert the capture to a measurable physical signal, such as a fluorescent,

electrochemical or even a colorimetric response (Patel et al., 2016). In some biosensors, a signal
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processing system is also present, depending on the transduction method and the technology in
use. This is required to process the output responses returned by the transducer and show it in

an interpretable form.
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Fig 1-1. Scheme of applications and components of existing biosensors.

In principle, the response can be generated in real time and it is related to the presence of the
target and its concentration. Their applications are studied in a wide variety of fields, such as
environmental analysis, cells, body fluids, and food industry, allowing real time analysis with low
limit of detection and better performances (Malhotra et al., 2005, Perez-Lopez and Merkoci,
2011). Scientific community and the high market demand are always pushing for new strategies
to improve these devices and implement them for point of care detection of biomarkers. In
combination with microfluidics and miniaturization, it would be possible to design lab-on-chip
devices, where different process for sample preparation and analysis are integrated in the same
instrument. This allows skipping time-consuming processes and expensive lab facilities without
transfers of the samples, contaminations and waste of reagents (Foudeh et al., 2012, Estevez et
al., 2012). Nanotechnology helps facing these challenges, providing new tools towards
miniaturization of the components, analysis of small volumes of samples with high resolution and
efficiency and fine functionalization of materials. We will focus in the next sections on some of the
transduction methods applied to biosensing and on some applications in the detection of nucleic
acids with DNA based biosensors. This class of biosensors can be very selective and sensitive
thanks to the complementarity rules in the formation of base pairs, beside their cheap realization

and simple interfacing with a variety of transducing elements (Teles and Fonseca, 2008).
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1.3 Electrochemical biosensors

Electrochemical biosensors show remarkably high sensitivity, potentially cheap instrumentation
is available, and they can be easily implemented in miniaturized devices. Their versatility allows
multiplexation and portability for point-of-care analysis of different compounds simultaneously
(Abi et al., 2018, Cagnin et al., 2009, Ronkainen et al., 2010, Wang, 2006). An electrochemical
reaction involves the flow of charges at the interface between an electrolyte (a species in solution)

and a conductive surface, also called electrode.
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Fig 1-2. Scheme of a general electrochemical biosensor. Readapted from Hernandez-Vargas et al., 2018 (image
licensed under Creative Commons license Attribution 4.0 International).

Electrochemical biosensing exploits these kind of phenomena to convert a molecular process to
a signal related to the concentration of a specific analyte (Ronkainen et al., 2010). In biocatalytic,
electrochemical biosensors the analytes are substrates of a chemical reaction that is catalyzed
by the bioreceptor. This is the case of enzymes, or entire cells employed as recognition elements,
able to generate an electrochemically detectable product or signal (Wang, 2006). The glucose
monitoring devices are the most successful biocatalytic electrochemical sensors (Wang, 2008).
These sensors can be realized employing glucose oxidase or glucose dehydrogenase enzymes,
able to catalyze, in presence of glucose, a redox reaction that is an electrochemically readable
charge transfer. Affinity electrochemical biosensors are instead based just on the specific
interaction between the analyte and the receptor. The interaction does not lead to the signal
production by itself, but the interaction is converted into a signal response. There are two main
possibilities to get information from this interaction: 1) using electroactive labels detectable after

the target recognition or 2) detecting some changes in the electrical properties at the interface
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between the surface and the medium. A great variety of electrochemical biosensors has been
developed using a broad range of molecules, antibodies, nucleic acids, aptamers (Ronkainen et
al., 2010, Abi et al., 2018, Navani and Li, 2006). In DNA based biosensors, DNA can be easily
immobilized through covalent bond on the electrodes using thiol-gold affinity and electrical
parameters can be measured when a hybridization occurs on surface. DNA based
electrochemical biosensors could detect in real time nucleic acids biomarkers in the diagnosis of
infections, cancer, and other diseases. In addition, aptamers can be developed and implemented
on electrochemical sensing for a large variety of analytes with different strategies (Navani and Li,
2006, Song et al., 2008). Nucleic acid based electrochemical biosensors are witnessing an
increasing progress with big efforts to obtain innovative nucleic acid based electrochemical
sensors with improved performances (Abi et al., 2018, Cagnin et al., 2009, Sassolas et al., 2008).

1.3.1 Electrochemical techniques for biosensing

Electrochemistry includes many techniques for the investigation of conductive surfaces and
detection of analytes. In general, an electrochemical biosensor is part of an electrochemical cell,
allowing us monitoring of the occurring phenomena. A typical three-electrode electrochemical cell
is composed by three elements: a working electrode, usually a conductive and stable material
such as gold; a reference electrode often consisting in a silver component coated with a silver
chloride AgCI layer (Ag/AgCl); a counter or auxiliary electrode, such as a platinum wire. The
phenomena that we want to measure take place at the working electrode. The charges flow
through the counter and the working electrode, while the reference maintain its half-cell potential
allowing the control of the overall potential applied to the cell. Voltammetry and amperometry are
techniques based on the simple application of a potential versus a reference electrode, while the
current is measured. The voltage step generates a current due to the electrolysis mediated by an
oxidation or reduction at the working electrode. The response is dependent on the rate of mass
transport to the conductive surface. Voltammetry is a class of electrochemical methods where the
potential at working electrode is varied while the current is measured. Many techniques are
included in this group. Some of those, employed in biosensing, are linear sweep voltammetry,
cyclic voltammetry, Square wave voltammetry and differential pulse voltammetry. In cyclic
voltammetry (CV), the potential in scanned in a defined potential range back and forth and it is
used to monitor reversible reactions. In linear sweep voltammetry (LSV), the potential is scanned
just in one direction to get the oxidation or reduction current peak of the analyzed species. In
presence of electroactive molecules, the oxidation and reduction current are sampled, and the
current intensity would be proportional to the concentration of the analyte. Differential pulse
voltammetry (DPV) and square wave voltammetry (SWV) are voltammetric techniques where the

potential is varied with regular voltage pulses or applying square wave and staircase potential.
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This peculiar potential step lead to the reduction of the non-faradaic component of the current
enhancing the sensitivity. Hexamminoruthenium (lll) (RuHex) and Methylene Blue (MB) are
common electrochemical labels used in DNA based biosensors and they are detectable with
voltammetric methods, either covalently bound to the DNA probe or added later after target
detection (Liu et al., 2014, Liu et al., 2017, Ferapontova, 2018). Also intercalating electroactive
molecules can be used as labels: Hoechst is for example used in nucleic acid detection and
measured through voltammetric techniques upon incubation on the electrode surface (Sufen et
al., 2002, Zhao et al., 2012). Electrochemical impedance spectroscopy (EIS) is also an interesting
technique for biosensing applications (Bahadir and Sezginturk, 2016). Impedance is a
generalized term referring to resistance, including other parameters affecting the charge transfer,
such as mass transfer and capacitance. It consists on the measurement of the resistive and
capacitive properties of materials, after a perturbation of the system, by applying a small
amplitude sinusoidal AC excitation typically in the range of 2-10 mV. The frequency of
such oscillation is varied in a wide range of values to obtain a spectrum of impedance in stationary
conditions. The currents generated are monitored in order to obtain information about the
components of the impedance. Depending on the frequency value, impedance can sample
electron transfer at high frequency and mass transfer at low frequencies. EIS is a label-free
technique and its application is convenient for affinity sensors, where the binding of the target
molecule on the immobilized bioreceptor can produce small changes in the impedance related
and proportional to the concentration of the analyte. Impedimetric sensors have been widely
proposed in literature in DNA based biosensing but also in other fields (Bahadir and Sezginturk,
2016, Bertok et al., 2019, Daniels and Pourmand, 2007).
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Fig 1-3. Electrochemical detection of miR-155 proposed by Cardoso et al, comparing the detection using Cyclic
Voltammetry (A), Electrochemical Impedance Spectroscopy (B) and Square Wave Voltammetry (C). (Readapted
from (Cardoso et al., 2016). (Image Under Creative Commons License Attribution-NonCommercial-NoDerivatives
4.0 International).
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Voltammetric and Impedance based technique have been also compared by Cardoso and
coworkers, proposing a simple detection method for miR-155 in breast cancer samples, reaching

a limit of detection close to the attomolar range (Cardoso et al., 2016).
1.4 Surface Plasmon Resonance (SPR)

Surface Plasmon Resonance (SPR) is a label-free technique, which came out in the last decades
as a suitable and reliable platform for biosensing applications (Nguyen et al., 2015, Hoa et al.,
2007). Surface plasmon resonance is a phenomenon occurring when an incident light hits a noble
metal surface, for instance gold surface. When the incidence angle assumes a certain value (SPR
angle), at a fixed wavelength, the light energy excites the electrons at the interface of the metal
layer, allowing resonance. The oscillations of the electrons due to the energy coupling are called
plasmons, and they propagate on the metal surface. The oscillation of the plasmons returns an
evanescent electric field with a range of about 300 nm from the boundary between the metal
surface and the solution. In a standard commercial SPR sensor, the incident light is directed on
the sensing surface using a glass prism with high reflective index. When these conditions are
satisfied, the resonance effect can be observed as a drop in the reflected light at the SPR angle
(Fig 1-4).
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Fig 1-4. Scheme of the working principle of SPR. Readapted from Jacqueline Jatschka, 2016 (licensed under
Creative Commons Attribution 4.0 International).
The coupling conditions depend also on the refractive index of the medium at the interface and

these change when the refractive index at the interface changes. Even a small variation leads to
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a perturbation of the resonance conditions, and therefore the SPR angle. The refractive index can
change for example upon the binding of a specific target to a bioreceptor immobilized on the metal
surface. The change in the refractive index can be observed in real time by monitoring the shift
of the SPR angle over time, while flowing the sample on the sensing surface. SPR based methods
are very interesting for biosensing applications because it could very sensitive and it is label-free.
These are basically sensitive to mass changes nearby the surface. SPR is already used for the
screening and detection of analytes or to investigate the interaction between proteins (Mariani
and Minunni, 2014, Nguyen et al., 2015).

1.5 Metal nanoparticles in biosensing

Metal nanoparticles (MNPs) are an important tool offered by nanotechnology for a broad variety
of applications (Malekzad et al., 2017). Metal nanoparticles show many advantageous features
making them very interesting as possible transducers elements in biosensors. Especially noble
metal nanoparticles, such as silver, gold and platinum NPs attracted great attention and they have
been widely studied. Their unique properties are related to the material but also strongly related
to their dimensions (Wu et al., 2011). Objects with dimensions up to 100 nm are considered
nanoparticles, and at this scale, there is an increased surface/volume ratio, influencing indeed
their physical chemical properties. Metallic nanoparticles received in the last decades great
popularity, also thanks to the uniform and sharp size distribution reachable in chemical synthesis.
Beside the advantages offered by their dimensions, they can be easily functionalized, modified to
be exploited to bind ligands, drugs, antibodies and DNA. The role of metal nanoparticles in
biosensing can be assigned depending on the physical or electrochemical changes occurring
upon target detection. NPs can act as platforms for immobilization (Guo et al., 2014, Turkmen et
al., 2014), enhancers of the electron transfer (Li et al., 2010), catalyze chemiluminescent reaction
in presence of substrates (Tian et al., 2009, Chaichi and Ehsani, 2016), amplify changes in
refractive index in SPR based sensors (Sugawa et al., 2015, Zhang et al., 2014) and amplify
changes in mass (Yan et al., 2015). For these reasons we took into account the employment of
metal nanoparticles as signal transducers and enhancer in our detection methods. With smaller
sizes, also metal nanoclusters are interesting objects for biosensing applications. Their
dimensions can be perfectly controlled it can usually reach 2 nm and they also have unique
electrical, optical, magnetic and reactivity properties (Li et al., 2014, Shang et al., 2011, Wang et
al., 2016b, Zheng et al., 2017). They are often biocompatible, and they can be easily combined

in biosensing with a great variety of biomolecules.
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1.5.1 Gold nanoparticles

Gold nanoparticles (AuNPs) have been widely employed in biosensing and many other

bionanotechnological applications, for their specific properties, the large variety of synthesis

methods and ease of functionalization (Herizchi et al., 2016, Tiwari et al., 2011). In addition to the

properties discussed above concerning metal nanopatrticles in general, AUNPs show excellent

biocompatibility and low toxicity, with a broad spectrum of possible applications (Yeh et al., 2012).

In electrochemistry, they allow

fast electron transfer between a wide range of electroactive

materials and species on the surface, enhancing the conductivity (Pingarron et al., 2008). Optical

properties include surface plasmon resonance (SPR) (Csaki et al.,

sections, and fluorescence modulation (Kang et al.,

general a very versatile platform

2018), mentioned in previous
2011). Gold nanoparticles can provide in

for molecular assemblies involving antibodies, oligonucleotides

and proteins for biosensing purposes, also implementable for visual detection of biomolecules

(Cao etal., 2011, Lietal.,

Sphere

Rod

Nanoshell Nanocage Nanostar

Shape

2010).

1-2nm  2-6nm  10-150 nm . - . . .
salt AuCI(PPh)  HAuCl,  HAuCI, ; '
Reduci ¢ NaBHY/ NaBH Citrat -—
educing agen dAbeiine aBH, itrate .
Stabilizing agent Phosphine  Alkanethiol  Citrate
Size

Multifuctionalization

<Y Radionuclide

Charge G
Positive/negative/neutral B( Dru ene
B
/’ \e ¢
Poly(ethylene) glycol q,o OiA 3.;. % ﬁq\ Gene (DNA/siRNA) %}» ;
e TN Caboete Proteln
Polarity % Imaging probe D '- o "'
Hydrophobic/hydrophilic/ },: o
amphiphilic » Peptid wh L
Antibody * s Drug Oa"\ -
Surface coating Functionalization
Biological/chemical sensing g : ;'E :S!E ; E

N e

ﬂl]“1ﬂ|

Sensor chip (gold film)

: o i i i
J IL ﬂ*lﬂ l] 111 [1[

W v’ v"‘ » »
. .. . %% %0 4 :_.Q .
DIAGNOSTICS

Fig 1-5. Gold nanoparticles properties and applications. Adapted from Her, Jaffray, & Allen 2017 (Her et al.,

Light source

SPR based sensing

2017)

Image licensed by Elsevier and Copyright Clearance Center (License number 4698271265307, 4698280074473).

18



DNA can be covalently or not covalently immobilized on the gold nanoparticles and used for DNA
based sensing of molecules. In DNA based biosensors, due to the surface-to-volume ratio, the
amount of hybridized target DNA can be greatly increased, and so it is possible for many other
molecules. Fang and coworkers were able to increase the immobilized oligonucleotides probes
on gold electrodes by 10 fold compared to bare gold electrode (Cai et al., 2001). Researchers
also experimented multi-biofunctionalized gold nanopatrticles. A barcode assay was proposed by
Mirkin and coworkers, immobilizing barcode oligonucleotides and target-specific antibodies on
gold nanoparticles (Tang et al., 2007). In combination with antibody-functionalized magnetic
microparticles, the target is detected with a sandwich-like method. Also examples of the
combination of aptamer-functionalized gold nanoparticles to spectroscopically detect small
molecules and cancer cells (Yeh et al., 2012). DNA based biosensors can take advantage of non-
covalent interaction between nucleic acids and gold nanoparticles to modulate a response. The
interaction of nucleic acids with modified or unmodified metal nanoparticles can affect their optical
properties, giving the chance to generate a spectroscopically detectable signal thanks to

plasmonic phenomena.
1.5.2 Localized Surface Plasmon Resonance (LSPR)

The field of plasmonics also experimented the application of metal and metal-hybrid
nanostructures with unigue optical properties, due to the strong interaction of their charge carriers
(electrons) with an incident light. This phenomenon is called LSPR, localized surface plasmon
resonance (Willets and Van Duyne, 2007). As for SPR, the effect of LSPR is based on delocalized
charges in noble metal objects but these objects have dimensions smaller than the wavelength
of light. An external electromagnetic field (the light) induces, at a specific fixed wavelength, the
oscillation of the conduction electrons with a subsequent excitation of localized surface plasmons,
allowing the resonance. Unlike SPR, in LSPR, the localized plasmons in the metal nanostructures,
for examples metal nanoparticles, can be excited directly by an incident light, without any
constrain about the incident angel. This make the realization of LSPR based devices simpler. The
coupling of energy is observable as a drop in the transmitted light, which is a peak in the
absorbance of the nanoparticles (Fig 1-6) (Jung et al., 1998). When resonance occurs, an
evanescent field takes place around the nanoparticles. The plasmonic optical response, such as
the color of the colloidal solution, is related to the material, the geometry, the shape and the
dimension (Lee and El-Sayed, 2006). As for SPR, changes in the refractive index around the
nanoparticles affects the coupling conditions resulting in a shift of the absorbance peak. In
general, bulk sensitivity of gold nanoparticles is positively correlated to the diameter, but it is

usually lower than SPR based system with metal thin coats.
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Fig 1-6. Scheme of the working principle of LSPR. Readapted from Jacqueline Jatschka, 2016 (lisenced under
Creative Commons Attribution 4.0 International).

The sensitivity to changes in the refractive index in the surrounding media allow the employment
of LSPR in sensing applications based on spherical gold nanoparticles but also non-spherical
metal nanostructures with peculiar shapes, such as prisms, nanorods, showing in general high
sensitivity (Chen et al., 2008a). As for SPR, molecules binding on the surface can be detected,
as the covalent immobilization of the probe and the interaction with specific analytes. LSPR is
even more addressable to biosensing purposes for the simplicity of the components and the
easier fabrication. In principle, a change in the plasmonic effect could be observed by naked eye,
otherwise, for more complex setup, a simple light source and a spectrophotometer can be used.
Synthesis of metal nanostructures and nanoparticles is easier, in a bottom up approach,
compared to the fabrication of gold layers for SPR chips. Moreover, the shape and the dimensions
of the nanoparticles can be fully controlled. Many examples of the employment of LSPR for
biosensing purposes are present in literature (Csaki et al., 2018). The sensing principle was
widely confirmed through several model systems involving synthetic oligonucleotides as probes
(Schneider et al., 2013, Spadavecchia et al., 2013). DNA based sensors with LSPR detection
methods have been used to detect microbial DNA or RNA and other DNA based biomarkers after
PCR amplification, returning higher selectivity and specificity (Fong and Yung, 2013, Kim et al.,
2011, Wang et al., 2012, Parab et al., 2010, Soares et al., 2014). LSPR methods were also applied
to miRNA detection, for example combining BCA (bio-bar-code amplification) on nanoparticles
and LNA as probe (Dong et al., 2015). LSPR has been proved to return good performances also

without amplification in real samples. Joshi et al proposed a method for the detection of circulating
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and exosomal miRNAs in plasma from pancreatic cancer patients (Joshi et al., 2014, Joshi et al.,
2015).

1.5.3 DNA templated Silver/Pt nanoclusters

As previously anticipated, metal nanoclusters are smaller than nanoparticles, usually less than
2 nm and they show a broad variety of functionalities and interesting electronic, optical and
chemical properties, such as enhanced conductivity, plasmon resonance, fluorescence and
catalytic activity (Wilcoxon and Abrams, 2006). In the context of DNA nanotechnology and DNA
based biosensors, these objects are very interesting since some metal nanoclusters can be
synthetized on a DNA template in a controllable manner (Chen et al., 2018). For example, AQNCs
can be specifically synthetized on C-rich DNA sequences (Fig 1-7). DNA templated AgNCs and
AuNCs are widely reported in literature as fluorescent labels in biosensing applications (Latorre
et al., 2013, Zheng et al., 2017). In addition, the catalytic activity of metal nanoclusters, made
them effective transducers in biosensing purposes as (Chang et al., 2016, Li et al., 2016, Wang
et al., 2016b).
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Fig 1-7. Steps for the formation of silver nanoclusters on DNA templates Readapted from Teng et al 2018 (Teng et
al., 2018). (image under Creative Commons Attribution 4.0 International license).

The catalytic activity of metallic nanoclusters is significantly affected by the surface composition.
For instance silver nanoclusters show poor catalytic activity as enzyme-mimicking transducers
(Zheng et al., 2014a), compared to other metal such as Platinum (Pt), which possess a unique
peroxidase activity (Gao et al., 2013). Platinum nanoclusters can be also formed on DNA, as
shown by Higuchi et al that used DNA-Pt complexes to establish a colorimetric assay for thrombin
(Higuchi et al., 2008, Matsuoka et al., 2007). However, the preparation of DNA templated Pt
nanoclusters is complex and the Pt clusters form on the DNA in unspecific manner, leading to
loss in stability of the system in terms of sensitivity and specificity. Mixed Ag/Pt bimetallic
nanoclusters with peroxidase-like catalytic activity were recently proposed for the colorimetric
detection of analytes (Wu et al., 2016, Zheng et al., 2014a). They provide a strategy to produce
in one-step Ag/Pt bimetallic nanoclusters on DNA: AgNCs are formed in presence of a reducer
such as NaBH4 on C-rich sequences thanks to affinity for Ag(l) while Pt(0) would grow on the
surface of the AgQNCs because of a galvanic replacement reaction. DNA encapsulate the newly
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formed cluster, keeping its size to few nanometers. Ag/Pt nanoclusters do not show fluorescence,
but they have strong peroxidase like activity. We recently published with the group of Dr. Hosseini
of the University Of Teheran (IRAN)an d thanks to the PhD work of Hanie Ahmadzade Kermani,
a bioassay to detect methyl-transferase activity in biological samples (Kermani et al., 2018). The
methylation of cytosines in specific DNA C-rich sequences can affect the actuation or the catalytic
activity of these metal nanoclusters, allowing the detection of the enzymatic activity.

1.6 DNA nanotechnology and biosensing

DNA nanotechnology can give a great contribution to DNA based biosensors by enhancing their
performances and sensitivity (Chao et al., 2016). DNA nanotechnology is a branch of
nanotechnology in which DNA found alternative uses related to its peculiar properties for
structural but also functional purposes (Chen et al., 2015b, Seeman, 2007). DNA is no more just
the stable and ordered source of genetic information, but it becomes custodian of another kind of
programmable information, addressable in building functional nanodevices and nanostructures.
New tools are available thanks to the structural and dynamical properties of the DNA as
biopolymer. The pioneering work of Nadrian Seeman (Seeman, 2007, Seeman, 2010a), in the
last decades, highlighted these new way to look at the DNA, opening the doors to new
applications in many fields. Nano-objects made of DNA can be precisely built exploiting the
peculiar features of nucleic acids: resistance, flexibility, but most of all the programmability. DNA
is a smart material, and DNA strands can be designed to build up process in the nanoscale
providing simple building blocks able to self-organize. David Yu Zhang and Georg Seelig
proposed a general classification of DNA nanotechnology, distinguishing structural DNA
nanotechnology and dynamical DNA nanotechnology (Seelig et al.,, 2006, Zhang and Seelig,
2011).

1.6.1 Structural DNA nanotechnology in biosensing

Structural DNA nanotechnology involves the use of DNA for its structural properties in a ‘bottom
up’ approach. This branch of DNA nanotechnology involves the construction of specific two and
three-dimensional nanostructures, suitable to be controlled in their shape, complexity,
dimensions, starting from individual DNA strands. The principle is simply based on hybridization
(Chen et al., 2015b, Zhang and Seelig, 2011). This is the case of DNA origami and tetrahedrons,
where long DNA molecules are deigned to interact in aqueous solution to form spontaneously
more complex nano-objects (Seeman, 2010b, Zadegan and Norton, 2012, Sadowski et al., 2014).
The programmability of DNA allows the precise ordering of elements on surface. This is very

useful in some biosensing applications where the distribution and arrangement of the sensing
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nanocomponents could be important. For instance DNA origami have been employed to localize
and order nanoplasmonic antennas, such as gold nanoparticles on surface or in solution to
enhance their optical properties (Lermusiaux and Funston, 2018, Ou et al., 2018, Zhou et al.,
2014). Miao et al designed a detection method using DNA tetrahedrons to regulate the density of
the probe on the electrode surface for electrochemical detection of microRNAs. Other examples
are present in literature about the employment of these structures within different detection
strategies for DNA and microRNA sensing (Lu et al., 2019, Wang et al., 2019).
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Fig 1-8. Examples of DNA nanotechnology used in biosensing, specially tetrahedrons. A) A multicolor encoded based
DNA tetrahedron for multiplexed detecting of miRNAs in living cells. B) Scheme of a DNA tetrahedron-based assay
for sensing mRNA in living cells. C) An ultrasensitive electrochemical assay of microRNA based on DNA tetrahedron
on gold electrodes. D) An electrochemical assay to detect lung cancer-related microRNAs. Readapted from with
permission from Ebrahimi et al (Ebrahimi et al., 2019). Image licensed by Elsevier and Copyright Clearance Center
(License number 4698280432904).

1.6.2 Dynamic DNA nanotechnology in biosensing

DNA is suitable to design and control dynamical process (Zhang and Seelig, 2011). In such
processes, the attention would not be focused on the equilibrium end-state but on the non-
equilibrium dynamics. For instance, the toehold mediated strand displacement (TMSD) is a
process that may be involved in programming dynamical systems based on DNA (Srinivas et al.,

2013). This is an isothermal process, in which one DNA single strand is able to displace a second
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strand complexed in a double helix with a third one. If the double strand DNA has a short single
stranded overhanging toehold, a longer and fully complementary strand would start interacting on

the toehold and continue in the hybridization displacing the shorter strand (Fig 1-9).
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Fig 1-9. Scheme showing the principle of the Toehold Mediated Strand Displacement. Complex C1 has a toehold
(b*). St1 strand can interact on b* and start displacing the shorter strand. The entire process leads to the release of
St2 and the formation of the full-hybridized complex C2.

The favored interaction is the most thermodynamically advantageous. The TMSD offers the
opportunity to control the kinetics of a DNA rearrangement and interaction, by varying the length
and composition of the toehold (Srinivas et al., 2013, Machinek et al., 2014). The realization of
switchable dynamic nanodevices combined with isothermal amplifications can enhance the
response upon target detection and improve DNA-based detection methods for microRNAs (Zhao
et al., 2015, Deng and Gao, 2015, Deng et al., 2017). Isothermal amplifications do not require
enzymes and they can replace the common amplification techniques in use. Catalyzed Hairpin
Assembly (CHA) involves the spontaneous hybridization between two hairpins thanks to the
sequences embedded in the stems. An input strand can initiate the process through toehold
mediated strand displacement on one of the hairpins. A second hairpin displaces then the
initiating sequence forming a double stranded complex with the first one. The target is then
released and it is able to interact with other hairpins in solution (Zang et al., 2015, Zhang et al.,
2015b). Another interesting isothermal amplification based on TMSD is Hybridization Chain

Reaction (HCR), and it will be deeply introduced in the next sections.
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1.6.3 Alternative DNA structures as DNA probes

Alternative DNA structures can be also employed in DNA nanotechnology and sensing. Some
specific sequences and conditions can force the double helix to assume alternative
conformations, such Z-DNA, hairpins, triple helices, Holliday junctions, G-quadruplex and i-motif
(Choi and Majima, 2011) Fig 1-10.

Fig 1-10. Representation of non-B DNA structures. A) Hairpin structure (Creative Commons license Attribution 2.5
Generic); B) Triple helix of DNA (Creative Commons license Attribution-ShareAlike 4.0); C) G-quadruplex (Public
domain); D) Holliday junction (Creative Commons license Attribution-ShareAlike 3.0 Unported); D) A-motif (Creative
Commons license Attribution-ShareAlike 4.0 International).

These structures can be stabilized by canonical or alternative hydrogen bonds. These can be
found also in vivo, and they attracted great attention for their biological role and because in some
cases related to an increase in genetic instability (Jain et al., 2008, Wang and Vasquez, 2008).
Some of these DNA structures are interesting for applications in biosensing, thanks to their
tunable stability and programmability. Hairpin-like structures of DNA are formed by two elements:
a double stranded stem and a loop in single strand conformation or with alternative base-pairings.
In biotechnology, they are widely used to design probes and molecular beacons for specific
recognition of nucleic acids (Huang et al.,, 2014, Stobiecka and Chalupa, 2015). Hairpin-like
probes offer the chance to improve the specificity of a sensor, since the recognition has to face a

higher energy barrier due to the secondary structure. Another interesting non-B DNA structure is
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the triple helix of DNA (Manzini et al., 1990, Xodo, 1995). This is obtained when a double stranded
DNA assembles with a third additional strand, termed triple helix forming oligo (TFO), through
Hoogesteen interactions. In general, this conformation involves a polypurine-polypyrimidine
duplex and a third strand that could be either polypurinic or poliypyrimidinic. Depending on the
composition of the third strand, triple helices can be classified into parallel triple helix, If the TFO
Is a polypirimidinic strand, or antiparallel triple helix when the third strand is a polypurinic strand.
These terms referred to the chirality in respect to the purines-rich strand of the double helix. The
parallel triplex structure is formed by T-A*T and C-G*C+ base pairs, while in the antiparallel triplex
structure is stabilized by T-A*A and C-G*G. In the parallel triple helix, the formation of the
Hoogesteen hydrogen bonds in the C-G*C+ triad is pH dependent, since cytosines need to be
protonated (Brucale et al., 2005). These structure have been broadly studied and widely
introduced in many biotechnological applications (Hu et al., 2017). Researchers presented many
strategies for DNA-based biosensing employing triple helix probe as recognition element for the
specific detection of nucleic acids or other biomolecules (Chen et al., 2017, Du et al., 2014, Wang
et al., 2014, Zhang et al., 2016, Zheng et al., 2011, Zheng et al., 2014b). The triple helix structure
offers different advantages, such as () enhanced sensitivity, (II) improved specificity, (Ill) same

stability of classic molecular beacon with double helix DNA with longer complementary strands.

1.7 Hybridization Chain Reaction

Hybridization Chain Reaction (HCR) is a self-assembling reaction involving hairpin-like DNA
strands in solution. Dirks and Pierce invented this reaction in 2004 and since their first publication,
HCR attracted great attention for possible applications in the development of functional DNA
nanosystems (Augspurger et al., 2018, Bi et al., 2017, Dirks and Pierce, 2004b). The reaction
involves two species of hairpins in solution in a metastable status: the information for the
complementarity needed to build the nanostructure is confined in the stem at the equilibrium in a

kinetical and thermodynamic trap until the occurrence of a perturbation.
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Fig 1-11. Scheme of the Hybridization Chain Reaction.

The hairpins can be designed to interact with a specific sequence or respond to a change affecting
their stability. Once triggered, the building process consists in the interaction of the two species
of hairpins, able to open each other and assemble in a chain reaction (Fig 1-11). When the first
hairpin interacts with the second one, they form a nicked dsDNA with ssDNA “sticky ends”, able
to induce the opening of the first hairpin species, perpetuating the toehold mediated strand
displacement at the base of the HCR mechanism (Zhang and Seelig, 2011). In the case of nucleic
acids as initiators, the target is able to interact with the first hairpin, and this interaction starts with
nucleation, through hybridization at the short overhanging toehold and it spreads at the enclosed
portion of the sequence. At the end the hairpin would be completely open and hybridized to the
trigger sequence. As for the basic TMSD, the toehold is responsible for the hairpin opening and
for the polymerization: the length and the base composition would affect both the recognition and
the self-assembling reaction (Srinivas et al., 2013). Yung and Ang proposed the rational design
of hybridization chain reaction monomers, by focusing on such parameters, CG content, length
of stem and the toehold (Ang and Yung, 2016). Once triggered the process continues until the
total consumption of the hairpins, or the size of the DNA nanostructure reaches a kinetically
limited threshold. The product of the self-assembling reaction is a long nicked DNA nanostructure.

The entire process is enzyme-free, completely isothermal and spontaneous.
1.7.1 HCR in biosensing

Hybridization Chain Reaction can be designed for the specific detection of a broad variety of
analytes, biomolecules, especially nucleic acids (Miti and Zuccheri, 2018). HCR represents an
alternative to current amplification methods such as polymerase chain reaction (PCR). Unlike

PCR, HCR does not require enzymes or heating/cooling cycles for amplification; on the contrary,
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it progresses isothermally, with no additional reagents. In principle, the complex media of the
samples do not affect the reaction, allowing direct detection, in tubes and in complex biological
samples. There are many examples about the employment of HCR in the detection of
endogenous biomarkers in situ (Choi et al., 2014) and also in monitoring the traffic of nucleic
acids in living systems (Choi et al., 2016, Wu et al., 2015, Zhang et al., 2015a). The self-
assembled product can be detected with different transduction methods such as electrochemical
transduction, fluorescent, SPR or other optical techniques (Augspurger et al., 2018). Pierce and
dirks used fluorescence spectroscopy, exploiting the quenching of the fluorescent DNA base
analogue 2-aminopurine (2AP) in the DNA stem. They monitored the decrease in fluorescence
during the polymerization upon introduction of the target (Dirks and Pierce, 2004b). For enhanced
characterization of RNAs, Fluorescent labeled hairpins were also utilized for the discrimination of
protein biomarkers on exosomes thanks to the employment of a specific aptamer, able to trigger
the polymerization after the detection directly on the surface of the exosome (Wan et al., 2017).
Towards the implementation for electrochemical detection, it is possible to immobilize directly
DNA hairpins on electrodes, and used for HCR amplification on surface after the detection of the
target (Chen et al., 2012, Liu et al., 2013b). Application of HCR on such sensors showed good
results, providing systems able to reach attomolar quantification of the target (Ge et al., 2014). It
is possible to measure the changes in the electrical properties at the surface, such as resistance
or capacitance, due to the increased amount of DNA (Spiga et al., 2014, Trifonov et al., 2016).
HCR can be also combined with alternative DNA structures enhancing signal and sensitivity (Cai
et al., 2014, Li et al., 2017). Specific sequences with known functionalities can be introduced in
the hairpins and “activated” once the nanostructure is assembled. Combining HCR with the
G-quadruplex the self-assembly of the hairpins can lead to the formation of functional domains
on the nanostructures with activated and detectable HRP-like activity (Chen et al., 2015a, Dong
et al., 2012, Shimron et al., 2012, Trifonov et al., 2016). Since SPR based detection methods are
sensitive to change in the mass at the interface, the target detection can be enhanced through
HCR amplification, thanks to a bigger change in the refractive index. This strategy reached a limit
of detection close to 10-100 femtomoles in the detection of pathogen DNA (Spiga et al., 2014).
Researchers exploited also the formation of active metal nanoclusters with catalytic activity on
the HCR products, which are observable for example through electrochemical detection (Yang et
al., 2015). Triple helix probes have been also used in combination with HCR in different ways.
Idili and coworkers designed and Hybridization chain reaction controlled by pH, exploiting the
triple helix formation between the toehold and the stem of the hairpin (Idili et al., 2015). Zheng et
al developed a detection method based on triple helix and aptamer technology for the detection
of multiple analytes using HCR amplification and surface enhanced raman scattering (SERS)

(Zheng et al., 2014b). HCR has been adapted to nanoparticles-based methods in many strategies
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and in different biosensing platforms (Augspurger et al., 2018). An easy way to use gold
nanoparticles in sensing is going through a colorimetric approach, where the interaction with a
target molecule would change physical chemical properties of the nanoparticles and thus the color
of the solution of nanoparticles. The presence of the target can lead to aggregation of gold
nanoparticles upon HCR polymerization, resulting in a shift to blue-grey color through an LSPR
phenomenon. He et al exploited the difference in absorption of sSSDNA and dsDNA on gold
nanoparticles: gold nanoparticles are kept stable in absence of the target thanks to single
stranded portion of the HCR hairpins, adsorbed on the surface. After the addition of the trigger,
the hairpins are sequestrated to build up the nanostructures and the nanoparticles aggregate
producing a colorimetric response due to the salt in solution (Liu et al., 2013a). A similar strategy
takes advantage of the electrostatic properties of DNA using positive-charged gold nanopatrticles.
Miao and coworkers proposed a similar method in which 11 nm sized (+)AuNPs were prepared
using CTAB (cetylmethyl ammonium bromide) (Miao et al., 2017). These nanoparticles appeared
stable in presence of the hairpins in solution in the proper conditions, but they agglomerate on
the HCR nanostructure upon addition of the target miR-21, allowing a detection limit of 6.8 pM.
Ma and coworkers proposed a strategy where AuNPs were used as substrate for the
immobilization of the HCR product, which was able to protect the nanopatrticles form salt-induced
aggregation (Ma et al., 2014). Gold nanoparticles were also extensively applied with HCR on
electrochemical detection, to enhance the performance of nanoparticle-enhanced DNA detection
methods. Positive AuUNPs can be used as electroactive label and detected on the electrode upon
hybridization chain reaction using differential pulse voltammetry (Li et al., 2015). Other interesting
approaches involve the employment of HCR in combination with different alternative amplification
strategies. HCR has been matched with target-assisted polymerization nicking reaction (TAPNR),
using silver nanoclusters AgNCs as transducer; it was possible to reach a limit of detection of
0.64 fM in the detection of miR-199a (Yang et al., 2015). In this work, C-reach hairpins have been
employed. AgNCs can be detected electrochemically through CV or DPV after target recognition.
An interesting application of fluorescence based detection was proposed by Xiang et al, who tried
to combined HCR and CHA for the detection of oncogenic miRNAs using coupled fluorophores
and quenchers on the hairpins, reaching 0.3 fM LOD (Wei et al., 2016). Combination of HCR with
G-quadruplex and isothermal exponential amplification (EXPAR), in electrochemical assay
allowed the detection of avian influenza A virus with a detection limit of 9.4 fM (Yu et al., 2015).
Beside the combination of HCR with other isothermal amplification methods, some researchers
attempted to get a higher order polymerization during the HCR, for example designing
hyperbranched nanostructures formed through HCR mechanism. Liang et al published a method
for the electrochemical detection of microRNAs proposing a 4-hairpins HCR leading to a

‘hyperbranched nanostructure’ on the electrode surface (Liang et al., 2018). The detection on
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surface is performed through electrochemical impedance spectroscopy and voltammetry in
presence of Ru(Hex), reaching 11 pM as detection limit. Combining branching and additional
isothermal amplification, Jinag et al proposed a similar 4-hairpins HCR method in solution
combining branching assembly and CHA with a fluorescent readout, reaching 500 fM limit of
detection (Liu et al., 2018). The detection of small molecules and ions through aptamer based
sensing can be also implemented with HCR amplification (Augspurger et al., 2018, Bi et al., 2017).
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2 Aim of the study

The aim was to develop new detection methods based on DNA and DNA self-assembly for the
specific detection of short nucleic acids sequences such as microRNAs. DNA based biosensors
are powerful tools, in principle able to greatly improve the diagnosis of biomarkers. We wanted to
design new strategies with enhanced sensitivity and adaptability, in order to increase the potential
of DNA based biosensors. We faced different approaches to improve DNA based sensing. First,
we focused on the use of Hybridization Chain Reaction as isothermal amplification. HCR can
enhance the response upon target detection. Part of our purpose was to design an HCR reaction
specific for microRNAs and test the implementation on different available biosensing platforms.
In parallel, we wanted to propose a new strategy, alternative to the simple HCR, involving a triple
helix probe able to trigger a double response upon target detection. We concentrated on the
characterization of this method and in proving the working principle, aiming to implement it in
biosensing. The second goal, always towards the enhancement of the signal in DNA biosensor,
was to explore alternative tools able to improve the sensitivity. With regard to this, we attempted

to use metal nanoparticles as labels and transducers.
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3 Materials and methods

3.1 Reagents and buffers

Reagents and chemicals used during the work presented in this thesis was purchased in general
by Sigma Aldrich (Merck) and used without any further purification unless specified. All solutions
and buffer were prepared in ultrapure water, resistivity of 18.18 mQ. Oligonucleotides were

purchased from Sigma Aldrich (Merck) and Eurofins Genomics (Germany GmbH, Ebersberg).

3.2 Design of the oligonucleotides

The design of the HCR monomers was performed mostly using NUPACK, a growing software
that allows the design and the analysis of the secondary structures of nucleic acids (Zadeh et al.,
2011a). Thanks to NUPACK we can predict the thermodynamic stability of DNA strands and their
propensity to form complexes on the base of thermodynamic models (Dirks and Pierce, 2004a).
NUPACK provides two main tools for the design and theoretical analysis of the specific interacting
sequences. 1) The Design tool allows us to generate sequences for one or more strands to get a
specific secondary structure or complex at the equilibrium Zadeh et al. (2011b). The type of
nucleic acids, temperature and salt concentration can be specified, and it is possible to directly
define the secondary structure of each structural motive of the strands to generate based on
constrains in structure and sequences. Subsequences are defined as domains and the program
can be instructed about how to concatenate them to form the final strands. The criteria used in
the design of NUPACK try to satisfy both positive and negative paradigms: respectively the
optimization of the affinity between strands and the selectivity for the specific interaction. Once
generated the sequences, NUPACK returns an ensemble defect number, that is the average
number of nucleotides uncorrectly paired at the equilibrium, as indicator of the goodness of the
design. 2) The Analysis tool allows to perform a theoretical thermodynamic analysis of the
interacting sequences in a diluted solution and returns information about the species at the
equilibrium in the specified conditions. The newly designed strands can be directly evaluated in
the Analysis tool, to check if the correct secondary structures and complexes form at the
equilibrium. As in the design section, NUPACK let us specify the type of nucleic acid (DNA or
RNA) the temperature, the number of nucleic acids species, their sequences, the concentration
of each strand and the size of the formed complexes at the equilibrium ( the maximum number of
strands involved in the formation of a complex). It Is also possible to choose the energy model
and the salt concentration. Using dynamical programs, NUPACK calculates the partition function

and the probablity of the position of each base at the equilibrium. It also returns the MFE structure
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(minimum free energy) for each complex and species and their final theoretical concentration at
the equilibrium. We selected the sequences on the base of 1) the designed secondary structure,
2) the highest probability to form the expected complex at equilibrium, and 3) theoretical presence

of possible unspecific interactions.
3.2.1 Design of the sequences for direct HCR reaction

We present the steps of the design performed using NUPACK to generate and analyze the
sequences of the hairpins for direct hybridization chain reaction in microRNA detection (Miti and
Zuccheri, 2018) (Fig 3-1). All the sequences were treated as DNA strands, and the

thermodynamic stability was this evaluated in the same conditions.
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miR-17.seq=ab

hp3.seq=e*d* fd
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Fig 3-1. Specification of the secondary structure of the individual strands in NUPACK design: ‘U’ notation means
‘single strand’ portion, while ‘D’ means, “double stranded”. The information is given in the 5’ — 3’ direction. Sequence
constrains for the generation of hairpins specific for target miR-17. The “*’ notation indicates the complementary
strand. ‘N’ = any base; ‘W’ = weak binding bases, A or T; ‘S’ = strong binding bases, C or G; ‘K’ = keto, Gor T; ‘M’ =
aMino, A or C; ‘R’ = puRine, G or A; ‘Y’ = pYrimidine, C or T.
1. Theoretical experimental conditions: DNA is specified as material, the temperature value
was set at 25 °C (about room temperature) and salt concentration was set at 0.0 M and
0.5 M respectively for the concentration of Mg2+ and Na+, according to the real conditions

we chose.

2. Structure description: the structure of each element has been described using parens-dot
notation. Three pairs of hairpins have been designed with analogue structure. We kept the
length of the toehold and the loop to 6 nt (U6) while the stem had length dependent on the
length the target sequence (D16-17).

3. Sequence constrains: here we inserted the specific sequences of the miRNAs as main

constrains for the design of the hairpin. Softer constrains about the base composition are
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inserted to prevent anomalous structures involving toehold and loop or affecting the
polymerization. Additional information was specified to avoid unwanted patterns of bases

such as tandem reps of bases.

The generated DNA sequences were analyzed in NUPACK analysis tool, to check the correct
theoretical behavior of the designed strands in solution. Temperature was set to 25°C, Mg?* to
0 M and Na*to 0.5 M. We assessed the secondary structure of the individual strands and the
probability to form the required complex, to predict as best as possible the behavior of the
sequences in real solutions. The correct functionality of the hairpins in the assembly was tested
with the same analysis tool, analyzing the target sequences and hairpins together. The number
of strands involved in the formation of the complexes have been set to 3 or to 5, in order to check
the theoretical formation of the productive complexes (T-H1-H2) and the capability of the complex
to grow interacting with the other hairpins. Attention should be paid about eventual unspecific
undesired interactions. The analysis was performed setting the concentration of the hairpins to
1pM and the target in a range between 1 uM or 0.1 pM, towards the investigation of the theoretical
behavior at lower concentration of the initiator (the target).

3.2.2 Design of the sequences for triplex HCR

We used NUPACK as shown in section 3.2.1. In order to design the components of the
triplex-triggered HCR detection method, we divided the design in two parts: 1) the design of the
triple helix probe and subsequently 2) the design of the independent HCR amplifications triggered
by the triplex forming strands. We designed the sequences involved in the formation of the triple
helix of DNA according to findings in literature (Avino et al., 2002, Gowers and Fox, 1999, Jain et
al., 2008, Manzini et al., 1990). Since there is not an available tool for the design of such DNA
alternative structure, we treated the probe as a molecular beacon (Fig 3-2).
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Fig 3-2. Instruction of the design of the triple helix probe. A) Specified structure of the triple helix forming strands;
B) design script.

We took into account the referenced differences in stability and carefully considered previously
reported triple helix probe applied in biosensing approaches (Wang et al., 2014, Wang et al.,
2016a, Zheng et al., 2014b). The selected sequences involved in the formation of the triple helix
were inserted in the design, specifying structural and sequence constrains. We designed the
monomers for independent HCRs on these sequences as was done for miRNA sequences for
the direct HCR in section (Fig 3-3) (Miti and Zuccheri, 2018).
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Figt';%-3. Instruction to design the hairpins. A) Structure specified for the pair for hairpins Ch1 and Ch2 for HCR on CP
probe.

At the end, the sequences were generated simultaneously with a unique Design script. The
sequences were analyzed with NUPACK analysis tool setting 25 °C as temperature and
concentration of the reagents set at 1uM or less. The ability of the triple helix forming sequences
to trigger the HCRs have been tested independently, checking individual secondary structures,
and the formation of multistrand complexes to prevent any undesired interaction. Salt
concentration was set to 0 M Mg 2+ and 0.5 M Na+. When necessary, manual adjustment of the

constrains were done to optimize the results in analysis.
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3.3 Characterization of the direct HCR in solution

DNA oligonucleotides stock solutions (100 uM), targets and hairpins, are diluted in PCR tubes in
HCR buffer (NaCl 0.5 M, NaH2PO4 50 mM, pH 6.8), in general at 3-times the final concentration
unless specified for more complex experiments. Samples are then subjected to thermal treatment
using a Thermocycler (Thermo Scientific, PCR Sprint thermal cycler): 95 °C for 5 min and allowed
to cool down to 20°C in 1 h (0.02 °C/second). Stoichiometric amounts of each hairpin were mixed
at the proper ratio together by adding then a volume of target solution to the mixture. The reaction
iIs kept at least for 1h at room temperature, unless specified. Reaction product can be
characterized directly in gel electrophoresis analysis or atomic force microscopy.

3.3.1 Characterization of the product of direct HCR through electrophoresis gel

analysis

Electrophoresis gel analysis was performed through polyacrylamide gel electrophoresis in TBE
1X buffer unless differently specified. Polyacrylamide gels were prepared at 10 % polyacrylamide
in TBE 1X buffer. We mixed buffer to a proper volume of stock acrylamide solution (Acrylamide
40% acrylamide Acrylamide/bis-acrylamide, suitable for electrophoresis, 37.5:1). We added the
proper volume of 10% APS (ammonium persulfate, Sigma) solution in ultrapure water and
TEMED (N, N, N, N’-Tetramethyl ethylenediamine, Sigma) stock solution to trigger the gel
polymerization. Electrophoresis was generally run at room temperature at 5 V/cm for 1 h. 15-wells
gels were run 5 V/cm for about 3 hours at controlled temperature, depending on the size of the
investigated DNA complexes, the employed running buffer, the temperature and gel density.
SYBR Gold (Nucleic Acid Gel Stain, Invitrogen) was then used to visualize the results using a Gel
doc (Bio-Rad Gel doc 1000 System).

3.3.2 Characterization of the product of direct HCR through Atomic Force Microscopy

First the sample were diluted 1/100 in TE 1X (10 mM Tris-HCI, 1 mM EDTA pH 8.0) buffer and
loaded on Centrifugal filter units, MWCO 100 kDa Amicon Ultra- 0.5 mL centrifugal filters for
centrifugation 8 min at 11 rpm. The samples were then suspended in 200 puL of HEPES buffer
(20 mM NaCl, 5 mM MgClz pH 7.5) and centrifuged 5 min 11 rpm. We then collected the samples
in new tubes, centrifuging 3 min at 1 rpm. Approximately 10 pL of the sample were layered on
freshly cleaved muscovite mica surface ad left adsorbing 5 min. The mica surface was then rinsed
with ultrapure water and gently dried with nitrogen. Imaging for atomic force microscopy have

been carried out using Brucker Multimode 8 microscope in ScanAsyst Peakforce Tapping mode.
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3.4 Characterization of the triplex HCR in solution

We investigated the formation of the triple helix probe using polyacrylamide gel electrophoresis

and circular dichroism in different conditions.
3.4.1 Characterization of the triple helix in gel electrophoresis

Triple helix forming oligonucleotides were incubated in buffer Na Acetate 20 mM, MgClz, 20 mM
NaCl, 50 mM pH 5.0, or Tris buffer 20 mM, MgClz 20 mM, NaCl 50 mM pH 9.0, to assess the
formation of the triple helix complex in solution. The oligonucleotides were diluted in the buffer
from 100 pM stock solution in water. The mixture was prepared by mixing equal volumes of THB
(triple helix beacon) and CP (Capture probe) strands in buffer, to get 1:1 ratio. The mixtures were
heated up to 95 °C for 5 min and let cool down till 20°C in 1h (0.02 °C/second) using a
thermocycler to allow the annealing. We then incubated at 37°C overnight for subsequent analysis
or usage. Polyacrylamide gel electrophoresis 10% was prepared in Acetate buffer pH 5.0 either
in Tris buffer pH 9.0 depending on the conditions in study and run in the same buffer.

3.4.2 Circular Dichroism characterization of the triple helix probe

The mixtures containing equimolar CP and THB were prepared in Acetate buffer 20 mM, NaCl 50
mM, MgCl2 20 mM pH 5.0 or in Tris buffer 20 mM, NaCl 50 mM, MgCl2 20 mM pH 9.0. For both
mixture (THB + CP) and individual strands solutions, we adjusted the concentration to get an
absorbance at 260 nm between 0.5 and 1. CD experiments were carried out using Jasco J-710
circular dichroism spectropolarimeter, kindly provided by Dr S. Pieraccini (University of Bologna).
Scan rate was set to 100 nm/min performing 5 scans per measurement. The spectra were
recorded using a 1 cm pathlength cuvette. The obtained CD spectra where in millidegrees 8 units.
Molar extinction Ae (mdegrees Mt cm™) was calculated after the subtraction of buffer signal by

using the formula:

0,
£, =
32,980xIxC

Where | is the path length (1 cm) and C the concentration in mol/L evaluated from the measured

absorbance at 260 nm of each sample. Normalization for each sample was performed on the
absorbance at 260 nm.
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3.4.3 Characterization of the triplex HCR in solution

The triple helix was formed as described in the previous sections but in HCR buffer at pH 5.0. To
We followed a protocol similar to that previously explained in the section 3.3. After the incubation
of the triple helix mixture, the proper volume of this solution was added to the mixture of the
hairpins. Right after that, we added a volume of target solution at the desired concentration. The
mixture was then incubated at room temperature for at least 1 h. We characterized the product in
polyacrylamide gel electrophoresis and atomic force microscopy, as mentioned in the previous

sections.
3.5 Electrochemical setup

Electrochemical measurements were carried out using a custom-made electrochemical setup
connected to a pAutolab electrochemical workstation (Metrohm Autolab B.V., Utrecht, The
Netherlands), using the manufacturer's software NOVA. Two platinum wires were used as counter
electrodes with silver wires were coated with silver chloride and used as reference electrodes.
The references electrodes were directly prepared in the cell by deposing silver chloride at the
surface through anodic reduction in KCI 0.1 M, setting the silver wire as working electrode and
flowing a fixed 0.15 mA current for 153 s. As working electrodes, we used gold surfaces commonly
referred to as ‘templated stripped gold’ (TSG), offering flat gold surfaces. The device has two slots

for the installation of the TSGs with two independent chambers and fluidics (Fig 3-4).

020
Disk

B R

Potentiostat/ Galvanostat

Fig 3-4. Scheme and picture of the electrochemical cell used during the work. Gold disks are TSG produced in the
lab, used as working electrodes (WE). Inlet and Outlet tubing were PTF tubing (diameter). Copper wires were used
to connect the cell electrodes to the Potentiostat.
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The fluidics was made using PTFE Tubing, ID 0.5 mm, OD 1 mm. Solution were flowed in the cell
using a Syringe Pump (Multi-Syringe Infusion/Withdrawal Pump, World precision instruments).
The area where measurement took place is enclosed in the chamber using an O-ring and was
about 0.23 cm?. Each individual cell volume was 13 mm 3. Working electrodes were connected to
the Potentiostat thanks to copper wires and gold spring contacts. All the wires were welded on a
stripboard and then connected to the Autolab Potentiostat through banana plugs, using copper

wires and pin connectors.
3.5.1 Preparation of the and functionalization of the TSGs (electrode surfaces).

We produced our own gold electrodes (TSG) by forming a 200 nm layer of ultrapure gold (SIGMA-
ALDRICH, Merck, 99.99 % purity, diam 0.20 mm) through evaporation in vacuum onto freshly
cleaved muscovite mica. The mica was previously degassed overnight at 280°C in a vacuum of
about 10"-6 Torr. The process was performed using an Edwards high-vacuum evaporator with a
resistively heated specimen stage and resistive heating of the metal for the evaporation. After the
evaporation, when the system is at room temperature, round glasses cover slips (12 mm in
diameter) were glued on the evaporated gold layer with glue EpoTek 377 (Epoxy Technology Inc.,
Billerica, MA, U.S.A.). Then, the chips were heated for 2h at 150°C and cooled down to room
temperature. They can be stored for later use. Before use, we removed the glass cover slide with
the glued gold layer from the mica. This would be an ultra-flat and ultra-clean gold surface. The
gold surfaces were sonicated 1 min in EtOH and a 1 min ultrapure water, to remove eventual
organic compounds still on the surface or small residues of mica. The gold surfaces were then
subjected 1min to air plasma treatment (1 min, 100% power) to further remove organic material
and Argon plasma to get a reduced gold surface. A cleaner surface can be obtained performing
an electrochemical pre-cleaning in H2SO4 0.5 M, using cyclic voltammetry. We performed
20 scans, series of oxidation and reduction cycles of the gold, between -0.4 V and + 1.6 V until
the voltammogram was stable and reproducible. The cathodic peak, corresponding to the gold
reduction, was monitored as index of the cleanness of the gold surface. The gold surface was
then treated for the immobilization of the DNA probe. The proper concentration of the DNA probe
was prepared in immobilization buffer (Tris-HCI 20 mM, NaCl 0.5 M, pH 7.4) and 40 uL of this
solution were dropped on the gold surface. The incubation was performed overnight at room
temperature in humid environment to avoid the evaporation of the solution. After the
immobilization of the probe, we rinsed the surface with 2 mL of immobilization buffer and 2 mL of
ultrapure water, and then passivated with 6-mercaptohexanol (MCH) 1 mM, for 30 min. The

electrode was then rinsed with 2 mL of ultrapure water and dried with gentle N2 flow.
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3.5.2 Electrochemical measurements

Cyclic voltammetry and electrochemical impedance spectroscopy were used to monitor the
cleanness and the functionalization of the electrodes. Cyclic voltammetry was performed in
general scanning between -0.25 V and 0.5 V vs reference electrode, with potential step 0.1V, in
a solution containing 10 mM KsFeCN/KsFeCN, 0.1 M KCl in Tris 10 mM pH 7.4. Electrochemical
impedance spectroscopy was performed in the same solution 10 mM KsFeCN/KsFeCN, 0.1 M
KCI in Tris 10 mM pH 7.4, vs OCP (open circuit potential) potential with amplitude 0.01 V,
scanning in a range of 50 frequencies between 1 Hz and 100kHz. We used NOVA software to
perform all the measurements (Metrohm Autolab B.V., Utrecht, The Netherlands). DNA detection
was performed using Hoechst 33258. We flowed 200 pL of 100 uM Hoechst solution in buffer
NaCl 0.1 M NaH2PO4 10 mM pH 7.0 in the chamber at 50 pL /min and incubated for 1 min. The
chamber was then flushed with 200 uL of buffer NaCl 0.1 M NaH2PO4 10 mM pH 7.0 at 50 puL/min
and the electrochemical measure was performed. Oxidation of the Hoechst was monitored in the
same buffer using Linear Sweep Voltammetry (LSV), scanning between + 0.4 V and +0.7 V vs
reference electrode. The oxidation of Hoechst on surface returned a peak at about 0.5-0.6 V.
Hexaammineruthenium(lll) chloride (RuHex) was also used to monitor probe immobilization on
the surface of the electrode. 100 pL solution of 300 uM RuHex in KCI 0.1 M solution was flowed
and the detection was performed through differential pulse voltammetry (DPV) registering the
peak at about - 0.2 V characteristic of RuHex reduction.

3.5.3 Electrochemical detection of microRNA sequences through direct HCR

The detection of the microRNA sequence was performed out of the chamber. For the detection,
50 pL of solution containing the desired concentration of mMiRNA DNA sequence in HCR buffer
(NaCl 0.5 M, NaH2PO4 50 mM pH 6.8) were dropped on the electrode and incubated 1h at room
temperature. The electrode was then rinsed with 1 mL HCR buffer and dried with nitrogen flow
before dropping 50 pL of the mixture of hairpins H1 and H2 at 1 uM each. The reaction was
incubated 1h at room temperature to let the self-assembling reaction proceed. The electrodes
were then rinsed with 2 mL of HCR buffer and kept in HCR buffer until the measurement in the

electrochemical cell.

3.5.4 Electrochemical detection of microRNA sequences through triple helix-
controlled HCR

Once the electrode was functionalized with the probe and passivated with MCH, 50 pL of 3 uM

THB strand in HCR pH 5.0 buffer containing 2.5 mM MgCl2 were dropped on the surface and

incubated at 37 °C for 1h before proceeding with the detection. We then rinsed the electrodes
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with 2 mL of HCR buffer pH 5.0 and dropped the mixture of target with the four hairpins TH1, TH2,
CH1 and CH2 at the desired concentration in the same buffer. The mixture was incubated on the
electrode surface for at least 1h. We then rinsed the electrodes with 2 mL of HCR buffer pH 5.0

and kept in HCR buffer until the measurements in the electrochemical cell.
3.5.5 Analysis of data obtained in electrochemistry

CV data were analyzed by measuring the height of the oxidation and reduction peaks. The bare
distance between the two peaks was evaluated to investigate the electrode cleanness. Data
obtained in Electrochemical Impedance Spectroscopy were evaluated by simply fitting over a
semi-circle in a Nyquist plot using a R(RQ) equivalent circuit or, more exhaustively, fitting over a
Nyquist plot using a Re(Rt[RtZw]) circuit model (NOVA).

e e
g

54
R=1780Q Y0 = 458 pMho*s*(1/2)

Fig 3-5. Equivalent circuit used to fit EIS data.

LSV data were analyzed after baseline correction and measuring the height of the oxidation
current peak on the baseline for each samples. The height of the peak was considered
proportional to the amount of DNA absorbed at the surface. The data were normalized over the
responses obtained on electrodes where just the MCH passivation was performed in the same
measurement session. In experiments performed using RuHex, the height of the reduction peak

in DPV was evaluated.

3.6 LSPR

The LSPR setup used during this work was kindly provided by the group of Professor Fritzsche,
of the Department of Nanobiophotonics at the Institute of Photonic Technology (IPHT) in Jena
(Germany). The overall setup consists in an Halogen light source ( HL-2000 by Ocean Optics,
Dunedin, USA) with a filter <400 nm, a spectrophotometer (Cypher Il by B&W Tek Inc., Newark,
USA), a peristaltic pump for the fluidics (Ismatec Reglo ICC by Cole-Parmer GmbH, Wertheim,
Germany), two optical large-core fibers and an LSPR custom-made fluidic cell. Fig 3-6 show a

simplified scheme of the setup.

41



Outlet

Resonance Peak Shift | O

Waste

* IA A’i
Y Optical fiber - O
_‘é’ Spectrophotometer =k DN glass
= .
2 7~
3 - O
A (nm) O Light source (Lamp)

= =

Fig 3-6. Scheme of the setup employed for LSPR based detection.

The fluidic is organized to have four inlets and two outlets. This is arranged to have always a main
flow reaching the sensing area, while the subsequent solution is pre-flowed at lower rate and
flashed in the waste. This is all possible thanks to two valves at the waste outlet, and a splitter at
the inlet allowing the separation of the four channels. All the buffers were prepared in ultrapure

water and filtered with 0.2 uM filter before use.
3.6.1 Preparation of the LSPR Chips

The glass slides used were obtained from common microscope glass slides. The slides were
carefully cleaned with a rinsing agent (soap) then subjected to multiple sonication in different
organic solvents and water: 10 min in Acetone, 10 min in Rotisol (denatured alcohol), 10 min in
ethanol and 10 min in ultrapure water. The glass slides are then dried with N2 flow. The glasses
were etched by oxygen plasma for 60 min, 380 W and 1.6 mbar to removes organic residues and
activate them for the silanization (Oxygen plasma etcher 200G Plasma System by TePla GmbH,
Wettenberg, Germany). The affinity of the gold nanoparticles for the glass surfaces was enhanced
functionalizing the glass surfaces with amine groups. The affinity of the glass surface to the gold
nanoparticles is increased with aminosilanes. A solution of 1 % APTES in 1 mM acetic acid is
prepared and let hydrolyze for 10 min. The cleaned slides were soaked with the APTES solution
for 10 min. The slides were then washed in ultrapure water and gently dried with nitrogen. A
solution of citrate capped 80 nm gold nanoparticles was centrifuged 8 min at 3220 X g (Centrifuge,
UniCen 15DR by Herolab GmbH, Wiesloch, Germany) and 1800 mL of supernatant discarded to
get 10-fold concentrated solution of gold nanopatrticles. We dropped 20 uL of the concentrated
gold nanoparticles solution in the center of the amino-functionalized glass slides and left
adsorbing 60 min. The glass was then gently rinsed with ultrapure water and dried with nitrogen
flow. At the end of the procedure, a red spot should be visible in the center of the glass. We
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assessed the density of the gold nanoparticles using Atomic Force Microscopy and dark field

microscopy.
3.6.2 Functionalization of the LSPR chips

The glass slides with the spot of gold nanoparticles were rinsed with 2 mL of ultrapure water,
2 mL of EtOH and 2 mL of ultrapure water again. The thiolated probe was reduced using TCEP
0.5 M. We added to the probe solution in ultrapure water a volume of TCEP 0.5 M to get 20 mM
in the final solution and we incubated the mixture at room temperature for at least 1 h. The probe
was then diluted to 2 uM in citrate buffer 0.5 M, pH 6.0. The immobilization was performed by
layering on the chip 50 uL of this solution and incubating for about 18 hours at room temperature
in closed petri dish to avoid evaporation. After the overnight incubation, the glass slides were
rinsed with 2 mL of citrate buffer, 2 mL of ultrapure water and stored in the HCR buffer.

3.6.3 LSPR measurements and detection

Valves, spectrophotometer, pump and the online detection were controlled using a custom-built
Python program (Python 3.6). The chip with the immobilized gold nanoparticles was mounted in
the chamber and fixed between the lamp and the optical fiber. The chip was inserted in the fluidic
chamber in presence of buffer, in contact with a PDMS O-ring, with the spot of nanoparticles in
the direction of the light source and the glass facing the optical fiber (see Fig 3-6 ). The chamber
is then closed tight with four screws at the edges. The lamp spectrum is taken, making sure that
no over or under exposure occurs. The chamber is then fixed between the lamp and the optical
fiber as close as possible to the fiber, pointed at the center of the spot. The distance between the
glass and the optical fiber was usually about 1-2 mm. This was kept constant for all the
measurements. All the measurements are done in flow conditions and a spectrum is recorded
every 2 s. In order to reduce the noise affecting the position of the LSPR peak during the
measurement, the centroid of the LSPR peak is calculated at each point. The position of the

plasmonic peak is tracked in real-time.
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Steps flowrate_1 |flowrate_2 |flowrate_ 3 |flowrate_4 |Time (s) Step

1 20 10 300 HCR buffer
2 5 20 300 MCH

3 20 10 400 HCR buffer
4 5 20 300 Fish

5 20 10 400 HCR buffer
6 2 5 600 target 1uM
7 20 10 600 HCR buffer
8 2 5 1000 HCR

9 20 10 600 HCR buffer
10 2 30 800 Regeneration
11 20 10 400 HCR buffer

Fig 3-7. Typical experimental plan describing each step, with flow rate in uL/min, time in seconds and the composition
of each sample flowed in the chamber in the corresponding step.

We used HCR buffer for the detection. During buffer steps, running buffer was injected at
20 pL/min while the reagents at 5 uL/min. During the reagents flow ( flowrate_ 2, 3, 4 in Fig 3-7),
buffer was injected at 3 uL/min as preflow and reagents at 10 pL/min. Usually buffer is flowed
until the signal is stable then we injected MCH 1 mM in the same buffer for 300 s. After MCH, we
flowed fish sperm DNA at a concentration of 1 mg/mL in running buffer to passivate the glass
surface. After the passivation step, we were able to proceed to the detection. The desired
concentration of target in running buffer was injected for 600 s in the chamber. After the injection
of the target, running buffer was flowed for 300 s. To test the hybridization chain reaction, volumes
of 1 uM concentration in running buffer of each species of hairpins were mixed to get a mixture
0.5 uM and flowed in the chamber for at least 30 min at 5 pL/min. The regeneration of the sensor
was obtained with 20 mM solution of HCI, injected for 600s at 30 uL/min. After regeneration, we
were able to repeat the experiment. All the experiments were repeated at least 3 times on the
same chip after regeneration. Target and hairpins were heated up to 95 °C for 5 min and then let

cool down at room temperature before usage.
3.6.4 Analysis of the LSPR data

We did the analysis using Python scripts able to return graphically the data obtained during the
LSPR experiments, as position in nm of the LSPR peak over time. The scripts allow us to access
to all the raw data collected and calculate the mean values of centroid position in selected
intervals. The basic analysis consisted in calculating the differences in the centroid position at
each step. Normalization was done over the change in the position of the LSPR peak observed
with 1 pM target concentration, chosen as indicator of the amount of probe immobilized on the

nanoparticles.
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3.7 DNA templated mixed platinum-silver nanoclusters: synthesis and

characterization

The DNA-AQ/Pt NCs have been prepared following a protocol based on the method described by
Zheng et.al (Zheng et al., 2014a). The Annealing of the oligonucleotides was performed heating
the mixture to 90 °C for 5 min then cooling down to 20 °C for 1 hour in thermocycler. The
experiment was performed in TEM Buffer (50 mM Tris, 5 mM EDTA, 20 mM MgCI2, pH 8.0) and
Phosphate buffer (10.0 mM, pH 7.4) to check the annealing also in the reaction conditions. The
oligonucleotides were diluted to 4 uM in the buffer. 15 pL of unmethylated or methylated sequence
were mixed to 15 pL of complementary strand to get 2 uM. We performed polyacrylamide gel
electrophoresis to evaluate the annealing. The electrophoresis was carried in 1 x TAE Mg?*
(40 mM tris-acetate, 12,5 mM magnesium acetate, 1 mM EDTA pH 8.0) at 40 V constant voltages
for 3 h at room temperature. The mixed AgPt nanoclusters were formed on these templates.
Briefly, 50 uL of a 150 yM AgNO3 solution, 120 pL of 125 uM K2PtCls solution were mixed to the
template double stranded DNA (300 uL, 2 yM) in phosphate buffer 10.0 mM pH 7.4. After
incubation for 30 min in the dark, we added immediately 40 uL of freshly prepared 5 mM NaBHa4
solution, under stirring conditions. The mixture was allowed to react at 37 °C for 3 h. The
DNA-Ag/Pt NCs can be stored at 4°C for 1 month. In order to detect the peroxidase-like activity
of DNA-Ag/Pt NCs, 10 pl of DNA-Ag/Pt NCs solution were diluted in acetate buffer 200 mM at
pH 4.0, then mixed with 20 pl H202 and 40 pl TMB to initiate the colorimetric reaction. The reaction
was monitored by UV-vis spectroscopy at 652 nm using a common spectrophotometer. All the
experiments were repeated three times to test the reproducibility. The formation of the
nanoclusters was characterized in standard polyacrylamide gel electrophoresis in TBE 1X, in
spectrophotometry scanning between 200 and 800 nm of wavelength, Atomic Force Microscopy
and Transmission Electron Microscopy (TEM). ImageJ was used to analyze the TEM images to

estimate the size of the nanoclusters.
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4 Results and discussion

During the work described in this dissertation, we were able to evaluate different strategies and
nanotechnological tools suitable for the development of new biosensing devices. In particular we
focused on the detection of short sequences such as microRNAs (Fig 4-1). We focused on
DNA-based biosensors, and we faced possible solutions to enhance the signal generated by such
methods. This could be done by employing self-assembling reactions that can increase the
response by increasing the local amount of DNA upon target detection. The reaction taken into
consideration for this purpose was the Hybridization Chain Reaction (HCR). We tried to develop
two methods based on this isothermal amplification, designing two alternative probes as
connecting elements between the target detection and the amplification of the response. The first
method, as in the classical HCR, is based on the direct interaction between the miRNA and one
of the hairpin-like DNA strands, followed by the polymerization of the two species of monomers.
We will refer to this method as “direct HCR” method. The second method was designed
introducing a triple helix probe: the detection of the target takes place in a large loop of a DNA
strand, which is closed forming a triple helix structure on a second strand. The probe looks like a
DNA beacon with a triple helix stem. The recognition of the target would set both strands free,
exposing previously hidden sequences. In our method, we used these free sequences as triggers
of a double HCR-based response. We proposed an original design never reported in literature,
taking advantage of both the triple-helix forming strands for to amplify the target detection. We
will refer to this method as “triplex-triggered HCR” using a “triple helix probe”. We will present the
efforts done towards the implementation of both the methods on biosensing platforms. Other
strategies for signal enhancement were explored, working on the usage of other
nanotechnological tools. Our idea was to eventually combine these tools with the proposed
DNA-based methods. We worked on the realization and characterization of metal nanoparticles
for this purpose. In particular, we synthetized and characterized different gold nanoparticles as
possible signal transducers and enhancers in electrochemical, but also LSPR based detection
methods. We had the chance to adapt our direct-HCR method on an original LSPR setup based
on immobilized gold nanoparticles. Moreover, we had the chance to realize and characterize
mixed DNA templated Ag/Pt nanoclusters (DNA-Ag/Pt NCs), theoretically able to return different
kind of responses, through electrochemical but also optical transduction. We mainly focused on
electrochemical and SPR-based transduction, evaluating the suitability and robustness of the
proposed methods. All the data presented below are obtained using DNA sequences of the

microRNAs. In Fig 4-1 we show a scheme illustrating the workflow of the overall project.
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Biosensors

New methods
for miRNA
detection

DNA based biosensors

DNA Self-assembling Reactions

Hybridization Chain Reaction

Strategies for signal
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Hairpin Probe Gold Nanoparticles

Triple Helix Probe DNA templated Nanoclusters

-

Implementation on sensing platform

Electrochemical
Detection

SPR based detection

Fig 4-1. Scheme showing the summary of what we attempted to do during the project.
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4.1 Direct Hybridization Chain Reaction

The miRNA sequences were selected out of informative miRNAs for lung cancer diagnosis, as
reported in literature. A pair of hairpins was designed for each miRNA target and the
self-assembling reaction was deeply characterized in solution to assess its robustness and the
performances in detection. Once the reaction was characterized in solution, the subsequent step
was the implementation on a biosensing platform. We were able to test the detection of a miR-17
using direct HCR on custom-build electrochemical setup, and the same was performed using

LSPR setup. Results and discussion about these works are presented below.

Fig 4-2. Scheme of the direct HCR method for microRNA detection.

4.1.1 Design of direct HCR based detection

First, attentions were directed to the selection of the miRNA targets. Bianchi and coworkers
(Bianchi et al., 2011), as previously anticipated in the introduction, found signatures of circulating
MiRNAs related to the early diagnosis of lung cancer in plasma and serum. Boeri et al (Boeri et
al., 2011) described a pool of miRNAs in common with Bianchi’s study for lung cancer diagnosis.
We decided to start from the common pool of miRNAs, and we chose miR-17 and miR-92a. These
MiRNAs were upregulated in blood in this context. In addition, we picked miR-21, known to be
involved in many pathways and deregulated in a large group of tumors. In order to find possible
competitors for a better evaluation of the specificity of the detection method, we used BLAST,
Basic Local Alignment Search Tool (Altschul et al., 1990) to look for existing microRNAs showing
similarities with the selected targets. Beside these sequences, we also selected unrelated

microRNAs, also reported in the common group of miRNAs in the studies of Bianchi and Boeri.
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Table 4-1. Sequences of the microRNAs took in consideration during this work. MiR-17, miR-92a and miR-21
selected as targets. miR-106b and miR-25 individuates as most similar sequences respectively to miR-17 and
miR-92a; different bases are in red and ‘- ‘markers correspond to missing bases in the sequence compared to the
target. The rest of miRNAs are not related to the specific targets but included in the common pool of miRNAs.

mMiRNA Sequences (5’ - 3’) Length (nt)
miR-17 CAAAGUGCUUACAGUGCAGGUAA 23
miR-106b UAAAGUGCUGACAGUGCAGAU -- 21
miR-92a UAUUGCACUUGUCCCGGCCUGU 22
miR-25 CAUUGCACUUGUCUCGGUCUGA 22
miR-21 UAGCUUAUCAGACUGAUGUUGA 22
miR-30c UGUAAACAUCCUACACUCUCAGC 23
miR-140-5p CAGUGGUUUUACCCUAUGGUAG 22
miR-486-5p UCCUGGUACGAGCUGCCCCGAG 22

The overall sequences of the miRNAs are collected in Table 4-1.The characterization was started
for the all three targets miR-17, miR-92a and miR-21, while the other sequences were used to
test the specificity. We designed hairpins for HCR amplification simply by considering the specific
sequence of the microRNAs as the main constrains in the design. The stem length of the hairpins
was thus dependent on the length of the target, and we kept the toeholds fixed at 6 nt, inspired
by Dirks and Pierce’s design (Dirks and Pierce, 2004). In the perspective of a smart design, the
sequence of the first hairpin, responsible for the target detection (H1, H3, H5), was arranged to
interact, through the toehold, at the 3’ portion of the target. Studying the databases revealed
higher differences between miRNAs in this region, thus the aim was to improve the specificity by
enhancing the discrimination between similar real existing miRNAs. Moreover, the hairpin-like
structure should further avoid unspecific interactions, thanks to a double-check recognition, which

would involve the sequence complementarity and the thermodynamic barrier of the closed stem.
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Table 4-2. Sequences of the Hairpins generated with NUPACK design and analysis. H1, H2, for HCR specific for the
detection of miR-17; H3 and H4 for miR-92a; H5 and H6 for miR-21.

Name | Sequence (5’ —3’) Length (nt)
H1 CTACCTGCACTGTAAGCACTTTGAATTCGCAAAGTGCTTACAGTGC | 46
H2 CAAAGTGCTTACAGTGCAGGTAGGCACTGTAAGCACTTTGCGAATT | 46
H3 ACAGGCCGGGACAAGTGCAATAAATTCGTATTGCACTTGTCCCG 44
H4 TATTGCACTTGTCCCGGCCTGTCGGGACAAGTGCAATACGAATT 44
H5 TCAACATCAGTCTGATAAGCTAAATCTCTAGCTTATCAGACTGA 44
H6 TAGCTTATCAGACTGATGTTGATCAGTCTGATAAGCTAGAGATT 44

The sequences of the generated hairpins are collected in Table 4-2. We used NUPACK to design

and predict the secondary structure of the hairpins. The overall structures of the hairpins

corresponded in general to those specified in the design, described in the section 3.2.2 Design of

the sequences for direct HCR reaction in Material and methods.
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Fig 4-3. MFE (minim free energy) structures calculated by NUPACK for A). Hairpin H1 and B). the complex
miR-17-H1-H2. The color scale indicates the probability of each base to occupy the depicted position. Dark red bases
are more likely to be in that position, while shifting to blue the position become more uncertain. This can be considered
as marker of the stability of the complex. C) Histogram showing the concentration of each species at the equilibrium,
returned from the NUPACK analysis tool.
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Fig 4-3 A and B show the minimum free energy structures (MFE) corresponding to H1 (A) and
the complex miR17-H1-H2 (B). These are the results of the NUPACK analysis, and they give
information about the stability of the proposed secondary structures by indicating the probability
of finding each base in the showed position at the equilibrium. In Fig 4-3 C we can also see the
predicted concentration of each complex at the equilibrium. We also investigated the theoretical
formation of bigger complexes, and similar results were obtained for the detection of all the three
targets (data not shown) This was used to evaluate the ability of the strands to interact and be
involved in the self-assembly. Furthermore, we analyzed the interactions of the hairpins with the
competitors miR-106b and miR-25 and unrelated miRNAs. The propensity of the hairpins to
interact between each other without target is an important parameter to pay attention to. Since
the information needed for the self-assembly is always present in solution, even if trapped in the
hairpins, HCR is intrinsically subjected to “leakage”, as spontaneous spurious self-assembly due
to random opening of few hairpins in solution. Thus NUPACK analysis allowed us the evaluation
of the theoretical “leakage” of the reaction, as additional information about the stability of the
hairpins. This was done checking the probability of formation of unspecific complexes ( with no
target involved) between the hairpins. Unstable hairpins would return in NUPACK the formation
of nanostructure in absence of the specific target. Once satisfied about the theoretical behavior
of the generated sequences, we purchased the DNA oligonucleotides and moved to in tube

experimentation.
4.1.2 The product of the direct Hybridization Chain Reaction in solution

The functionality of the hybridization chain reaction in solution was assessed mostly analyzing
the final product through polyacrylamide gel electrophoresis. This technique can simply give us
information about the interactions between DNA strands in final equilibrium, in the conditions of
analysis. The reaction product obtained in solution was characterized through polyacrylamide gel

electrophoresis.
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Fig 4-4. A) Section of gel electrophoresis showing HCR products (lane 2), the hairpins without target (lane 3) and H1
+ miR-17 sequence (lane4). B) Section of gel electrophoresis showing the behavior of the HCR in presence of
decreasing concentrations of target miR-21, 10 uM, 3 uM, 2 uM, 1 uM, 0.5 puM, 0.1 puM, with 1 uM hairpins
concentration.

As we can see in Fig 4-4 A electrophoresis is able to return information about the occurred
self-assembling reaction. HCR product is, in general, discriminated as a group of higher molecular
weight bands. In lane 2 we can see the typical product of the hybridization chain reaction in
presence of 0.5 uM target, 2:1 ratio (Hairpins: Target), in HCR buffer NaCl 0.5 M, Na2HPOa4
50 mM, pH 6.8. When the target is not in the mixture (lane 3), an intense band corresponding to
the hairpins is visible, with no higher molecular weight bands, suggesting that no important
leakage occurred. It is very important to discriminate between the specific HCR product and the
leakage of the reaction. In Fig 4-4 B, another feature of hybridization chain reaction is also visible,
enlightening the mechanism of the reaction. Since the growth of the nanostructures depends on
the availability of the hairpins in sustaining the polymerization, a higher concentration of target at
fixed concentration of the hairpins would lead to the formation of shorter DNA nanostructures.
This is due to the fact that the hairpins are more involved in the interaction with the target to form
complexes containing smaller amount of monomers. A lower concentration of target triggers the
formation of longer products because most of the hairpins are available to build up the
nanostructure. In the gel in Fig 4-4 B, this trend is quite clear, with a higher molecular weight
product at the lowest concentrations of target miR-21. Same results have been observed for the
three targets, proving the efficiency of the reaction in solution and its mechanism. We further
characterized the HCR product with Atomic Force Microscopy, to get information about the

morphology of the double stranded linear nanostructures.
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Fig 4-5. Atomic force microscopy images showing the HCR product obtained in solution.

Atomic force microscopy was used to characterize the size of the HCR product obtained. We
were able to estimate the effective sizes of the HCR products and their shape. We observed
structures with average of 200 nm length for reaction in 2:1 ratio (Hps:target) with linear
nanostructures but also some branched structures ( Fig 4-5. A). We were also able to detect
products reaching about 1 um in length as shown in Fig 4-5. B. Thus, hybridization chain reaction
worked in the considered conditions in response to the short miRNA targets, with products

coherent in morphology with the expected HCR nanostructures.
4.1.3 The rate of the hybridization chain reaction

We wanted to have some rough information about the kinetics of the self-assembly. We tested
the rate of the reaction simply incubating the mixture during different times and analyzing the

product in gel electrophoresis.
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Fig 4-6.A) Section of polyacrylamide gel electrophoresis showing the product of the reaction after 120 h min (lane3)
60 min (lane 4) 30 min (lane 5) 15 min (lane 6); B) Section of gel showing product of the same reaction (10:1,
Hps:target) after 2h (Lane 1) and 24 h (Lane2). Lane4: mixture of hairpins.
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Assuming the separation of the reagents at the time of the analysis in electrophoresis, from
Fig 4-6. A, it is clear that the HCR is very fast in producing first products. Even 15 min is enough
to clearly appreciate it. No differences are evident comparing reaction incubated for 15 min and
2h. The self-assembling reaction quickly reaches a first equilibrium, however, the hairpins are not
fully consumed yet. This is probably due to the achievement of a kinetically hindered status
because of the reduced amount of hairpins available for the assembly and the limit of diffusion.
Looking at the reaction after a longer incubation (24 h) we interestingly noted that there is probably
a second slower phase, where the hairpins keep assembling on the nanostructures contributing
to the growth. This is more evident for lower concentration of the target in respect to the hairpins
(Fig 4-6). For our purpose, we need to focus on the first phase, thus we fixed the incubation time
to 1h, at which a response would be returned towards the idea of a fast and efficient sensing

application.
4.1.4 The effect of temperature on the hybridization chain reaction

Since the entire process is thermodynamically driven, we tested the effect of the temperature on
the reaction, to evaluate the robustness at different temperatures other than room temperature.
We thus tested different conditions of incubation at 15, 25, 35 and 45°C (Fig 4-7).
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Fig 4-7. Section of polyacrylamide gel electrophoresis showing the HCR products obtained at different incubation
temperatures. Lanel: HCR at 15 °C; lane 2: leakage at 15°C; lane3: HCR at 25 °C; lane 4: leakage at 25°C; lane5:
H2; lane 6: molecular weight marker; lane 7: HCR at 35 °C; lane 8: leakage at 35°C; lane9: HCR at 45 °C; lane 10:
leakage at 45°C.

As expected, a higher temperature correlated with a more efficient reaction but also a higher
leakage of the hairpins, likely due to a decreased stability. On the contrary, at the lowest
temperature of 15 °C the reaction was less effective, probably because of a consequent higher
stability of stems. Despite the higher leakage at higher temperatures (35°C and 45°C), the
response in presence of target is clearly different, specific and much more efficient. A different
profile in electrophoresis is likely correlated to the possibility to discriminate the specific reaction
from the leakage background on a biosensing platform. Moreover, the kinetic of such unspecific

process is likely very different. Thus, the reaction looked robust in this condition. In addition, this
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information would give us the chance to modulate the reaction conditions in order to enhance
sensitivity and reduce the background. For example, it is clear that the running the reaction at
35 °C greatly enhance the formation of the HCR product with no equivalent increase in the
leakage. The higher temperature could also avoid interaction with unspecific sequences by
favoring instead the most specific ones, generally more stable. Moreover, the ability to detect
targets at temperature closer to physiological ones is undoubtedly relevant for biosensing

applications.
4.1.5 The specificity of the direct HCR

The specificity of the reaction in solution have been tested over the competitors miR-106b and
miR-25 as most similar to the specific targets selected miR-17 and miR-92a respectively. In
Fig 4-8 we show data obtained in electrophoresis with the different products in presence of the
specific target beside the product obtained in presence of the competitor. As we can see, no

significative product is observed for the unspecific sequences at 1 uM (Fig 4-8 A, Lane 3 and 8).
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Fig 4-8. A. Section of polyacrylamide gel electrophoresis with HCR product obtained with specific and similar
unspecific sequences. Lanel: H3 + H4; lane2: HCR miR-92a; lane 3: HCR miR-25; lane 5: miR-17; lane 6: H1 + H2;
lane 7: HCR miR-17; lane 8: HCR miR-106b. B. HCR for miR-92a; Lanes 1-7, HCR with target concentrations 1,
0.5, 0.2, 0.1, 0.05, 0.02, 0.01 pM; Lanes 9-15: same concentrations of miR-92a, in presence of fixed concentration
of competitor miR-25.

It is to note that a slight interaction between miR-25 and the hairpins occurred, visible as a smear
reaching higher molecular weight (Fig 4-8 A, lane 3). This is possibly due to an intrinsic instability
of the hairpins specific for miR-92a or the partial interaction of miR-25 with the first hairpin H3
causing the weak trigger of the self-assembling reaction. Despite this interaction, the profile is
very different from the one related to the specific one. As mentioned before, the unspecific
response is probably slower and, likely, carefully handling the incubation time and the

concentrations of the reagents, the differences in the responses can be certainly increased.
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Moreover, testing the HCR in presence of miR-92a and miR-25, we can clearly see that the HCR
product triggered by miR-92a is the dominant one ( Fig 4-8. B). In the experiment we compared
the HCR product at different concentrations of the specific target miR-92a at different
concentrations with the same product in presence of a fixed concentration of miR-25. We can
argue that the effect of the competitor starts when miR-92a is about at 0.05 pM, 10 times less
concentrated. This would confirm the differences in the responses, since miR-92a is undoubtedly
more effective than its competitor in triggering the assembly. These observations gave additional
evidences about the ability of discriminating the unspecific response in the opportune conditions.
The effect of completely unrelated sequences of microRNAs was also tested by incubating the
mixture of hairpins in presence of other sequences such as miR-30c, miR-145-5p and miR-486-
5p. The result is shown in Fig 4-9 for HCR specific for miR-17.

1 2 3 4 5 G 7 8 9 10 11 12 13 14 15

Fig 4-9. Section of polyacrylamide electrophoresis gel. Lane 1: Hpl + Hp2 + miR-17; lane 2: Hpl + 17; lane 3 :Hpl
+ Hp2; lane 4, Hp2 + miR-17; lane 5: Hp1; lane 6: Hpl + Hp2 + miR-30c; lane 7: Hp1 + miR-30c; lane 8: Hp2 + miR-
30c; lane 9: marker; lane 10: Hpl + Hp2 + miR-140-5p; lane 11: Hpl + miR-140-5p; lane 12: Hp2 + miR-140-5p;
lane 13: Hpl + Hp2 + miR-486-5p; lane 14: Hpl + miR-486-5p; lane 15: Hp2 miR-486-5p. Incubation 3h and 30 min
a 25°C.

Apparently, there is no observable interaction between hairpins and the other unrelated
sequences of microRNAs, as we expected. Experiments performed in presence of all the

sequences in the mixtures further confirmed these observations (data not shown).

4.1.6 Effect of BSA on direct HCR in solution
For sensing performances towards the detection in blood samples or other complex biological
media, the specific self-assembly needs to work in media more complex than the buffer used in

the test in tube.
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Fig 4-10. Section of polyacrylamide gel electrophoresis comparing the effect of 12.5 % BSA. Lanel: HCR in buffer;
lane 2: H1+H2 in buffer; lane 3: H1 + miR-17 in buffer; lane 4: miR-17 in buffer; lane 5: miR-17 in BSA, lane 7: H1 +
miR-17 in BSA; lane 8: H1 + H2 in BSA; lane 9: HCR in BSA; lane 10: BSA in buffer.

As preliminary test of the stability of the detection method and suitability in more complex media,
we tested the self-assembling reaction in presence of 12.5 % of BSA in the HCR buffer (Fig 4-10).
As we can notice comparing lane 1, corresponding to normal HCR buffer, with lane 9, related to
the reaction in HCR buffer containing 12.5 % BSA, no significant effect due to the presence of
BSA is detectable. We assumed thus that a more complex medium would not affect the
performance of the hybridization chain reaction. This was expected from many examples in
literature concerning the exploitation of such self-assembling reaction in cells and biological

samples (see the introduction, 1.7.1 HCR in biosensing).
4.1.7 Sensitivity

We tested the sensitivity in solution by incubating different concentration of target miRNA to the
mixture of hairpins as explained in Material and methods in section 3.3. The lowest concentration
tested was 10 nM (Fig 4-11).
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Fig 4-11. Section of polyacrylamide gel electrophoresis showing the HCR products at decreasing concentration of
miR-17 in a range from 1 to 0.01 pM.
Down to the range of tens nanomolar the reaction was able to return a visible product. That was

observed for all the three targets miR-17, miR-92a and miR-21.
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4.1.8 Conclusions and observations

The characterization in solution proved the robustness and the suitability of the amplification
method based on direct HCR for the detection of the selected short sequences corresponding to
microRNAs. HCR is demonstrated to be very versatile in these conditions, since similar results
have been obtained for the three selected targets, miR-17, miR-92a and miR-21. In this design
the first hairpin interacts directly with the target, acting as a probe. Our hairpin-like probe, is able
to discriminate sequence of miRNAs with high homology thanks to the thermodynamical barrier
of the stem and the careful selection of the toehold sequence performed. The reaction was
effective at different temperatures, in different buffers and in more complex media, confirming the
promising application in sensing. Even if far from the application in real samples, according to
these results, we assumed the strategy effective and robust enough, also taking into account the
large number of examples reported in literature about applications in real samples. The reaction
is undoubtedly adaptable to sensing strategies and we moved thus towards the implementation

in biosensing, for the development of an enhanced DNA based biosensors.

4.2 Implementation of the direct HCR on electrochemical detection

The electrochemical method was designed simply modifying the hairpin directly involved in target
detection. We chose HCR specific for miR-17 to test the implementation in electrochemical
detection. We ordered a thiol modified H1 including a T4 spacer to reduce the steric hindrance
on the surface and to enhance the hybridization, hence the sensitivity. The detection would take
place with the same mechanism, through nucleation of the target on the toehold of the hairpin, in
this case closer to the surface. For the development of the electrochemical method, first we
started characterizing our custom-build electrochemical setup. We produced self-assembled
monolayers and checked the electrochemical responses of the system by monitoring the charge
transfer at the surface of the electrode.

4.2.1 Characterization and functionalization of the electrodes

Gold surfaces were electrochemically evaluated through cyclic voltammetry (CV) and
electrochemical impedance spectroscopy (EIS). Both the techniques return information about the
efficiency of the charge transfer between the surface and the solution, depending on eventual
adsorbed molecules on surface. Furthermore, these techniques can be used to evaluate the
performances of the overall setup. Self-assembled monolayers were formed on the gold electrode
using MCH or octadecyl mercaptan (C18), to assess the capability of the system to return
meaningful responses. The TSGs were incubated in MCH 1 mM diluted in water or C18 in EtOH

for 30 min, before rinsing and measuring in the electrochemical cell.

58



EIS
0,8 1000
06 900
0,4 s ®
' e 700 o *
T z 600 a
£ 0 g 500 ®
= - 400 L
3 -02 - °
300 ]
-0,4 .
200 o
-0,6 ’
g 100 et 00,

.08 Ml 0
0,25 -0,05 0,15 0,35 0 200 400 600 800 1000

Potential applied (V) Z(Q)

Fig 4-12. A) CV voltammogram showing obtained performing measurements on the same TSG. Green line
corresponds to the measurement on clean TSG. Red line corresponds to the TSG passivated with C18, 1 mM in
EtOH for 30 min. Blue line is the same TSG after 20 cycles of CV in H2SO4 0.5 M; B) Electrochemical impedance
spectroscopy measurement on the same surfaces (same color coding).

In Fig 4-12 we can see examples of the measurement on the same TSGs to monitor the adsorbed
C18 on gold. The clean TSG shows quite high reduction and oxidation peak in cyclic voltammetry
(Fig 4-12 A green line), corresponding to a very low impedance (green points in Fig 4-12 B). The
passivation with C18 dramatically reduced the charge transfer, evident from the red
voltammogram, barely distinguishable from the zero, while the EIS spectrum shows a high
impedance. C18 molecules are long alkanethiols, and they induce a great hindrance to charge
transfer on the surface of the electrodes. When the amount of C18 adsorbed is decreased, this is
visible in the electrochemical measurements, since more current flows through the surface, as
observed in CV (Fig 4-12. A, line blue) and in EIS spectroscopy (Fig 4-12. B, blue points). We
were thus able to get information about the status of the gold surface and coherently with different

techniques. The same method can be adopted to test the immobilization of the thiolated DNA.
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Fig 4-13. A) EIS data obtained on clean TSGs (blue) and functionalized with thiolated DNA probes (grey and orange).
B) CV voltammogram obtained on clean TSG (blue) and functionalized with thiolated DNA (grey and orange).
In Fig 4-13 A. data obtained on clean and functionalized TSGs are shown. We can clearly detect

the immobilized probe in both EIS (A) and CV (B). As mentioned before, the probe in use was
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simply a 5’ thiolated H1, with a T4 spacer. The thiol group was directly attached to the toehold of
the hairpin.

SH(CH)6-TTTTCTACCTGCACTGTAAGCACTTTGAATTCGCAAAGTGCTTACAGTGC

The stem region is underlined in the sequence. The immobilization of the probe on the electrode
was performed overnight, dropping 40 pL of probe solution in Tris 20 mM, NaCl 0.5 M pH 7.4 on
a freshly exposed TSG. The proper concentration was evaluated in response of the HCR

efficiency on surface as we will see in the following section.
4.2.2 Detection of miRNA and direct Hybridization Chain Reaction on surface

The detection and the hybridization chain reaction were mainly evaluated labeling the DNA using
Hoechst 33258, an electroactive intercalator of DNA that can be oxidized on the electrode
scanning the potential between 0.4 and 0.6 V. The experiments were performed by incubating
the target and the hairpins on the TSGs out of the electrochemical cells, and the incubation with
Hoechst was done in the cell, by flowing the solution at 50 yL/min using a syringe pump. The
whole procedure is described in the section about the Electrochemical detection of microRNA
sequences through direct HCR. After washing the Hoechst with buffer, we performed the LSV
measurement. The resulting peaks were analyzed to evaluate the height on the baseline. The
data were normalized on the measurement performed on TSG only passivated with MCH (Fig
4-14).
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Fig 4-14.Mean values and standard deviations (N = 3) relative to the height of the oxidation peak of Hoechst. The
data are normalized on the average MCH peak height. A) Normalized data for each sample; B) Normalized values
relative to target detection and HCR after subtraction of the contribution of MCH and H1.C) EIS data showing the
increase of faradaic resistance at each step.

We can see that the peak height is coherent with the increase of the amount of DNA on the
surface. Focusing on the contribution of target and hybridization chain reaction, we can see a
2-fold amplification after hybridization chain reaction compared to the bare target detection. Each
step was also evaluated in Electrochemical Impedance Spectroscopy, and data were coherent
with an effective increase of material on the surface, correlated to the increase in the faradaic
resistance. Probe was used at 0.2 pM, incubated overnight at room temperature. This
concentration was selected after a certain number of trials trying to evaluate the effectiveness of
the reaction on surface at different concentrations of the probe. Some of the experiments are

resumed in Fig 4-15.
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Fig 4-15. Bar plot shoeing the height of the Hoechst oxidation peak at different concentration of probe for probe only
(blue), after target incubation (red) and after HCR (green). Bars correspond to the standard deviation calculated from
the variance on several experiments.

At higher concentration, such as 3 uM, the overall trend of the data shows ineffective target
recognition and ineffective HCR. Reducing the probe concentration there was a more
discriminable difference. This is probably due to the different probe density affecting the overall
detection method. Thus, we decided to work with concentrations of probe in the range
0.1-0.5 puM. We have to note that measurements using Hoechst were in general affected by high
variability. This could be related to intrinsic defect in the electrochemical setup, requiring further
optimization. Indeed, this affected the sensitivity and the reliability of results in some degree.
Although we had to face the limitations in the electrochemical detection, we wanted anyway to
test the hybridization chain reaction. The detection of different concentration of miRNAs was
evaluated without amplification and in presence of the HCR amplification. Fig 4-16 we show the
results of these experiments. In general, the target itself was barely detectable in these conditions,
made more difficult by the variability of the measurements (Fig 4-16 blue spots). In general, the
target only was detectable at high concertation, about 1 puM. This is probably due to the adopted
electrochemical method based on Hoechst. Since our probe is a hairpin with a consistent stem,
the overall contribution of the target binding is low. Hoechst binds preferentially to double stranded
DNA, and the closed hairpin has a 17 base pairs in the stem. After target detection, the double
stranded portion of the complex would be 23 base pairs, probably not enough to return a clear

detectable response at low concentration of target.
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Fig 4-16. Detection of miR-17. Detection of target without amplification (blue spots and line). Detection using
hybridization chain reaction (grey spots and line) Bars for standard deviation (N = 3).

Even if the variability was important, we tried to evaluate the effect of the amplification based on
hybridization chain reaction. As we can see in Fig 4-16 (grey spots), the system showed a better
correlation to the concentration of the target. Trying to evaluate the improvement obtained in the
detection, we roughly estimated the limit of detection in the adopted conditions. Taking into
account the signal of the blank sample and its standard deviation, we calculated the LOD as Sb
+ 3*0, where Sb is the blank response and we obtained the corresponding concentration form the
data fitting. No correlation is evident for the target detection with no amplification, while the
estimation returned about 400 nM when the target was detected with HCR. That is obviously not
a satisfying result, but it confirms an effect of the amplification, leading to an improvement starting
from the absence of a meaningful detection detection.

4.2.3 Conclusions and observations

More efforts need to be done to improve the electrochemical setup and reduce the variability of
the measurements. The HCR mechanism could be more complex than expected and Hoechst
labeling could not be the optimal strategy for this method. The label detection may be affected by
the molecular crowding on the surface, limiting the amount of intercalator truly oxidized on
surface. Even trials performing the target detection through EIS and CV did not show enough
sensitivity in the detection. In principle, we showed that the HCR takes place on the electrode and
leads to the enhancement of the response with bare target detection, assessing the working
principle and the detection. This supports the application of the proposed method, but more efforts
are required to obtain reliable data with this approach. First, an overall revision of the
electrochemical setup would be required, then other electrochemical techniques could be tested
towards the improvement of the detection. We looked thus for alternative techniques, able to

return more stable responses and conceptually promising for HCR based detection.
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4.3 LSPR based detection

Since HCR amplification could lead to an increase of the local amount of DNA, techniques
sensitive to a change of the surrounding properties at the surface affected by the accumulation
of DNA can be used for the detection of such process. As we have seen in the introduction at
section 1.4, Surface Plasmon Resonance, techniques based on SPR are sensitive to changes in
refractive index at the interface between a metal layer and the solution. The absorption of
molecules on the surface can be detected thanks to this principle and correlated to the
concentration in the sample. These are label-free techniques, allowing a further reduction of the
complexity of the methods, thanks to the reduction in the number of steps required for a
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measurement.
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Fig 4-17 Scheme of the HCR based detection in the SPR setup. Readapted from Spiga et al (Spiga et al., 2014).
Image licensed by Elsevier and Copyright Clearance Center (License number 4698291110587).

In the past, people in our lab worked on the implementation of HCR in SPR sensing for the
detection of pathogens, potentially reaching a limit of detection lower than 1 pM (Fig 4-17), (Spiga
et al., 2014). Part of the goal of the work presented in this thesis was to explore the employment
of metal nanopatrticles as transducers and signal enhancers. As we have seen in the introduction
in section 1.5.2 (Localized Surface Plasmon Resonance (LSPR) it is possible to take advantage
of the plasmonic properties of metal nanoparticles to develop strategy suitable in biosensing.
LSPR is based on the same principles of SPR, but with some more advantages, such as
enhancement of the sensitivity, the easier miniaturization and production thanks to the

employment of metal nanoparticles instead of metal layers. The suitability of HCR for methods
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based on SPR is proved, thus, in principle, LSPR based transduction could be adapted to
strategies involving HCR as amplification. There are many strategies involving gold nanoparticles
in solution able to show a shift in their resonance LSPR peak (change in the absorbance of the
solution) upon target detection. Recently, methods based on solid-state LSPR have been
proposed, taking advantage of the immobilization and proper spacing of metal nanostructures on
surface to enhance the sensitivity and the overall performance of sensing methods. As reported
in the Introduction (section 1.5.2), Joshi et al proposed the first method for the detection of specific
microRNAs based on solid-state LSPR with immobilized nanoprisms on glass substrates, suitable
for regeneration after detection(Joshi et al., 2014, Joshi et al., 2015). The detection takes place
by incubating the chip in the sample, and so all the steps of washing and regeneration. The
plasmonic peak was measured in a common spectrophotometer after the target detection. They
claim a LOD of about 35 fM for miR-21 and in a range from 100 nM to 50 fM for miR-10 in different
media. Despite the low limit of detection in complex media obtained in this approach, the proposed
method does not allow the real time measurement of the target detection, and the protocol looks
still complex in batch configuration, requiring long incubation times. More recently a few works
have been proposed employing nanostructures surfaces for LSPR based detection of miRNAs,
with good results but still involving complex preparation of the chips, long incubation and enzymes
to amplify the signal (Ki et al., 2019, Na et al., 2018). Ki's work also employed HCR as part of the
amplification, in combination with enzyme-assisted target recycling, with no dramatic
enhancement of the signal. During the work described in this thesis, we had the chance to
collaborate with the group of professor Wolfgang Fritzsche, head of the Department of
Nanobiophotonics at the Institute of Photonic Technology (IPHT) of Jena (Germany). During a
period spent under the supervision of Prof Fritzsche in Jena, we made efforts to implement our
direct HCR based detection method on LSPR mediated sensing using an original and simple
setup for LSPR measurements. The advantage of this LSPR setup compared to what is reported
in literature, would be the suitability for real-time measurements in a compact format, ease of the
working procedures and the employment of spherical gold nanoparticles, either provided
commercially or easy to synthetize with lab facilities. We used the same thiolated H1 probe
employed for he electrochemical detection (section 4.2.2 Probe immobilization and Hybridization
Chain Reaction on surface) here immobilized on 80 nm gold nanoparticles for LSPR detection of
miR-17 (Fig 4-18).
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Fig 4-18. Scheme of the LSPR-based detection of microRNAs with Hybridization Chain Reaction amplification on
immobilized gold nanoparticles. While the hybridization and the self-assembly take place, we can monitor the LSPR
peak position over time.

4.3.1 Characterization of the chips

One of the advantages of the adopted LSPR approach is the ease in the production of the
sensitive chips (protocol reported in section 3.6.1 Preparation of the LSPR Chips ). We were able
to produce tens of chips in one day and store them for later use. The density of the gold
nanoparticles on the chip should be carefully handled in order get the proper plasmonic effect,
but also in order to keep as low as possible the variability between different chips. This step is
very important, since the main drawback of the employed setup was the possible variability
between chips, however standardization of the procedures allowed the improvement of this
aspect. Normalization is anyway required to be safely able to compare data collected on different
chips. We can check the density of gold nanoparticles by Dark field microscopy or, with Atomic

Force Microscopy.

A.

Fig 4-19. Image in Dark field microscopy of the immobilized 80 nm gold nanoparticles on the glass substrate in
different areas.
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Because of the strong light scattering due to the surface plasmon resonance, gold nanoparticles
can be visualized as bright points under a dark field microscope (Fig 4-19). The displayed color
is determined by the SPR peak wavelength. Spherical gold nanoparticles appear green due to
their SPR peak and scattering in the 500 nm. A greenish color in scattering is thus expected for
properly spaced 80 nm gold nanoparticles while reddish color in scattering is expected for
aggregated gold nanoparticles on surface. This gives the chance to easily evaluate the general
status of the chip before proceeding with the measurements.

Counts 293 291 308
Area (rel.) 6,614 um?2 7,255 pm? 6,596 um?2
area (abs.) 26,45 % 29,02 % 26,38 %

Fig 4-20. AFM images, showing the immobilized gold nanoparticles on glass for LSPR detection on three different
chips. Table below report the density and the number of gold nanopatrticles on the area analyzed, and the percentage
of occupied area.

A deeper characterization is offered by the usage of Atomic Force Microscopy. In Fig 4-20, AFM
images of the immobilized gold nanoparticles are shown. In the table below we report the number
of nanoparticles and the covered area. So, a density about 300 particles/5 pm?, that is
60 particles/um?, was considered an appropriate density on the base of empirical observations,
such as the presence of a sharp plasmonic peak in transmittance, considered marker of a well
functional chip. The acquisition of the plasmonic peak in transmittance was the last test able to
confirm the good shape of the chip. Once the chip was enclosed in the microfluidic chamber, we
were able to immediately detect the “absorbance” peak through the spectrophotometer included

in the setup. We were then ready to start the measurement.
4.3.2 Detection of miR-17

Once we made sure the goodness of the layer of gold nanoparticles, we followed the protocol
illustrated in section LSPR measurements and detection, maintaining the same parameters. For
the specific detection of miR-17, we decided to use H1-sh probe at 2 pM for the overnight
incubation. The overall setup let us follow the portion of the LSPR over time, allowing the real
time monitoring of the detection. All the measurements were repeated at least three times on the

same chip. Data were normalized over the shift in the position of the LSPR peak obtained with
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1 uM of the specific target miR-17, considered correlated to the amount of probe immobilized on
the gold nanoparticles and the sensitivity of the chip. Since this method gives the chance to
monitor in real time the interaction between the target and the probe, we can literally observe how
the detection is proceeding over time. Beside information about the entity of the shift in the
centroid position, we can also evaluate the kinetics of the phenomena. The detection of target
was evaluated by flowing 1 pM solution of miR-17 in running buffer after the passivation of the
gold nanopatrticles and the glass substrate.
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Fig 4-21. Example of result obtain for an LSPR measurement session. The graph plots the position of the LSPR peak
(centroid position) over time. During steps 5, 9 and 13 (dark green) the target was flowed. Blue step corresponds to
MCH, light green corresponds to running buffer while red steps correspond to regeneration through HCl 20 mM. On
the right, scheme of the target detection.

In Fig 4-21 we can see the result of an experimental session in which we repeated 3 times the
detection of the target, alternated by regeneration using HCI 20 mM. Upon target injection, we
witnessed a fast change in the refractive index observed as a change in position of the centroid
(see blue line in Fig 4-21). We can see that, injecting buffer again, the centroid position is not
brought back to the previous value, meaning that the binding of the target is stable in this time
scale. Instead, the regeneration step is effective in taking the centroid position back to the starting
point. HCI breaks the base pairs between probe and target and prepare the sensor for the

subsequent detection.
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Fig 4-22. Regeneration of the sensor with HCI 20 mM.

The regeneration was also evaluated, and we observed that the probe was restored at the
unhybridized form at each cycle (Fig 4-22). In general, we obtained a shift between 0.5 and 1 nm
for target binding at 1 uM of the specific target. The volume of target solution injected was 50 pL
(5 pL/min for 600 s). This measurement was repeated at every experiment as standard to

normalize the whole data obtained on the same chip.
4.3.3 Specificity for the detection of miR-17 in the LSPR setup

Once the detection of the target was proved and once we verified the effective regeneration of
the sensors, we moved to the evaluation of the specificity, the ability to discriminate between
mMiRNAs. Since we tested the LSPR based detection on the detection of miR-17 sequence, we
tested the specificity over miR-106b, the most similar sequence found in the databases, in
addition to miR-21, a completely unrelated sequence also significative for diagnosis (see
sequences in Table 4-1). As explained in section 4.1.1, the specificity should be guaranteed by
the H1 hairpin, adopted as probe, because of the base pairing specificity, the secondary structure
and the toehold, directed to the more variable 3’ portion of the target. MiR-106b should not be
able to open the hairpin, since it also lacks two nucleotides in that position (Table 4-1). These
deletions should affect the interaction at the toehold of H1, so the opening of the hairpin, as also
confirmed by experiments in solution (see section 4.1.5, about the specificity of the direct HCR).
After recording the response flowing 1 uM solution of the specific target, we washed and flowed
the solution containing the competitor miR-106b. It was done in a separate experiment for

miR-21, always compared to the specific target.
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Fig 4-23. Test of the specificity of the sensor. A) Table showing the sequences of the miRNAs. B) Bar plot showing
the mean values the differences in centroid position after the injection of the sequences with standard deviation (N =
3). C) Collection of the intervals corresponding to the injection of miR-17 (red lines) and miR-106b (green lines),
showing centroid position (nm) over time per each interval. D) Same for miR-17 (red lines) and miR-21 (blue lines)
and blank (buffer, yellow lines). Bars correspond to standard deviation N = 3.

The results are reported in Fig 4-23. Figure C and D report the centroid position over time for
miR-17 (red line) and the unspecific miRNAs, respectively miR-106b (green line in D) and
miR-21 (blue line in C). Fig 4-23 B summarizes these data in a bar plot, comparing the data with
signal we obtained flowing just buffer. We can see that the shift in the centroid position is
dramatically different for miR-106b and miR-21 compared to miR-17. The injection of the specific
target induces a steep change in the centroid position with a fast kinetics, while both miR-106b
and miR-21 induce an increase not so higher than the buffer alone (yellow lines in Fig 4-23 C).
The slight increase of the signal compared to the background in the case of miR-106b is likely
due to a leakage of H1 on surface, allowing interactions even if with low efficiency. Thus, the

probe is confirmed to be specific for miR-17 in these conditions.
4.3.4 Sensitivity of the LSPR-based method without HCR

Since the aim of the work was to test if HCR was able to enhance the sensitivity of biosensing
strategy based on DNA, we first wanted to move to the evaluation of the sensitivity of the method

without amplification. We flowed in the chamber different samples with different content of
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miR-17. Every measurement was followed by a regeneration step, and then the subsequent

solution was flowed.
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Fig 4-24. Centroid position over time during the detection of increasing amount of target: step 9, 0.0001 uM; step 13:
0.001 pM; step 17: 0.01 pM; step 21:0.1 pM; step 25:1 pM.

As it can be observed in Fig 4-24, the shift in the peak position over time increased when higher
concentrations of the target were flowed. The response of the sensor is thus quantitative
depending on the concentration of miR-17. Further experiments have been performed to better

assess the robustness of the target quantification.
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Fig 4-25 Mean values for the shift in peak position normalized for shift obtained flowing uM of target. A) Bar plot
showing the average of the shift in the centroid position with standard deviation. B) Calibration curve in log scale.
The concentration 10-° corresponds to the zero. Bars correspond to standard deviations calculated from the variance
on several experiments.

In Fig 4-25 A and B we show the average differences in centroid position observed for different
experiments. For each experiment, the detection was repeated 3 times per target concentration.
Through a rough visual definition of the limit of detection, we can see a meaningful difference at
about 1 nM of target compared to the blank, which consists in just running buffer. This is proved
by calculating the limit of detection as LOD = Sb + 30, where Sb is the mean shift detected for
the blank sample, and o is the standard deviation of the blank. The LOD concentration was

obtained from the data fitting. This resulted to be about 1.1 nM.
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4.3.5 Hybridization Chain Reaction in LSPR

Once we determined the limit of detection reachable without amplification, based on the simple
hairpin-like probe immobilized on the gold nanopatrticles, we moved to the Hybridization Chain

Reaction. First, we wanted to test the growth of the DNA nanostructure after the detection of the

kEU

@\2,

target.

Fig 4-26. Scheme of the Hybridization chain reaction on the gold nanoparticles.

We added one by one the H1 and H2 and saw if we were able to discriminate the interaction of
individual hairpins over time. In principle, SPR-based techniques such as LSPR would be able to
detect every binding step until they are in the range of sensitivity. In the case of SPR, the bulk
sensitivity is higher, so the technique is able to detect changes further form the surface. In LSPR,
the range of sensitivity is limited by the diameter of the nanoparticles. In principle, the range is
estimated to be half of the diameter of the nanoparticle, for spherical nanoparticles. It means that,
for 80 nm gold nanoparticles, we expect to detect interactions on the surface until they occur
within 40 nm around the nanoparticles. In the not-real case of a rigid DNA nanostructure, we
would be able to see at least the interaction of 4 hairpins, taking into account the length of the
individual hairpins and the probe, considering 0.34 nm the length of a base. Obviously, this is an
extreme unlikely case. Likely the nanostructure would be very flexible. Moreover, the HCR product
consists in a nicked double stranded structure and this surely enhance the flexibility. Thus, we
expected to detect also longer HCR products. The nanostructure would more likely randomly wrap

in the surrounding, affecting the refractive index around the nanoparticles.
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Fig 4-27. Scheme of the nanostructure on the gold nanoparticles with estimation of the length. Plot of the centroid
position over time with the consecutive addition of the individual hairpins one by one. Dark green = miR-17 10 nM;
Blue = Hairpin; Light green = running buffer.

However, what it is to notice is that further from the nanoparticles the interaction takes place,
lower would be the contribution to the shift in the centroid position because of the decrease of the
sensitivity of the evanescent field. For this reason, the contribution of the hairpin H2 was higher
than the subsequent contributions. In Fig 4-27 we can appreciate what happened when single
hairpins were injected after the detection of 10 nM of miR-17. Since the probe is a modified hairpin
H1, no interaction is expected with H1 itself, while we can see a shift in the centroid position after
the first injection of H2. Even if the subsequent contribution is not as strong as the first one, there
is clearly a step-by-step process leading to an increased difference in the LSPR peak position. It
is to note that, as predicted, also after the addition of the fifth hairpin the peak position is shifting,
assuming the saturation of all the binding sites. We conclude that the process in principle works
in the “step by step” injection proving the mechanism of the Hybridization Chain Reaction.

A. B.

Fig 4-28. Comparison of the enhanced difference in centroid position injecting individual hairpins one by one, with
10 nM miR.17 target and 0 nM. A) The overall interval including the detection of the target. B) the contribution of the
amplification upon target detection. Same data illustrated in Fig 4-27.
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Fig 4-28 highlights the difference between this step-by-step process after the detection of 10 nM
miR-17 target and O nM. In Fig 4-28 A. the intervals plotted include the detection of the target,
and we can see the steep change in the centroid position in the orange line, while no change is
evident in the blue line in the first 1000 s. After about 1000 s the first hairpin H1 was injected with
no big effect on the peak position in both the cases. The injection of the H2 after about 2500s
leads to a change in orange line while just a low change occurs in blue line corresponding to the
zero. After that, we added the individual hairpins one by one and we can compare the contribution
of the amplification in figure Fig 4-28 B. We are able to see the difference in the kinetics and the
final peak position in presence and absence of target. In absence of the target, it is probable that
some unspecific interactions occur, leading to a visible change anyway. Unspecific adsorption or
leakage may be responsible of this behavior. This result clearly shows that the two phenomena
had different kinetics, giving the chance to handle it by adjusting the time of the interaction. This
kind of background noise can also be handled by tuning the concentration of the probe on surface
and the hairpins in solution. During the work, we finally set to 0.5 pM the concentration of the
hairpins in the mixture, while the probe at 2 pM was kept to avoid loss in the sensitivity. In these
conditions it was possible to enlarge the difference between the specific signal and the

background noise.
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Fig 4-29. Test of the binding of H2 to evaluate the leakage of the probe on the same chip. SD is shown (N = 3).

In Fig 4-29 we showed the results of an experiment we did to evaluate the leakage of the probe,

by flowing H2 hairpin and monitoring the binding in presence of the target and in absence of it.

As we can see reducing the concentration of H2, expected to interact with the opened H1, was

helpful to enlarge the difference between noise and specific signal. We show that to point out how
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the concentration of the reagents can be optimized to further improve the method. Although the
mechanism of HCR is highlighted by the previous observations, the aim was to have a triggered

reaction with the mixture of hairpins in solution, consisting in the real self-assembling reaction.
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Fig 4-30. A) Peak shift with miR-17, and after H2 and HCR; B) Amplification contribution with target 1 uM (upper
curves) and 0 uM (lower curves); C) Comparison between target step and HCR step with 0 target, 1 phM miR-17 and
1 uM miR-21. Bars correspond to standard deviation (N =3)

Fig 4-30 shows the data collected testing the effect of the mixture of hairpins on the amplification
after target detection. In Fig 4-30 A. we compare the effect of the injection of H2 and the overall
effect of the amplification with the mixture of hairpins flown at 5 pL/min for 30 min. The effect of
hairpin H2 is significative, as we have also observed in the previous data. The hybridization chain
reaction lead to a further enhancement of the shift in centroid position leading to more than a
2-fold amplification after 1 uM target detection. The hairpins were mixed right before the injection
to get final concentration of 0.5 uM each and flowed at 5 pL/min. In Fig 4-30 B. we observe in
details the interval during which the amplification occurred, highlighting the difference in the
kinetics and final centroid position. We observed a shift in the LSPR peak with HCR also with the
zero sample (green and orange lines), but it was clearly a lower response. While in presence of

the target the kinetic was very different (red and blue lines in Fig 4-30 B), leading to a bigger shift
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in the same interval of time. These experiments showed us that a significative amplification
occurred also flowing the mixture of the hairpins after target detection. We wanted to test also the
specific response in presence of HCR, further confirming the specificity of the process. In Fig 4-30
C we compare the signal enhancement of blank experiment, in presence of 1 phM miR-17 and in
presence of unspecific sequences. Green bars show the signal obtained with no amplification,
while the red bars correspond the LSPR peak shift after flowing the mixture of hairpins. MiR-106b
induces a lower shift once flowed on the chip, and the subsequent HCR response was clearly
different, not stable as the response obtained with miR-17. The shift in presence of miR-21 was

not significant.
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Fig 4-31. Bar plot showing in comparison the shift in centroid position obtained in presence of different concentration
of the target with the improvement obtained flowing the mixture of hairpins (N = 3). Red bars correspond to the
average shift in centroid position obtained with the only target, while green bars correspond to the total enhancement
after hybridization chain reaction in flow conditions.

Once defined the conditions for the HCR to take place, we tried to evaluate the sensitivity in
presence of hybridization chain reaction. We flowed different concentration of the specific target
miR-17, followed by injection of the mixture of hairpins at 0.5 pM. As we can see in Fig 4-31, the
limit of detection was improved performing hybridization chain reaction after the detection of the
target. The target (red bars) is no more detectable at 0.1 nM, since lower than the limit of detection
without amplification. Estimating the LOD as before, in presence of HCR (freen bars), we obtained
a LOD of about 4 pM. It means that we were able to improve the detection of about 3 order of

magnitude compared to the bare target detection without amplification.
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4.3.6 Conclusions and observations

We implemented our direct HCR-based method for the detection of microRNAs on an original
LSPR setup. The employment of a solid-state setup for such applications guarantees the
development of more efficient and straightforward sensing strategies, allowing the regeneration
of the sensor for further uses and the enhancement of the sensitivity. Joshi’s method is the first
solid-state LSPR setup proposed for the detection of microRNA, and it shows the mentioned
advantages (Joshi et al., 2014). They demonstrated the high sensitivity of the strategy in complex
media, thanks to the usage of peculiar sensitive gold nanoprisms for the detection. In the other
hand, the proposed protocol involved overnight incubation for the hybridization, and the overall
proceeding required constant manipulation of the samples and the chips, likely affecting the
reproducibility and robustness of the method. Furthermore, we have to note that no data are
presented about the effective discrimination between similar correlated sequences, leaving not
completely solved the assessment of the specificity of their method. Another interesting approach
for the detection of miRNAs is the one presented by Na et al (Na et al., 2018), proposing an LSPR
method based on nanostructured surfaces and the precipitation of insoluble product upon the
target detection. This method reached low LODs (in the femtomolar range) but the preparation of
the chips is very complex and overnight incubations of the samples are always required for the
detection, increasing the time of analysis. A recent work published by Ki et al (Ki et al., 2019)
employed also HCR on LSPR based sensing, in combination with enzyme-assisted target
recycling, with limit of detection of 2.45 pM. This strategy is also complex, since several steps are
required, and it is able to return a limit of detection not far from what we obtained with our much
simpler method. We propose a simple setup, which is easier to handle and allowed the real-time
specific detection of miRNAs, improvable with HCR amplification. Spherical gold nanoparticles
are commercially available, or easy to synthetize compared to nanoprisms and nanostructured
metal surfaces. The real time detection is possible thanks to the adopted microfluidics, allowing
the detection in flow, instead of dropping and incubating the sample on the chip. This avoids any
manipulation of the chip, since, once inserted in the microfluidic chamber, wash steps and
detection can be easily performed several times. Our system reached a good LOD in the detection
of miR-17 without any amplification, in just 10 min (600 s). So, in principle, this could be the time
needed for an analysis after the calibration of the sensor. The volume flowed in the chamber
during target detection was theoretically 50 pL. This could be reduced through the optimization of
the microfluidics. In addition, this could lead to improvements of the time of analysis and limit of
detection. The hairpin-like structure of our H1 probe acts as a barrier for unspecific binding, that
gives advantages for the specificity, as we demonstrated. In the other hand, it could influence the

sensitivity in some degree. This is related to the usage of a hairpin-like probe, but the optimization
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of hybridization conditions could lead to improvements in this aspect, by tuning the stringency of
the binding and the stability of the hairpin. Once we characterized the mere detection of the target,
we tested the mechanism of the hybridization chain reaction upon target detection. A slight
background noise was always present, as a shift in the position of the LSPR peak while flowing
hairpins whit no target detected. This is likely due to the leakage of the H1 probe. For the reasons
explained in the introduction and during the discussion, hairpins are intrinsically affected by this
phenomenon, due to the metastability of their structure. This is not affecting significantly the
simple detection of the target, but, in the other hand, it cannot be ignored in the amplification
through HCR. In general, the behavior of the hybridization chain reaction in the working conditions
showed up to be more complex than expected. In addition to the leakage, when all the hairpins
are present it is possible that they are involved in the growth of nanostructures that are not
necessarily in the sensing area pointed by the optical fiber. This senses an area of about 2 mm
in diameter on a spot of more or less 8 mm in diameter. This aspect could be also discussed
about the detection of the target, since the reduction of the overall functionalized area, could in
principle increase the efficiency of overall detection in the smaller sensing area, by reducing the

loss of sample on the non-sensing area (Fig 4-32).
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Fig 4-32. Scheme of the Chip with immobilized gold nanopatrticles. The light red area corresponds to the sensitive
area, that is the one directly detected by the spectrophotometer through the optical fiber. The arrows show direction
of the sample while flowing in the chamber.

Nevertheless, we were able to amplify the detection of miR-17 of about 2-fold at 1 puM. The
amplification seemed to work differently for lower detection of target, likely due to steric hindrance
induced by target detection. We were able to decrease the limit of detection of about 3 orders of
magnitude with this method, proving the suitability of HCR for this kind of sensors based on a
simple setup. Including HCR, the overall detection took 40 min. We are confident that optimization
of some of the aspects that we listed, and further understanding, would lead to an improvement
of the method, already demonstrated as suitable for such applications. In addition, trials in
complex media would help the validation of the detection strategy towards the final development
of a compact device for point of care applications and real time detection of biomarkers in

biological samples.
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4.4 Triplex-triggered HCR

The triple helix-based strategy was designed in order to explore an alternative detection method
with enhanced sensitivity and selectivity, as reported for this kind of probes in literature. This was
done in parallel with the implementation of the direct HCR method in response to some drawbacks
eventually occurring with this approach. It may not always be convenient to design directly HCR
self-assembly on the specific sequence of the target. As mentioned in the section 4.1.1, the
hairpins in this approach need to be designed directly on the specific sequence of the target. It
means that the most part of the hairpins would be affected by these constrains, in their stability
and propensity to spontaneously assemble. In the introduction, in section 1.7 about Hybridization
Chain Reaction, we mentioned the guidelines proposed by Ang and Yung, proposed to design
monomers for efficient HCRs (Ang and Yung, 2016). These guidelines could not be applied to a
direct HCR method, since there would not be any freedom in tuning the properties of the
monomers, determined by the sequence of the specific target. An alternative strategy could
involve the separation of the detection of the target from the amplification mediated by HCR.
Looking in literature, we though that a probe consisting in a triple helix of DNA would maybe
represent a good tool for this purpose. There are many examples of the employment of triple helix
probes in biosensing. These methods in general involve the interaction of the target, any analyte,
with a large loop, setting free a second strand, which is suitable for signal amplification or
transduction (Fig 4-33).
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Fig 4-33. Scheme of the Triple helix-based strategies

The general structure and mechanism of such probes is similar to the one depicted in Fig 4-33.
An amplification or transduction mechanism can be designed to be triggered by the free blue
strand in the figure, not involved in the interaction with the target. The results presented for these
strategies are good and promising but one of the strands is unfortunately discarded in solution as

waste. We wanted to go further, and we presented a new strategy where both the
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triple-helix-forming strands would be used to generate a response. In principle, we think that a
biosensing strategy including such mechanism would be greatly improved, since this could
enhance the amplification either help in the combination of different amplification/transduction
strategies on the same probe. The two independent strands previously trapped in the triple helix
would be free, introducing in the system more information, suitable for other purposes. Since we
have expertise in Hybridization Chain Reaction, we thought to test the suitability of the strategy
by designing two independent HCRs triggered by the triplex forming sequences upon target
detection. To investigate such mechanism, we also thought to design the hairpins in order to build
up “sticky “HCR products, able to interact once built, returning an even higher molecular weight
product. We did so by introducing self-complementary short tails at the edge of the hairpins.
These tails would be exposed once the nanostructure is formed, and they would lead to the

interaction between the two DNA nanostructures (Fig 4-34).

Probe

Fig 4-34. Scheme of our detection method based on Triple Helix Probe. Once the target interacted in the loop of the
Triplex, the beacon should be open and released, as CP, set free after the target recognition. In presence of the
hairpins, independent hybridization chain reactions are triggered both at the 3’ of CP and THB. The “sticky products”
interact and lead to a higher order assembly of the nanostructure.

The strategy based on triplex-HCR was designed in two main steps. First, the triple helix probe
was designed based on both findings in literature and the requirements of strategy adopted. The
second step had to be the design of the monomers for Hybridization Chain Reaction triggered by
the strands involved in the formation of the triple helix. It is to note, that NUPACK can be used
combining both the designs, reaching the optimization of both the sequences of the probe and

the sequences of the hairpins for the self-assembling reaction. The experimental plan followed
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quite the same logic. First experiments were directed to characterize the probe, testing the
formation in solution and confirming its structure. Further experiments were instead dedicated to
test the amplification and the target detection. We also tried to implement this detection method

on electrochemical detection following same general procedures illustrated above for direct HCR.
4.4.1 Design of the sequences of the triplex-triggered HCR

The triple helix selected for this method was parallel triple helix (Y-RY). We based the design of
the triple helix stem on previous observations performed by people in our involving a triple helix
probe and on findings in literature, and we chose the sequence “CCTTCTCTTT”. Since in our
design this would be involved in the interaction with the hairpins, we took into account the CG
content and the position of the individual Cytosines to ensure a productive interaction with the
toehold. The use of a parallel triple helix gave us the chance to evaluate the formation of the
probe by changing the pH conditions, thus planning control experiments at higher pH. Based on
Brucale et al, this kind of sequence should show a transition at around pH 7.0 (Brucale et al.,
2005). The sequence in the cited work was 17 nt long with 47 % CG content. We shortened the
sequence based on findings in literature where triple helix for sensing purpose have been used
in general keeping a stem length between 6 and 10 nt. The CG content was 40%, to ensure a
similar behavior. During the design, we generated a Triple Helix Beacon strand (THB) with both
the polypyrimidine sequences at the edges and a large loop complementary to the sequence of
the miRNA target. The 3’ region of THB is designed to form a double helix with a portion of CP
strand (Capture Probe), leaving a free toehold at the 3’. The 5’ region of THB is completely
involved in the formation of the triple helix on the CP probe, making up a beacon-like structure
with a wide loop of about 23 nts and a stem of 10 base pairs. CP has thus the 5’ portion completely
involved in the triple helix formation, while a longer portion at the 3’ is free, in proximity of to the
loop. In addition, we designed a control sequence able to form a double strand with CP but not
able to form the triplex: the 5" polypyrimidine region was replaced with a random sequence not
involved in any interaction. We generated also shorter CP sequences, in order to assess the
optimal length of the triplex stem. Concerning this, THB was designed with a variable protruding
region, able to bind completely to the entire CP sequence (10 bases involved in the triple helix)
but overhanging in the shorter sequences (Table 4-3). As we can see in the table, the 3’ region
of the THB is the one responsible for the hybridization chain reaction, while in the CP the total
sequence is involved in the interaction with the first hairpin. In our design, the target would

theoretically stay attached to THB, without affecting the 3’ region.
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Table 4-3. Sequences for the formation of the triple helix generated for the miR-17 target. The underlined sequences
are involved in the formation of the triple helix. The red sequences are responsible for the trigger of the independent
hybridization chain reactions. The green sequence is the random generated portion not able to form the triple helix.

Strand Sequence Length
THB CCTTCTCTTTCTACCTGCACTGTAAGCACTTTGTITTCTCTTCCAACGCACG | 51
CcTHB ATACGTCAATCTACCTGCACTGTAAGCACTTTGITTCTCTTCCAACGCACG | b1
CP6 GAGAAAGCGAGGTAGTGG 18
CP8 AAGAGAAAGCGAGGTAGTGG 20
CP10 GGAAGAGAAAGCGAGGTAGTGG 22

In the design of the hairpins, we fixed at 6 nt the toehold and loop and 12 base pairs for the stem
following the guidelines proposed by And and Yung (Ang and Yung, 2016). The only constrain in
the design of the hairpins was the small portion of the toehold, affected by the triplex forming
sequence, but tuned in CG content and position to guarantee the nucleation of the toehold. The
rest of the sequences were generated letting NUPACK free to optimize the strands for the desired
interactions allowing the optimization of the monomers for hybridization chain reaction (Table
4-4).

Table 4-4.Sequences of the Hairpins designed for the independent hybridization chain reaction. Underlined bases
are involved in the stem. Red bases are part of the short tails for the enhanced amplification.

Strand Sequence Length
Chi CTTGTATTGCGAGGTAGTGGAAGTGGCCACTACCTCGCTTTCTC 44
Ch2 CCACTTCCACTACCTCGCGAGAAAGCGAGGTAGTGGTATCATCT 44
Thl AATACAAGTTCCAACGCACGTCTCACCGTGCGTTGGAAGAGAAA 44
Th2 GTGAGACGTGCGTTGGAATTTCTCTTCCAACGCACGAGATGATA 44

In order to obtain “sticky” HCR products, we included short tails in the sequence of the hairpins,
precisely on the opposite edge of the toehold. These were design to induce the interaction
between the HCR products. We tested different lengths, 4 nt, 6 and 8 nt. In Table 4-4 the hairpins

with longer tails are shown.
4.4.2 Characterization of the DNA triple helix probe

Once we prepared and incubated the THB + CP mixture as described in section 3.4, the probe

was characterized by assessing its correct formation in solution. We took advantage of the pH

sensitivity of the parallel triple helix to set up some control experiments to point out differences in

CD spectra and mobility in the gel electrophoresis. Analysis in electrophoresis were performed
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using Tris buffer for pH 9.0 and Acetate buffers for pH 5.0 buffer as running buffers, to confirm
the formation of a pH dependent complex such as the triple helix ( see section 3.3.1). We checked
different length of the capture probe CP to evaluate the influence of the stem length on the stability
of the structure. It was clear that Mg?* was necessary in the running buffer to visualize the complex

in the gel electrophoresis.
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Fig 4-35. Section of polyacrylamide gel electrophoresis, showing the profiles of the mixtures THB + CP as T. T10,
T8 and T6 correspond to mixtures with CP6, CP9 and CP10 respectively. Two different conditions, at pH 9.0 (A) and
pH 5.0 (B).

In Fig 4-35 we have two sections of polyacrylamide electrophoresis gel run in Tris buffer pH 9.0
(A) and Acetate buffer pH 5.0 (B) in presence of 2.5 MgClz. As we can see, at pH 9.0 there is no
change in the gel migration compared to THB alone and the bands corresponding to the CP
sequences are clearly visible, suggesting the missed formation of a complex in these conditions.
On the contrary, at pH 5 (Fig 4-35, B) we clearly observe a shift in the position of the band, that
is more evident for CP_10 sequence. This difference could be interpreted as an increased
compactness due to the formation of the complex. The triple helix conformation would give a
contribution in keeping the strand THB and CP together. It is possible that at pH 8.0 the formation
of a complex takes place in presence of magnesium, but the interaction is not strong enough and
no difference is evident compared to the individual THB. To investigate more in deep the formation
of the complex, we also performed the same experiments using a control sequence cTHB, not

able to form a triple helix, but only a duplex (Fig 4-36).
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Fig 4-36. Section of polyacrylamide electrophoresis gel, run in Acetate buffer pH 5.0, MgCI2 2.5 mM. T6, T8 and T10
correspond to the mixture with THB, while cT6, cT8, cT10 correspond to mixtures with control sequence cTHB.

Fig 4-36 shows the results of the analysis of the triplex mixture with THB and cTHB control
sequence. As we can see, a shift is especially visible in T10 (THB + CP10), while this is not visible
with cT10. In the following experiments, we kept CP10 to form the triple helix probe, since its
formation was more evident and subsequent experiments proved a better stability (data not
shown). The band shift is thus visible in presence of THB, designed to form the triple helix
structure, but not visible with the control sequence cTHB, identical except for the 5’ polypyrimidine
strand. What we can conclude from these observations is that a complex is actually forming at
pH 5.0 for T samples where the formation of the triple helix is expected, but this is not visible at
pH 9.0. The control sequence does not show a band shift neither at pH 5.0 nor at pH 9.0,

suggesting the missed formation of a productive interaction between cTHB and CP.

Table 4-5. Table showing the composition of the samples analyzed in circular dichroism.

Sample in Acetate Buffer pH 5.0/ Tris Buffer pH 9.0
CP10 THB cTHB

T + + -

THB - + -

cp + - -

cT + - +

cTHB - - +
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To further assess the identity of the complex formed in solution, we decided to investigate the
mixtures THB + CP using circular dichroism spectroscopy. We recorded the spectra relative to
samples containing THB and samples with the control sequence cTHB at pH 5.0 and pH 9.0. The

samples analyzed in the experiments performed are described in Table 4-5.
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Fig 4-37. CD spectra obtained from mixtures in buffer Acetate 20 mM, NaCl 50 mM, MgCI2 20 mM pH 5.0. A. Raw
data, blue line: THB; yellow line: CP10; black line: cTHB; red line: T; green line: cT. B. Difference spectra,
T-(THB+CP10). Red: subtraction of the spectra of individual strands THB and CP to T spectrum. Green: same
operation for cT control sample. Purple: the difference between these two spectra have been executed: T — (THB +
CP10) - cT-(cTHB+CP10).

Fig 4-37 shows the raw spectra between 210 and 310 nm corresponding to samples in acetate
buffer pH 5.0. The appearance of the T and cT spectra seems generally coherent with the B-DNA
spectrum (Kypr et al., 2009) except for some differences. Typical B DNA shows a spectrum with
a positive band at about 270-275 nm and a negative one at 242 nm, equally displaced from the
crossover at 255 nm. Typical are also a maximum at 217 nm, and a minimum at about 212 nm
(at the edge of the spectrum). Control cT spectrum (black line in Fig 4-37 A) shows in general
these features, while, observing T raw spectrum (red line in Fig 4-37 A), a less positive peak is
visible in this region, 210-220 nm. This is considered characteristic of the CD spectrum for the
triple helix of DNA (Manzini et al., 1990, Xodo et al., 1990, Hashem et al., 1999, Hung et al.,
1994). A red shift of the positive ellipticity peak at 275-280 nm is also visible, followed by a slight
shift in the isoellipticity point to 260 nm, reported in literature for parallel triple helix (Y-RY) with
analogous composition (Liu et al., 1993, Bernal-Mendez and Leumann, 2002, Sugimoto et al.,
2001, Manzini et al., 1990, Gondeau et al., 1998). According to the design, just a small portion of
the DNA sequences would be involved in the formation of the triple helix, thus its contribution to
the spectrum could be partially hidden. The spectral features can be highlighted subtracting the
CD spectra of individual THB and CP to the spectrum of T (T — THB — Cp) (Fig 4-37 B). The
ellipticity arising from the triple helix DNA is isolated from the contributions of the single stranded

DNA. The difference spectra in Fig 4-37 B. show clearly a strong decrease in 212-215 nm region
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and an increase in peak at 280 nm for T sample (Red line) and not for cT (Green line), coherent
with findings in literature as mentioned before. The lower slight changes that are observable in
cT spectrum could be related to the double helix formation between cTHB and CP10. If the
difference spectrum (cT-cTHB-CP10) related to cT is subtracted to T difference spectrum
(T-THB-CP10), the spectral contribution due to the formation of the double helix would be deleted
and the difference between T and cT profiles further highlighted (purple line). This confirms the
observed features in addition to a visible more negative peak at 245 nm, also reported in literature
(Gondeau et al., 1998). Once we determined the differences between T and cT samples at pH

5.0, we investigated the spectra in pH 9.0 buffer, to assess the effect of pH on the spectra.
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Fig 4-38.A) CD spectra corresponding to samples prepared in Tris buffer 20 mM, NaCl 50 mM, MgCl2 20 mM pH 9.0.
Blue line: THB; red line: T; yellow line: CP10; green line: cT; black line: cTHB. Same data plotted with the spectra
relative to T mixture at pH 5.0, B), Spectra of T and cT at different pH. Bright red line: T pH 5.0; dark red line: T pH
9.0; green line: cT pH 5.0; dark green line: cT pH 9.0.

In Fig 4-38 A, CD we plotted the spectra corresponding to samples prepared in Tris buffer at pH
9.0. It is noteworthy that the decrease in 210-220 nm region is no more visible in spectra recorded
for sample T (red line) and all the spectra show a similar profile. We compared the spectra of cT
and T at the different pH in Fig 4-38 B, to enlighten the differences of T pH 5.0 (red line) vs. T pH
9.0 (dark red line). T at pH 5.0 (red line) is again clearly different from the controls and pH 9.0
conditions, showing almost identical spectra. Differences between spectra have been calculated

again to put in evidence the differences masked by the overall spectrum of the mixture (Fig 4-39).

86



150 150

100

50 /\_

210 0 270 290 310

Ae - Ae (Mlcm?)
At - As (M1em))
8

-150

-200

-250 -250

Wavelength(nm)

Fig 4-39. A) Difference spectra, T - (THB+CP10). Blue line: T pH 5.0; Orange line: cT pH 5.0; Grey line: T pH 9.0;
Yellow: cT pH 9.0. B) Differences T —cT at pH 5,0 and pH 9.0. Blue line: T- cT pH 5.0; orange line: T-cT pH 9.0.
No strong differences are evident comparing T at pH 9.0 and control cT both at pH 9.0 and 5.0.
(Fig 4-39 A, grey, yellow and orange lines respectively). This suggests that the changes
previously observed at pH 5.0 do not occur at pH 9.0. The fact that the spectrum of T sample is
different from the sum of individual THB and CP10 spectra but also from the cT sample suggests
the presence of an additional structure beside the double helix, involving only THB and not cTHB
in the interaction with CP10. In summary, the CD spectra of our T sample show traits consistent
with reported data in literature for triple helix DNA structures related to Hoogesteen base pairs.
Our observation is also consistent with the known dependency on pH of the parallel triple helix
DNA structures (Y:R-Y), proving the design of the triple helix probe.

4.4.3 “Sticky” Hybridization Chain Reactions

The self-assembling reaction was first tested separately, not taking into account the triple helix,
to assess the correct ongoing of the independent hybridization chain reactions and the interaction
between the built products.
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Fig 4-40. A) Section of polyacrylamide gel electrophoresis showing HCR product of single and double amplification
and different tail length. Hairpins and trigger sequences THB and CP were at 2:1 ratio. Tail = 4 nt Lane 1-3: C-HCR,
T-HCR, D-HCR; Tail = 6 nt Lane 5-7: C-HCR, T-HCR, D-HCR; Tails = 8 nt Lane 8-10: C-HCR, T-HCR, D-HCR. B)
Section of polyacrylamide gel electrophoresis comparing single T-HCR and C- HCR (lane 2 and 3) and mixed HCR,
where the HCR products have been mixed after 2 h of incubation at room temperature. Lane 5 show the mixture of
the 4 hairpins in solution incubated in the same conditions.

In Fig 4-40 A. we can see the product of the single self-assembling reactions and combination of
both in solution for three sets of hairpins with different length of the tails. We call C-HCR, T-HCR
and D-HCR, the HCR triggered in presence of respectively CP, THB and both of them. This
experiment was done to evaluate the potential of the self-assembling reaction with the three sets
of hairpins. These hairpins have the same sequences, with the only difference in the length of the
tail. The experiment was performed using a 2:1 ratio of the reagents Hps:target in HCR bulffer,
and all the reagents for T-HCR and C-HCR self-assembly were mixed to obtain the combined
HCR product D-HCR, assuming not enough time neither the proper conditions for the formation
of the triple helix. The gel was run in presence of Mg?* to keep the nanostructures stable during
the electrophoresis. It is to note how, as expected, longer tailed hairpins leaded to a higher
molecular weight product when in combination to form the “sticky” HCR products. This is visible
as an intense band in proximity of the well in lane 10 in Fig 4-40 A. Something also can be seen
in lane 3 and 7 of the same figure, with hairpins with shorter tails, 4 nt and 6 nt respectively. There
is clearly an interaction between the HCR products, visible comparing the electrophoresis profile
to the profile of the individual HCR products C-HCR and T-HCR. Hairpins with 8 nt tails were
chosen for the following experiments. In Fig 4-40 B. we show the result of a control experiment,
where the two HCR products were mixed after 2h of incubation at room temperature, to get a
false-DHCR. The mixture was then kept 2h at room temperature before electrophoresis analysis.
We can see how in general a similar profile is visible. In this case the ratio was 4:1, with hairpins
1 uM while THB and CP at 0.25 uM. We can see the higher molecular weight product in lane 2
and 3 compared to lane 8 and 9 in Fig 4-40A., due to the different ratio adopted. Fig 4-40 B. also

gives information about the mixture of hairpins in solution with no triggering sequences, so about
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the leakage. We can see how a slight interaction between the hairpins is present, surely due to
the 8 nt tails but without leakage. The hairpins are likely involved in some soft interactions due to
the self-complementary tails, but this does not seem to affect the dual self-assembling reaction.
We tried to characterize the product using Atomic Force Microscopy and we found long
nanostructures interacting together in different manners. In Fig 4-41 A and B we have
respectively T-HCR product and C-HCR product, with long linear nanostructures. For D-HCR, we
did not expect great homogeneity, since the interaction between the nanostructures could take
place in random fashion, depending on the conditions | solution and on random contacts between
the tails in the nanostructures, leading to wrapped nanostructures either interactions in precise

domains.
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Fig 4-41. AFM imaging of the double HCR products on mica. A. T-HCR product; B. C-HCR product; C, D and E,
double HCR samples, the three pictures show different nanostructures found in the same sample.

In Fig 4-41 C, D and E we can see the AFM images of the D-HCR product with heterogeneity in
the morphology. Compared to the single HCR products C-HCR and T-HCR, the nanostructures
showed higher complexity and branched and interacting long double stranded DNA nanostructure
were visible. These structures are not be able to easily migrate in the gel during the
electrophoresis, returning the profile enlighten in Fig 4-40. We were thus able to make the two
independent HCR products interact together to form a bigger nanostructure, clearly visible in gel
electrophoresis and with differences detected in AFM. In principle, the two independent HCR
products, triggered by the triplex forming strands, are able to produce a nanostructure with a

higher order of complexity. This phenomenon should be a response to the interaction between
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the target miR-17 and the triple helix probe, theoretically able to open the complex and separate

the two triggers.
4.4.4 miRNA detection

The detection of the miR-17 in solution was first evaluated in gel electrophoresis. We started
testing the ability of the target as trigger of the two independent hybridization chain reactions T-
HCR and C-HCR through the interaction with the triple helix.

4 s -

Fig 4-42. Section of polyacrylamide gel electrophoresis in TBE 1X. Lanel: triple helix probe; lane2: T-HCR
sequences without target; lane3: T-HCR product in presence of the target; lane4: C-HCR without target;
lane 5: C-HCR in presence of the target.

In Fig 4-42 we show the results of a PAGE analysis of samples in which all the reagents were at
0.5 puM. The gel was run in TBE 1X. As mentioned before in these conditions (in absence of
magnesium) it was not possible to see the complex of the triple helix, as we can note in lane 1,
while the HCR product is always visible. In these experiments we focused on the final HCR
product in presence and in absence of the target, not investigating the triplex complex. The aim
was to understand if at the endpoint there was or not the specific HCR product. The triple helix
here was formed in HCR buffer (NaCl 0.5 M, NazHPO4 50 mM) at pH 5.0 and so the HCR took
place in the same buffer. We can see, comparing lane 2 with lane 3, that there is an effect of the
target miR-17. In lane 3 an HCR product is evident, with high molecular weight bands, while, in
lane 2, we discriminate the band corresponding to THB, and maybe a spurious interaction
between THB and Thl, but no more bands are visible in the higher molecular weight range.
Similar behavior is visible in lane 4 and 5: higher molecular weight products are visible in lane 5,
while in lane 4 this is not as evident, even if in this case some unspecific polymerization occurred.
This is probably due to the hardness in tuning the stoichiometry of the triple helix complex in
solution, since it is not easy to prevent the presence of non-complexed strands. Nevertheless, we

clearly see a difference in the product of the reaction as effect of the presence of the target.
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Fig 4-43. Section of polyacrylamide gel electrophoresis showing the detection of the target with independent HCR
product at pH 5.0, lane 2-5, and pH 8.0, lane 7-10. Gel run in presence of magnesium. Lane 1: triple helix probe;
lane 2: T-HCR, no target, pH 5.0; lane 3: T-HCR, target, pH 5.0; lane 4 and lane 5, C-HCR with no target and with
target at pH 5.0. In lane 7 and 8, T-HCR without and with target at pH 8.0; lanes 9 and 10, C-HCR without and with
target at pH 8.0.

As control experiment, we performed the same experiment also at pH 8.0. To do so we simply
formed the triple helix in HCR buffer ( NaCl 0.5 M, NazHPO4 50 mM) at pH 5.0 and at pH 8.0 and
performed the detection in the same buffers (Fig 4-43). All the reagents were at 0.5 puM. This
experiment proved that the process was dependent on pH of the process, thus likely controlled
by the stability of the triple helix probe. Since the triple helix probe is the mediator between the
target detection and the amplification, when its stability is compromised (at higher pH) we expect
a loss of control on the HCR. In Fig 4-43 we show the products obtained in the different conditions
of the independent HCRs. The profile in lanes 2-5 is analogous to what we have seen in Fig 4-42:
the target clearly triggered the T-HCR and C-HCR responses at pH 5.0. In lanes 7-10, we can
see the effect of the higher pH on the stability of the system: lane 7 and lane 9, supposed to be
the blanks, show higher molecular weight products, even if slightly different from the product in
presence of the specific target. We proved thus the dependency of the amplification on the target
but also that the stability of the triple helix probe, proving the working principle of the designed
strategy. In the following steps, we wanted to prove that the assembly is well controlled by the
presence of the target also in the mixed conditions, with both C-HCR and T-HCR monomers, and
that the process is able to return a quantitative information. The experiment was performed in
HCR buffer (NaCl 0.5 M, NazHPO4 50 mM) pH 5.0, using the same buffer for formation of the
triple helix probe and during the detection, as done before. We incubated different concentrations
of target miR-17 with the mixtures including the hairpins TH1, TH2, CH1, CH2 and the triple helix

probe.
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Fig 4-44. Detection of different concentration of target miR-17 using the triple helix probe mediated double HCR
amplification. A. Section of polyacrylamide gel electrophoresis showing the products of the amplification at different
concentration of the target in range 0.5 — 0 uM (Lanes 3-10 respectively); Lane 2, triple helix probe. Gel run in TBE
1X 12 mM MgCI2. B. Plot showing the intensity of the high molecular weight bands detected in the gel over the
concentration of the target).

In Fig 4-44 the results are shown. The experiment was performed with hairpins at 0.5 uM and
triple helix probe at 0.25 puM. As expected, and suggested by the previous observations in section
4.4.3, in Fig 4-40, the higher molecular weight product is in proximity of the wells of the gel. We
can see the effect of the target concentration: Lanes 3-10 show the product obtained with
decreasing concentration of target, from 0.5 uM (in excess compared to the probe) to 0 uM. We
can see a gradual decrease of the consumption of the bands of the hairpins. These are more
intense at decreasing concentration of target. If we focus on the higher molecular weight band in
proximity of the wells, we can appreciate a slight increase of the intensity of the band increasing
the concentration of the target. In Fig 4-44 B. the results of the densitometric analysis on the
higher molecular weight bands are showed: there is clearly an effect of the target concentration,
and it is possible to correlate the intensity of this band and the intensity of the band of the hairpins
to the target concentration. It means that the amplification, as we proved before, is dependent on
the presence of the target and that this is also dependent on its concentration, confirming the

possible applications in the quantitative detection.
4.4.5 Electrochemical detection using the triple helix probe

To perform trials towards the electrochemical detection using the triple helix probe and the
combined double HCR products, we ordered a modified CP probe, with a thiol at the 5’ edge and

a T spacer.

SH-CP SH - TTTTGGAAGAGAAAGCGAGGTAGTGG
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The electrochemical detection was tested following the same protocol illustrated in section 3.5.4,
using Hoechst as electroactive label. First, we tested the amplification on surface on TSGs, where
CP was immobilized and passivated with MCH. The normalization of the data was done over the
response on TSG passivated with MCH, without probe. First, we tested the possibility to detect
an amplification on the single immobilized CP, thus the C-HCR on surface. We can see in
Fig 4-45, how HCR leads to more than 2-fold the signal obtained with CP alone.
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Fig 4-45. Test of the amplification on CP, immobilized on TSG electrodes. Average height of the oxidation peak of
Hoechst with SD (N = 3).

We tested the principle of the DHCR. We suppose that T-HCR would be able to stay attached to
the immobilized C-HCR product upon detection of the target, thanks to the short tails of the
hairpins. We appreciate an increase of the response when the T-HCR product is incubated even
if not dramatic. This means that the amount of DNA is probably increased on the surface. No
relevant response was observed with hairpin mixtures incubated on MCH passivated TSG without
probe. The low effect of the DHCR on surface in electrochemical detection could be related to a
diffusion limitation to the Hoechst labeling or a related inefficient charge transfer at the surface
due to a sort of hindrance caused by the amount of DNA on surface. As for the electrochemical
detection in direct HCR, this technique is probably not the ideal to perform such measurements,
and the electrochemical setup has to be optimized to allow more meaningful measurements, for
example in impedance. In principle, also in this triplex-HCR method, the increased amount of
DNA on surface should be detectable through electrochemical impedance spectroscopy as
increased resistance to faradaic currents. Efforts should be done for the optimization and
amelioration of the electrochemical setup to perform such measurements or the usage of
alternative labels. Anyway, we tried to get some preliminary data of the detection of miR-17 in
these conditions. The probe was incubated at the concentration of 0.5 uM on TSG overnight.
Despite the variability, we tried to investigate the correlation of the electrochemical response and

the concentration of the target.
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Fig 4-46. Detection of miR-17. Concentrations in the range 0 - 1 uM.

In Fig 4-46, we show the results obtained trying to detect different concentrations of miR-17 using
the triple helix probe and the DHCR on surface. We can see that a slight correlation can be
observed, despite the high variability. Trying to roughly estimate the limit of detection employing
the same method explained before, the limit of detection was found to be about 350 nM. This is
obviously a first preliminary result, which is encouraging about the application of the method, but
still needing a deep characterization. More efforts are required in the determination of the
individual contribution of the single T-HCR and C-HCR and a deeper analysis of the behavior of
the triple helix probe on the surface.

4.4.6 Conclusions and observations

We designed an original triple helix probe, adapted to the detection of microRNAs and combined
to a double hybridization chain reaction as signal amplification. Beside the challenge in the
adaptation on electrochemical detection, an evaluation of the specificity of the triple helix probe
need to be properly faced, ensuring the stability of the probe and the discrimination of similar
target sequences. We anyway proved the possibility to combine two responses on the same triple
helix probe and that these can be triggered ( thus controlled) by the presence of the target. This
is a completely original strategy for the adaptation of triple helix probes in sensing. Our design
would allow the combination of different amplification and transduction methods on the same
probe. This would likely lead to a more reliable detection, by offering a new universal and versatile
tool. Our system was able to trigger two independent self-assembling reactions to form more
complex nanostructures, in principle detectable in biosensing and leading to a further

amplification of the signal.
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4.5 Metallic nanoparticles and nanoclusters as biosensing tools

As explained in the first paragraph of this Results and discussion section, the work involved the
exploration of alternative ways to enhance signal in DNA biosensors. In order to amplify the signal
generated by a detection method, as anticipated in section 1.5, metal nanoparticles could be
employed thanks to their peculiar properties and easy production. As we have seen in LSPR
based detection, optical properties of metal nanoparticles can be used as transducer in
biosensing strategies. Gold nanoparticles are thus a good choice for such purposes, able to
transduce but also amplify the signal in electrochemical and optical sensors. In alternative to gold
nanoparticles, metal nanoclusters can also be used as labels or signal enhancer in biosensing.
These small nanopatrticles (up to 2 nm of diameter in general) have many optical properties and
they can serve in many strategies thanks to their fluorescence, plasmonic effect, or catalytic
activity. Moreover, interestingly, this kind of particles can be apparently synthetized directly in situ
on specific DNA sequences. This fact attracted our attention, since DNA based sensors could
logically take advantage of such transducers for signal enhancement in SPR, electrochemical and
colorimetric biosensing. In particular, we noticed the application of Ag/Pt DNA templated
nanoclusters, able to induce a signal enhancement in SPR but also presenting a peroxidase
catalytic activity. These nanoclusters too, can be synthetized directly on specific DNA sequences,
allowing the precise localization of such catalytic/plasmonic labels on the DNA. For this purpose,
we started a collaboration to characterize such Ag/Pt DNA templated nanoclusters and test an
eventual strategy. Thanks to the expertise of the group of Dr Morteza Hosseini, at the University
of Tehran, we were able to test the selective synthesis of catalytic NCs, able to generate a
readable signal, potentially in both SPR (thanks to the optical properties) and electrochemical
sensing (thanks to the peroxidase-like activity). These experiments were part of a work published
in collaboration with the Iranian group. The goal was to develop a method to detect the M.Sssl
methyltransferase (MTase) activity in biological samples. DNA methylation is a significant
epigenetic process for the modulation of the gene expression. In some diseases such as
infections and cancers, these mechanisms are affected and an abnormal concentration of DNA
methyltransferase is analyzed an informative biomarker for the diagnosis (Robertson, 2001,
Robertson, 2005). M.Sssl recognizes CGCG palindromic site on DNA and is known that silver
nanoclusters can be formed on C-rich DNA sequences. C-rich DNA sequences including this
recognition sites have been used as template for the formation of Ag/Pt nanoclusters. It was found
that the methylation of the cytosines could affect and inhibit the catalytic activity of those
nanoclusters, probably preventing their formation of influencing the local environment of the
nanoclusters. This let us to explore the suitability of such nanoclusters by characterizing a testing

them, investigating their possible application in our aim.
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4.5.1 Synthesis and characterization of the DNA templated Ag/Pt nanoclusters

Ag/Pt DNA templated nanoclusters have been synthetized and characterized following the
protocols described in the material and methods, section 3.7. The formation of the Pt/Ag

nanoclusters was tested on purchased DNA sequences (Table 4-6).

Table 4-6. Sequences selected to test the formation the DNA templated Ag/Pt nanoclusters and their
characterization.

DNA strand Sequence Length (nt)
S1 CGCGCCCCTAATCCCCCGCG 20
S2 GCGCGGGGATTAGGGGGCGC 20
S3 C(CH3)GC(CH3)GC(CH3)CCCTAATCCCCC(CH3)GC(CH3)G- | 20
S4 TCCTGGTCCGAGCTGCCCCGAG 22

S1 is a c-rich sequences, including the target sequences of the enzyme CGCG, while S2 is its
complementary strand. S3 is the methylated form of S1, also purchased already modified imitating
the methylation of the enzyme. S4 was used a C-rich control sequence. The nanoclusters were
formed on the single stranded and double stranded DNA obtained through annealing of S2 with
unmethylated S1 either methylated S3. The characterization did not show any meaningful
difference between nanoclusters formed on double stranded or single stranded DNA. We started
the characterization by investigating the spectrum in spectrophotometry and characterizing their
morphology though TEM and AFM.

4.5.2 Spectroscopic analysis of the DNA-templated Ag/Pt nanoclusters

We measured the absorbance of the samples between 230 and 500 nm (Fig 4-47). In Fig 4-47 A.
Beside the typical 260 nm peak of DNA, we observed a slight overall increase in absorbance
involving the entire spectrum 230 — 380 nm region in DNA templated Pt/Ag NCs using S1 (orange
line), when compared with the controls with just S1 in the same dilution (blue line) and with buffer
(grey line). Thus, orange line and blue line spectra correspond to the same amount of DNA, but
the absorbance is clearly different. The formation of platinum nanoparticles is often related in
literature to a peculiar profile in spectrophotometry, with high absorbance close to 200 nm,
decreasing going towards higher wavelength (Fig 4-47. C) (Watanabe et al., 2009). This is slightly
visible in the S1 spectrum (orange line). In samples prepared with buffer only, there was also a
slight difference compared to the blank, likely due to the formation of some nanoclusters also in

absence of DNA. This sample was prepared mixing AgNOs, K2PtCls and NaBHa4 following the
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same protocol. Subtracting the DNA contribution (measured separately) to the absorbance, we
were able to highlight the contribution of the NCs mixture (Fig 4-47 B.).
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Fig 4-47. Spectra obtained in spectrophotometry of the DNA-templated Pt/Ag nanoclusters. A) yellow: starting DNA;
orange: DNA templated Pt/Ag nanoclusters; blue: control DNA (same dilution no NCs); grey: buffer with NCs
reagents; light blue: blank. B) Analysis of the Pt/Ag nanoclusters formed on S1 (dark blue), S3 (red), S4 (green) and
buffer(grey). C) Typical spectra correlated to K2PtCls (dotted line) and Pt nanoparticles (line) (Watanabe et al., 2009).
Figure C was adapted from Watanabe et al, 2009, Image licensed by IOP publishing and Copyright Clearance Center
(License 1D 1001228-1).

We discriminated a peak close to 300 nm for different DNA sequences tested, S1 (dark blue), S3
(red), S4 (green). These features were reproducible in subsequent measurements. The
absorbance profile can now be further correlated to the presence of platinum nanoparticles. It is
to note that all samples with methylated and unmethylated sequences showed these aspects,
suggesting that the same phenomena occurred regardless the state of methylation of the
cytosines. A peak is evident between 260 and 330 nm, not visible in samples without DNA
(Fig 4-47 B). grey line). It is hard to determine with no doubts its identity. As we can see in
Fig 4-47 C. a sharp peak at 260 can be also related to the presence PtCle?>™ in solution. But
interestingly, a plasmon band at about 280 nm is also reported for Ag/Pt nanoparticles, with blue
shift with increasing amount of Ag (Adekoya et al., 2014) It cannot be excluded that a contribution
to this peak would be related to the amount of reduced Ag complexed in the DNA with platinum.
We can argue that different height of this peak in the different samples could be related to
differences in these aspects: remaining K2PtCls and the content of silver in the nanoclusters. S1
and S3 samples may contain more silver in the clusters or higher presence of unreduced platinum.
While S4, also a C-rich sequence, could contain less silver and a different consumption of
platinum salt in solution. Absorbance of S4 is also in general higher in the overall spectrum (also
at higher wavelengths) compared to the other samples, suggesting a more efficient formation of
the platinum particles. There are not many examples of the spectrometric characterization of such
DNA-templated nanoclusters in literature, thus, it is hard to validate our observations.

Nevertheless, a spectrometric profile related to already reported for presence of platinum
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nanoparticles can be observed in all he tested samples, suggesting that irrelevancy of the

methylation for this process.
4.5.3 Morphological characterization of the DNA templated Ag/Pt nanoclusters

Since we were not able to find a difference in the spectroscopic analysis of the samples for
methylated and unmethylated DNA sequences, we proceeded to the assessment of the presence

of such nanoclusters in the samples and to characterize their morphology.
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Fig 4-48. A) AFM images of unmethylated and B) methylated DNA templated Ag/Pt nanoclusters. C) TEM images
of unmethylated and D) methylated DNA Ag/Pt nanoclusters.

The samples in analysis contained annealed double stranded DNA (S1-S2 for unmethylated,
S3-S2 for methylated). Atomic force microscopy returned the presence of small roughly spherical
particles, with average diameter of 2 nm in both the samples, with unmethylated and methylated
DNA (Fig 4-48 A and B). Observations were confirmed by TEM imaging (Fig 4-48 C and D). We
were not able to discriminate any significative difference in the size for methylated and

unmethylated DAN templates. A slightly higher percentage of nanoclusters formed on methylated
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DNA were smaller than 1.5 nm compared to those obtained on the unmethylated template, but it
is not known if this could be a meaningful difference. Thus, nanoclusters formed in the same
samples, with methylated and unmethylated DNA, confirming the results of the spectroscopic

analysis.
4.5.4 Catalytic activity of the DNA templated Ag/Pt nanoclusters

The last step had to be the characterization of the peroxidase-like activity of the nanoclusters

obtained in different samples.
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Fig 4-49. A) Bar plot showing absorbance spectrum of the DNA templated Ag/Pt NCs after the incubation with TMB
and H202, and different DNA strands S1, S3, S4. SD is shown with N = 3 B) Catalytic activity of the double stranded
DNA-templated Ag/Pt NCs. Blue line S1/S2 double strand; Orange line: S2/S3 double strand.

In Fig 4-49 A. we show a bar plot with the results of the colorimetric reaction performed on
different samples, with no DNA, with sequence S1, S3 and S4. This was done after the addition
of TMB and H202 and measuring the absorbance at 652 nm. As we can see a slight difference
can be seen between unmethylated and methylated single stranded DNA. C-rich sequence S4
sample had the higher peroxidase-like activity. Looking at the catalytic activity of the double
stranded DNA S1-S2 and S2-S3 (Fig 4-49 B.) we observed a not dramatically different behavior.
The difference in the catalytic activity is not so different for methylated and unmethylated
sequences, but this was likely improved moving at the biosensing application by optimizing the
protocols (Kermani et al., 2018). We concluded that the difference in the catalytic activity is likely
not due necessarily to the missed formation of the nanoclusters but rather to other combined
phenomena. Interestingly the sequence S4 showed a reproducible higher peroxidase-like activity,
and looking at the spectrum in Fig 4-47 B. the S4-templated Ag/Pt nanoclusters showed a profile
consistent with the higher presence of Pt particles, responsible for the catalysis. In addition, a
slight difference is visible in the peak at 260-300 nm of S1 and S3 -templated Ag/Pt nanoclusters,
likely related to a difference in the activity. If the blue shift of this peak is related to the amount of

silver, we can roughly argue that the content in content in silver is somehow related to the catalytic

99



activity. Indeed, as mentioned in the Introduction, section 1.5.3, the catalytic activity depends on

the presence of platinum, while silver nanoclusters do not show such activity.
4.5.5 Conclusions and observations

In conclusion, in our opinion, methylation alone does not affect the formation of the DNA-Ag/Pt
NCs, since spectroscopic analysis suggested the presence of such particles in both methylated
and unmethylated DNA strands, later observed in AFM and TEM. The methylation could probably
eventually affect, instead, the composition of the nanoclusters or the local environment,
influencing the catalytic activity. In the presented biosensing applications for the detection of the
catalytic activity of M.Sssl methyltransferase (Kermani et al., 2018), the different catalytic activity
could be also an effect of the interaction of the enzyme on the specific DNA sequence, affecting
the catalysis or the formation of the nanoclusters. A combined effect, physical enzyme interaction
and methylation, could be considered. These observations do not compromise the results
presented in the published work: the C-rich S1-S2 DNA used to detect the activity of the enzyme
could be subjected to methylation and host the active enzyme, letting both the phenomena affect
the final response. More efforts are needed to investigate this, but it was not part of the aim of the
project. Our contribution helped the understanding of the formation and the morphology of these
DNA-Ag/Pt NCs, not characterized in other published works. The information obtained and the
experiments performed leaded then to the application of such nanoclusters to the development
of a bioassay for the specific detection of M.Sssl methyltransferase activity in samples. The
activity of the enzyme was actually able to inhibit the catalytic activity of the nanoclusters, and the
limit of detection reached was 0.05 U/ml. On the other hand, taking into account some trials
performed on non-C-rich DNA sequences (data not shown), we can confirm that the formation of
such nanoclusters is enhanced by the presence of DNA. Likely, some C-rich sequences are more
effective in this, as observed for S4, but it is not easy to undoubtedly confirm the specificity of the
process. The spurious formation of PtNCs could also be taken into account. These would make
other applications more complex, and higher control of the reaction is certainly required. This is a
limit for our goals in using SPR or electrochemical detection, since, until now, no special
advantages would be obtained by applying such nanoclusters as transducers if specificity is not
sufficient. For these reasons, we suspended our efforts towards the implementation of DNA

templated Ag/Pt nanoclusters for miRNA biosensing.

100



5 Conclusions

The overall work consisted of developing and testing different strategies for the amplification of
the signal in DNA based biosensors, especially for the detection of short nucleic acids such as
microRNAs. We took the potential of DNA nanotechnology in the design of special probes and
self-assembling reaction for signal enhancement. In addition, we explored the employment of
metal nanoparticles and nanoclusters as transducer and signal enhancers for this purpose. We
designed a direct HCR method, based on Hybridization Chain Reaction which recognizes specific
sequences of miRNA that are informative for early diagnosis of lung cancer. We paid special
attention in the triggering interaction to ensure the specificity. In principle the direct Hybridization
Chain Reaction that we designed was confirmed to be suitable for different transduction methods.
We were able to observe the amplification of the signal due to the formation of the DNA
nanostructures, previously characterized in solution. We made efforts towards the implementation
of such method in biosensing platforms, exploiting two transduction methods. The first involved
electrochemical detection on a custom-made electrochemical setup. Even if we proved that the
amplification was occurring, the system needed optimization to return reliable results. Other
strategies, such as label-free approaches involving impedance, should likely return a better signal
upon optimization. However, we were able to observe an amplification of signal in the presence
of HCR, returning a correlation with target concentration. This at least proved an improvement
when hybridization chain reaction occurred. We wanted to move to an alternative transduction
method, which does not involve any labeling during the detection. The applicability of the direct-
HCR amplification resulted to be more promising in a label-free approach based on LSPR, likely
thanks to a reduced complexity of the method and the optimized setup. We were able to combine
our method with gold nanoparticles as transducers-enhancer in an original LSPR setup. This was
done under the supervision of Prof. Wolfgang Fritzsche at the IPHT of Jena. This strategy was
demonstrated to be very simple and allowed the real time specific detection of microRNA
sequences with the limit of detection at about 1 nM without amplification, and we demonstrated
an improvement of about 3 orders of magnitude applying HCR amplification (manuscript in
preparation). Compared to previously reported methods, this method is simpler in fabrication, it
allows real-time detection, and it is undoubtedly open to further improvements and optimization
towards highly sensitive point of care detection. We can conclude that our Hybridization Chain
Reaction was undoubtedly suitable for biosensing implementation, but that the combination with
label-free LSPR detection was proved to be more effective. Since HCR on surface seemed to be
more complex than expected, the application on simple label-free effective setup is surely
advantageous. During the work, we also introduced an original strategy involving a triple helix of

DNA as probe for miRNA detection. We proposed the employment of a triple helix probe to
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combine two independent responses after target detection, something never reported in literature.
We proposed the following advantages: separation of the amplification from the recognition of the
target, no waste of sequence information, universality and theoretically the possibility to combine
different transduction and amplification methods on the same probe (manuscript in preparation).
More investigations would be required, and the adaptation on a more simple and robust detection
method, similar to the label-free LSPR-based method above, would surely further enlighten the
suitability of the method. We anyway proved the effectiveness of our design and the working
principle of the strategy for further implementation, showing very preliminary results for
electrochemical detection. During the exploration of alternatives for signal enhancement, we
faced the characterization and employment of metal particles. After considering different
alternatives, we concentrated on special metal nanoclusters with peroxidase-like activity. We
characterized the formation and catalysis of DNA templated Ag/Pt nanoclusters in collaboration
with Dr Morteza Hosseini’'s group from of the University of Tehran. Even though, the DNA Ag/Pt
NCs were found effective in the detection of Methyltransferase activity, we considered these
nanoclusters not suitable for our purposes in the signal enhancement of DNA based detection

methods because of the difficulties in controlling their formation on precise DNA sequences.
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