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Abstract

In recent decades, surface plasmon resonance bas lengrowing interest in the realization of
miniaturized devices for label-free sensing appioces due to the need of increasing the sensitivity

of the sensor and limiting the consumption of mater

This work is aimed to the realization of plasmamamostructures that can be applied to different
sensoristic fields in order to create a startinipipior the realization of miniaturized sensors #&or
wide range of applications. In this context a aarefudy of geometry and materials suitable for
creating the starting plasmonic platforms (i.e.dgsinusoidal gratings) was performed and a
characterization method has been optimized. Sulesdlgua manufacturing strategy that would
allow to obtain a large number of versatile sultegran a short time and in a cheap way was
designed. Thus by combining interference lithogyagid soft lithography the required plasmonic
substrates were realized and characterized byngtyie azimuthal rotation of the grating. The
substrates were tested in different applicatiolusiethe detection dfl. tuberculosisDNA using
PNA probes, the detection of cystic fibrosis DNAngsDNA probes, the detection of explosive
trace and the detection bf pneumophilébacteria. The reached optimization and contrahef
sensing experiment and plasmonic surface preparptincedures, and the obtained results, have
shown the extreme versatility of the sensors redlwith respect to different applications. This
goal is to be considered a good starting poinfiture studies aimed to the miniaturization and
engineering of a sensor suitable for different semad applications spacing from the biomedical

field to the security one, passing through food poltltion analysis.



Riassunto

Negli ultimi decenni la risonanza plasmonica diestipie ha conosciuto un crescente interesse
nella realizzazione di dispositivi miniaturizzatmapplicazioni sensoristicHabel-free dettate

dalla necessita di aumentare la sensibilita des@ee di limitare il consumo di materiale.

Questo lavoro ha come scopo la realizzazione dvstautture plasmoniche che possano essere
applicate a diversi campi della sensoristica in on@& creare un punto di partenza per la
realizzazione di sensori miniaturizzati per moli@@pplicazioni. In primo luogo é stato effettuato
uno studio accurato della geometria e dei matexdliti alla realizzare delle nanostruttugeafing
sinusoidali metallici nella fattispecie) ed e stattmizzato il metodo di caratterizzazione delle
superfici plasmoniche. Successivamente é statataidama strategia di fabbricazione che
permettesse di ottenere un grande numero di stibstraatili, in poco tempo e con costi limitati.
Cosi combinando litografia interferenzialeseft lithographysono stati realizzati dei substrati
plasmonici caratterizzati variando la rotazioneragale debrating. | substrati sono stati testati in
varie applicazioni: la rivelazione di DNA deld. tuberculosigramite sonde a PNA, la rivelazione
di DNA della fibrosi cistica tramite sonde a DNA tivelazione di esplosivi in traccia e la
rivelazione del batterid.. pneumpohila L'ottimizzazione delle procedure diensinge di
preparazione della superficie plasmonica, e itasiubttenuti hanno dimostrato I'estrema versaitilit
dei sensori realizzati nei confronti di molteplgplicazioni sensoristiche anche molto diverse tra
loro. Questo traguardo & da considerarsi un otgenato di partenza per studi futuri finalizzati
all'ingegnerizzazione e miniaturizzazione di unssae adattabile a diverse esigenze e applicazioni
che spazino dall’area biomedica a quella dellarsizza, passando per I'analisi del cibo e

dell'inquinamento.
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Preface

Preface

In recent years the research and development detmtbe realization of optical chemical and
biological sensors has rapidly grown requiring alsvenore device miniaturization and increasing
sensitivity and resolution. In this context a largember of optical methods, in which a desired
guantity is determined by measuring the refracdimgex, absorbance and fluorescence properties
of analyte molecules or a chemo-optical transduaieglium, have been exploited. Ellipsometry,
spectroscopy (luminescence, phosphorescence, $keemee, Raman), interferometry (white light
interferometry, modal interferometry in optical veguide structures), spectroscopy of guided
modes in optical waveguide structures (grating ypesonant mirror), and surface plasmon
resonance are the most explored techniques.

Simultaneously two other scientific fields have Wmoa remarkable growth: nanotechnology
and plasmonics.

Nanotechnology is likely to have a profound impatour economy and society in the early
21% century, comparable to that of semiconductor teldgy, information technology, or cellular
and molecular biology. Science and technology mekean nanotechnology promises
breakthroughs in areas such as materials and n@nrfey, nanoelectronics, medicine and
healthcare, energy, biotechnology, information tetbgy and national security.

Plasmonics, that has known an increasing intenestgrowing range of scientific fields and its
advances and progress have offered promising fdeapplications in many areas (sensing, solar
cells, optoelectronics and communication), is defias the study and application of the interactions
of optical-frequency electromagnetic waves witltcetens in metals. Indeed one key advantage of
plasmonics is the possibility to confine and expleiectromagnetic oscillations at optical
frequencies to a size that is much smaller thatvdneslength in vacuum. The possibility to exploit
material properties at the nanoscale and to cotigbt interaction with matter revealed new
unexpected phenomena and opened the route to seercl-threads in the sensoristic frontier.

Plasmonic device realization requires the synefggamy disciplines: physics, material science
and information engineering, biotechnology, bioclstm and medicine. In this way plasmonics
has increasingly become a interdisciplinary regedreld, where contributions of different
backgrounds, engineering and physics as well dsdyicand chemistry, is needed in order to
provide the required knowhow so to design andzealuch plasmonic devices.

In general the complete fabrication of a plasmaieigce need the following of an accurate method
beginning with the device design and ending with fihal sensing test. Thus after a preliminary
study of design and analysis in order to optimiee aptical response of such nanostructures and
provide to nanofabrication the proper windows afgarss for the realization of optimized devices.
Once the components have been fabricated and adeskraltharacterization step is performed to
verify the real optical behaviour and compare tsswith the theoretical expectations and literature
background. Thus the realization of a plasmonidaeshould consider and overcome each step of
this chain of processes: simulation — fabricatiarharacterization.




Preface

This thesis deals with the realization and apgheadf plasmonic gratings to different application
fields, from DNA to explosives, passing through teaa. The whole work is the result of an
interdisciplinary work, which was possible thankghe collaboration with other laboratories and
research groups skilled in a specific step of threser fabrication process.

Plasmonic gratings are nanostructured metalliaserthat support the excitation and propagation
of Surface Plasmon Polaritons (SPPs). These maddscalized surface-waves propagating along
the interface between a metal and a dielectric uamedand have risen in the coupling of
electromagnetic-field with electron-plasma osailas inside the metal. Thanks to the great
confinement of the electromagnetic energy at theoseale on the surface, these modes are
extremely sensitive to interface properties anegaéthemselves as a powerful probe for surface
analysis and sensing applications.

The change in refractive index of the medium, faareple due to a change in concentration of an
analyzed solution, or to the binding of moleculestlie metal surface, alters the propagation
constant of surface plasmon polaritons and chathgesoupling conditions of incident light. In this
way a variation in resonance conditions can bestlaced into a measure of surface
functionalization or solution concentration: thssthe basic principle of modern Surface Plasmon
Resonance (SPR) sensors. Since its first demaostifar the study of processes at the surfaces of
metals and sensing of gases in the early 1980s,s8R&ling has made vast advances in terms of
both development of technology and its applicatiforslabel-free fast and compact sensors. In
particular the application for detection of cherhimad biological species has gained considerable
importance and interest in several fields: meditadnostics, environmental monitoring, food safe
and security. Common SPR affinity biosensors comdia biorecognition element that is able to
interact with a particular selected analyte in 8oluand an SPR transducer, which translates the
binding event into an output signal. The core & ttansducer is the optical platform, such as a
metallic grating, on which surface plasmon polastare optically excited and propagate.

In this work the fabrication of metallic sinusoidgtating was carried out combining laser
interference lithography and soft lithography tdghes. Using laser interference lithography a
sinusoidal master with specific geometrical paramsetwas fabricated. The master was then
replicated by a replica-molding process and tharmptmic behaviour was given to the sensing
platform by a bi-metallic layer evaporation. Stagtirom the realized substrate, an accurate study
of the sensing surface preparation and optimizatias performed in order to fit different
applicationsrigure P. 1), requiring the combination of chemical, biomedarad physical studies.
Specific probes with their specific functional gpsuand deposition strategies were studied,
designed and then optimized for each desired agifgit After the sensing layer preparation real
sensing experiments were performed through the whmily-controlled grating-coupling SPR
detection method, known to provide a sensitivitghleir than the classical grating-coupling
configuration. The advantages, the limits, the isigitg and the efficiency of the sensor realized
were then evaluated.

One of the most important results of this thesiski®the demonstration of the applicability of our
sinusoidal grating to a wide range of sensing appibn with results, in term of efficiency,
sensitivity and resolution, at the state of theoadbove. Starting from this result, the posspiif
further develop our detection system and integtaesensing platform here described into a final
miniaturized device is now open and the transf@unfsensing prototype to commercial or medical
field could be achieved in the future.

10



Preface

The whole work was inserted into the following progcts.

PLATFORMS (PLAsmonic nano-Textured materials and architectti®® enhanced Molecular
Sensing) Strategic Project of the University of Padova.

Aim of this project is the study and developmerntahplex Nano-Structured Architectures (NSAS)
able to exploit surface plasmon polaritons propgagaiSPPs) and electromagnetic enhancement
phenomena, aimed to realize chemical and biochém@zsors. In this project the attention is
focused on two important application fields: (ajed¢ion of biological compounds, where a highly
efficient qualitative and quantitative identificati within complex matrices is of great importance
in disease diagnostics and drug discovery; (b) todng of the atmospheric pollution, that has
become highly strategic in order to guarantee tgwble development.

SPLENDID (Surface Plasmonic for Enhanced Nano Detectors amubviative Devicgs
Excellence Project of CARIPARO Fundation.

The project aims to exploit the physical phenomehaurface plasmon polaritons to control the
interaction of electrons and light on the surfata nanostructured materials for the developing of
biosensors capable of detecting and identifyingievéew molecules. Indeed the purpose of the
whole project is the development of a typology mtegrated sensors for which it is expected a
strong industrial fallout for bio-medical and fopbduct analyses.

PROGETTO IRE (Istituto Ricerche Esplosivistiche).

The project has the goal of demonstrating the woylevidence of a TNT sensing prototype based
on a sinusoidal gold grating characterized undienathal control, as potential alternative solution
for explosive trace detection.

POR-PROTOLAB, Veneto Nanotech project.

The aim of the project is the realization of a plasic sensor for bacteria detection introducing
innovative miniaturized and high sensitive techeigjin the currently biomedical scenario. The
final purpose of the project is the realizatioranfindustrial sensing prototype.

All the sensor realized in this thesis work staytitom the same plasmonic substrate are
summarized below.

11



Preface

M-Tubercolosis
PNA-based sensor

Cistic fibrosis
DNA-based sensor

P -
g g rv,.p:u -
»

&

Explosives (TNT)

Figure P. 1. Sensors realized in this work starting from th@meaensing platform realized in this work.

In summary, the content of this thesis work is orgaized as it follows.

Chapter 1. Plasmonics for sensing brief introduction to recent developments in femsoristic
field and to surface plasmon polaritons propertiesgiven. A description of the typical
configurations (prism/grating-coupling) for surfagsmon polaritons excitation are described,
focusing on the sensing application requirement& dhapter ends with a summary of the most
important characteristic of an SPR sensor andausson on the comparison between prism and
grating coupling SPP excitation methods is reported

Chapter 2. Materials and methodsn this Section the sensing platform realized iis thork is
described in detail together with the characteidpamethods necessary for the realization of the
final sensor (more details are reportedppendix A.1, A.2 andA.3). Also an overview of sensors
realized in this thesis work is shown.

Chapter 3. Fabrication. The sensing substrate fabrication strategy is teseribed in detail for
what concern both laser interference lithograpHiz)land soft lithography steps. SEM and AFM
images of the resulting substrates obtained byalnidl after the metallic layer deposition are shown.
The goodness of fabrication results has to bebated to the collaboration with TASC-IOM-CNR
nanofabrication laboratories of the Area Sciena& PeBasovizza (Trieste).

Chapter 4. PNA sensor for M. tuberculosi8n overview of M. tuberculosis and peptide nucleic
acid (PNA)-based sensing is reported in detail. dpptemization strategy adopted for the realization
of this type of sensor, consisting in the immolailian of a poly(ethylene oxide)-PNA as the probe
and of a shorter poly(ethylene oxide) for the prtta of surface from non-specific adsorption, is
shown from its design to its application. The stueds focused on the following steps: sensing
surface calibration, complete antifouling achievatneptimization of PNA sensing efficiency and
sensing experiments using real samples. The higgitséty resulting from this work gives a good
starting point for the miniaturization of the PNAd®d sensor here described and for the possibility
of further improving the PNA-based detection inianfedical field. This work, inserted in the
PLATFORMS project, was performed in collaboratioithwesearch groups of the Department of

12
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Pharmaceutical Sciences and Industrial Engine@fitige University of Padova, for the biological
element synthesis, and with Nanofab Laboratory @#enNanotech, Mestre —Venezia), for
fluorescence analyses.

Chapter 5. DNA sensor for cystic fibrosi3he design and realization of a sensor for theatiein

of four cystic fibrosis mutations is described friime probe sequence design (details are reported
in Appendix A.4) to the real sample detection. In this work oftisatar relevance was the
simultaneous detection of the same experiment Wwitkth SPR and fluorescence methods,
performed for all the experimental steps. The wankerted in the SPLENDID project, was
performed in collaboration with Nanofab Laborat@#gneto Nanotech, Mestre —Venezia) for the
probe design, the sensing strategy optimizationfanthe fluorescence analyses.

Chapter 6. Sensors for explosiveshe development of a TNT sensing prototype is sbmvn,
exploiting two different sensing surface strateg: use of a self-assembled monolayer and the use
of a molecularly imprinted polymer (MIP) matrix. 9rpreliminary tests were performed and are
here shown, with the aim of demonstrate the pd#giloif further develop and apply this type of
sensor in a real explosive detection context. ThE®-based sensing layer was realized in
collaboration with the Department of Industrial Evegring of the University of Padova.

Chapter 7. Sensor for L. pneumophil&tarting from the recent research of new methods f
increase the sensitivity in the detectionlofpneumophilabacteria, in this Section the study,
optimization and application of a grating-basedsgenplatform forL. pneumophiladetection is
shown. Preliminary results here shown reveal ttssipdity of improving the detection sensitivity
of our system and of applying the sensing stragetppted to the detection of other bacteria. This
work was inserted in the POR-PROTO LAB project avas performed in collaboration with
Nanofab Laboratory (Veneto Nanotech, Mestre —Vex)dar the sensing strategy optimization and
for the fluorescence analyses.

Chapter 8. Conclusions A summary of all the sensors realized in this whbidghlighting their

advantages and limits is reported. From the resbliined it is clear the applicability of the segs
platform realized in this work to a wide range pphlcation, and the possibility of further improgin
and being applied in a real biomedical context.

13






Plasmonics for sensing

Chapter 1

1. Plasmonics for sensing

1.1  Optical label-free sensors

Among the different definitions of biosensors thatve been elaborated in recent decades, an
updated version of that selected by the Internatidmion of Pure and Applied Chemistry (IUPAC)
in 1999 [1] is: “a biosensor is a compact analytiteavice incorporating a biological or biologically
derived sensing element, either integrated withimtmately associated with a physicochemical
transducer”.
Nowadays we can find a lot of biosensing systensedhaon different detection methods like
electrochemical, colorimetric and optical sensBecently the research and development devoted
to the realization of optical chemical and biol@isensors has rapidly grown from its first
applications [2] to more recent ones, exploitinfa@e number of optical methods, in which a
desired quantity is determined by measuring theactfe index, absorbance and fluorescence
properties of analyte molecules or a chemo-optiaaksducing medium: ellipsometry, spectroscopy
(luminescence, phosphorescence, fluorescence, Ramanferometry (white light interferometry,
modal interferometry in optical waveguide structi)respectroscopy of guided modes in optical
waveguide structures (grating coupler, resonantomirand surface plasmon resonance.
In general optical sensors are divided into twagaties:labeledandlabel-free sensors. In the
labeled detection (e.g. fluorescence-based metf3jgeither target molecules or biorecognition
molecules are labeled with fluorescent tags, ssatyas; the signal detected indicates the presence
of the target molecules (the analyte) and the actéon strength between target and biorecognition
molecules. While labeled detection is extremelysgam, with the detection limit down to a single
molecule [4], it needs laborious labeling procesbas may also interfere with the function of a
biomolecule and with sensor production costs. Qtaivie analysis is challenging due to the
fluorescence signal bias, as the number of fluooogdh on each molecule cannot be precisely
controlled [5]. In contrast, in label-free deteati®], target molecules are detected in their ratur
forms. This type of detection is relatively easy ameap to perform, and allows for quantitative
and kinetic measurement of molecular interactioneré exist a number of label-free optical
detection method, including refractive index (Rt}ettion, optical adsorption detection and Raman
spectroscopy detection, and all methods can be a@dpn term of their sensitivity and detection
limit (Table 1. J).

15



Plasmonics for sensing

Table 1.1. Sensitivity and detection limit of optical labek& sensors found in literature. Table is re-prifitech Fan, X. et al. [6].

Technology platform Optical structures Analyte Detection limit
Surface plasmon resonance Surface plasmon resonance Bulk solution 10-5-10-8RIU
Long range SPR Bulk solution 10-7-10-8RIU
Surface plasmon resonance Bulk solution 10-5-10-7 RIU
imaging (SPRI)
SPRI Protein 1nM
Optical heterodyne SPR Protein 0.2nM
Phase sensitive SPR Protein 1.3nM
Wavelength modulated SPR DNA 10pM (Note 1)
SPRI DNA and RNA 10nM
Flow injection SPR DNA 54 fM, 1.38 fM (Note
1)
Angle modulated SPR Protein (PSA) 0.15ngmL-! (Note 1)
SPR Protein (CA19-9) 66.7 unitmL™!
SPR Protein («-fetoprotein) 50ngmL-!
Prism-based SPR Bacteria (E. coli) 10 cfumL-!
Salmonella yphimurium 100 cfumL-?!
BlAcore 2000 SPR Bacteria 25cfumL-?
Interferometer Mach-Zehnder Bulk solution 10~7 RIU
interferometer
Protein 20 pgmm-2
Young’s interferometer Bulk solution ~1x 1077 RIU
Virus 1000 particles mL~!
Hartman interferometer DNA 4ngmlL-!
Protein SngmL-!,
0.1ngmL-! (Note 1)
Virus 107 pfumL-!
Bacteria 5 x 108 cfumL-?,
5 x 10° cfumL-?
(Note 1)
Backscattering interferometer
Porous silicon DNA 2pM
BioCD Protein 0.1ngmL-!
Microchannel Bulk solution 7 x 10~°RIU
backscattering
Protein femto-mole (Note 2)
Protein picomolar (Note 3)
Waveguide Resonant mirror Protein ~0.1pgmm~2
Cell 10° cellsmL-?
Metal-clad waveguide Bacterial spore ~10° spores mL~!
Cell ~10cellsmm—2
(Note 2)
Reverse symmetry Cell 60 cellsmm~2 (Note
waveguide 2)
Symmetrical metal-clad Bulk solution 2 x10~7 RIU
waveguide
Ring resonator Ring on a chip Bulk solution 10~4 to 10~7 RIU
DNA ~100nM
Protein 20-250 pgmm-~2,
0.1nM
Bacteria 10° cfumL-?
Dielectric microsphere Bulk solution 10-7 RIU
DNA 1pgmm-2
Protein 10pgmL-! (trypsin),
1unitmL-?
(thrombin)

16
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Technology platform Optical structures Analyte Detection limit Ref.
Capillary opto-fluidic ring Bulk solution 10-6-10-7 RIU [152]
DNA 4pgmm~2, 10pM [163]
Protein ~1pgmm~2, 3pM [157]
(Note 2)
Virus 1000 particles mL~? [164]
Optical fiber Fiber Bragg grating Bulk solution ~10-6 RIU [204-209]
DNA 0.7 pgmL-1, 0.1 uM [209]
Long-period grating Bulk solution 10~4RIU [219]
Protein 2pgmL?! [218]
Nanofiber Bulk solution 10~7 RIU [223]
Fiber coupler Bulk solution 4 x 10-SRIU [227]
Protein 0.5 pgmL-1 [227)
Fiber Fabry-Perot cavity Bulk solution 10-5RIU [207,231]
DNA 76 uM, 1.7 ng [229]
Protein 25 pgmL-1 [228]
Photonic crystal 2-DPC Bulk solution 10-°RIU [240,241]
Protein 0.4 pgmm~2 (Notes 2 [240,241]
and 4)
2-D PC microcavity Bulk solution ~10-3RIU [234,235]
Protein 1fg [237]
PC waveguide Protein 0.15puM [239]
1-D PC microcavity array Bulk solution 7 x 105 RIU [246]
PCF Bulk solution 10~4RIU [219]

Notes: (1) With gold nanoparticle amplification. (2) Adsorption result. (3) Binding takes place in free solution rather than on a solid substrate. (4)

Results obtained after solution containing protein is dried.

RI detection has gained a great interest in optatzél-free sensing as its change is induced by
molecular interactions in the proximity of a segsisurface and it is related to the sample
concentration or surface density, instead of tedatple mass. As a result, the detection signal does
not scale down with the sample volume. This charéstic is particularly attractive when ultrasmall
(femtoliter to nanoliter) detection volume is invetl and is advantageous over fluorescence-based
detection whose signal usually depends on the not@ber of analytes in the detection volume or
on the detection surface. In this context, Rl detacmethods currently used include plasmonic
sensors, interferometer-based sensors, optical guade-based sensors, optical ring resonator-
based sensors, optical fiber-based sensors andntiatystal-based sensors.

In this work we will focused on plasmonic bioserssand more precisely on Surface Plamon
Resonance (SPR) sensing as it revealed to be ashitgitive method for label-free sensing [7].
Since the first demonstration in early 1980s, S&#ars have made vast advances in terms of both
development of the technology and its applicati®@®R biosensors have become a central tool for
characterizing and quantifying biomolecular int¢iats. Moreover, development of SPR sensors
for the detection of chemical and biological spetias gained considerable momentum, and the
number of publications reporting applications oRIfosensors for detection of analytes related
to medical diagnostics, environmental monitoringg &od safety and security has been rapidly
growing.

1.2 Plasmonics

The first use of the term “plasmon” was made byeRim 1956 [8] when he defined plasmons
as “the quantum of elementary excitation associaféd high-frequency collective motion of the
valence electron oscillation” and the mathematidatcription of these surface waves was
established around the turn of thé"30-13]. Therefore a plasmon is a quantum reprasgtie
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elementary excitations, or modes, of the chargsitleoscillations in a plasma. Figure 1. 1 (a)
the types of plasmon excitations, which can berg&gly divided in “pure” plasmons and plasmon
polaritons (PPs), are shown.

“Pure” plasmons correspond to longitudinal exaitiasi of the electric field, they cannot couple to
photons and are associated with collective chasgélations. Bulk plasmon polaritons (BPPSs),
which are modes that exist in an infinite metallobg to “pure” plasmons. When an
electromagnetic wave is propagating in a mediunexitites the electron degree of freedom,
generating a polarization (P). A photon coupledhwihe polarization is called “polariton”.
Considering the charge density, the energy of thetemagnetic wave is shared between the
polariton and the plasmon, and the correspondiogation is known as “plasmon polariton” (PP).
If the charge density oscillation is confined tee tBurface we speak about surface plasmon
polaritons (SPPs).

Thus SPPs are electromagnetic surface modes argsoeiated with surface charge oscillations.
They are divided into two categories: the locali&# (LSPs) and the propagating SPPs (PSPPs).
Localized surface plasmons are charge densitylathails confined to metallic nanoparticles and
metallic nanostructuregigure 1. 1 (b). Excitation of LSPs by an electric field (inciddight) at

an incident wavelength where resonance occurstsaautrong light scattering, in the appearance
of intense surface plasmon absorption bands, anehbhancement of the local electromagnetic
fields [14,15]. On the other hand propagating SERs typical of metal/dielectric extended
interfaces or nanostructureBigure 1. 1 (c). The significant and analysis of PSPPs will be
performed in the following Section in detail.
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Plasmon modes or excitations

«Pure» plasmons Plasmon Polaritons (PPs)
% Are longitudinal electricwave » Are mixed plasmons/photons excitations
% Do not interact with light (photons) » Are electromagnetic waves

» Are associated with collective charge oscillations | » Are not associated with collective charge oscillations

Bulk Plasmons BULK MODES Bulk SPPs

(are transverse electromagnetic waves)

Surface Plasmons SURFACE MODES Surface Plasmon Polaritons

% Are electromagnetic surface modes
% Are associated with surface charge oscillations

Localized (LSPs) Propagating (PSPPs)
(@)

Dielectric
Electron Choud

-

A ARTRIANE

N N

Metal

Eloctric Flald

(b) (©
Figure 1.1. Plasmon modes excitations can be divideolilk andsurface modeg). In the surface modes we have SPPs that can b
localized, in the case of nanoparticles for exanfip)eor propagating, in the case of extended planaanostructured surfaces (c).

1.3 Basic of SPR

SPPs are a charge density oscillations that mast exithe interface of two media with
dielectric constants of opposite sigfdgure 1. 1 (c), like a metal and a dielectric. The charge
density wave is associated with an electromagnedie, whose field vectors reach their maxima
at the interface and decay evanescently into beitiian This surface plasma wave (SPW) is a TM-
polarized wave (magnetic vector is perpendiculah&direction of propagation of the SPW and
parallel to the plane of interface) [16,17].

SPPs are localized in the direction perpendicutartie interface: field intensity decays
exponentially from the surface with an extensiorgté of the same order of the wavelength inside
the dielectric and almost one order shorter inrtie¢al Figure 1. 2. These features make SPPs
extremely sensitive to optical and geometrical prtps of the supporting interface, such as shape,
roughness and refractive indices of the facing medi
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I, 11 |E,|

/;F/

Figure 1. 2. SPPs at the interface between a metal and a dieletaterial have a combined electromagnetic wave
and surface charge charactiftf. The combined character also leads to the fieldponent perpendicular to the
surface being enhanced near the surface and degpdaentially with distanced{ for the dielectric andm for the
metallic material) away from iright).

Gold and silver show the best plasmonic properiies. comparison of the main characteristic of
SPW propagating along the interface between watktlee surface plasmon active metal (gold and
silver) is reported imable 1. 2 Owing to high loss in the metal, the SPP propegyatith high
attenuation in the visible and near-infrared sgc&gions. The electromagnetic field of an SPP is
distributed in a highly asymmetric way and the majt of the field is concentrated in the dielaxtri
medium. An SPP propagating along the surface wérsils less attenuated and exhibits higher
localization of electromagnetic field in the didlgcthan a SPP supported by gold, thus silver has
better plasmonic properties than gold.

Table 1.2. Optical constants of gold and silver taken fromj][1

Metal layer Gold Silver
Wavelength [nm] 630 850 630 850
Propagation length [um] 3 24 19 57
Penetration depth into metal [nm] 29 25 24 23
Penetration depth into dielectric [nm] 162 400 219 443
Concentration of field in dielectric [%] 85 94 90 95

SPPs are confined solutions of Maxwell's equati@ts (1. 1)-(1. 4)) at the interface of two semi-
infinite media, with the imposition of the assoettoundary conditions. In the absence of free
charges and currents the equations to solve are:

OD=0 (1.1)
— — 0B

OxE =—-—— 1.2
X P 1.2)
Om=0 (1.3)
Exﬁ:a—? (1. 4)
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with the constitutive relations:
D =¢E (1. 5)
§ = ’UH (1. 6)

where & = £,&, U= U4, ,E andl, are respectively the relative ditdlepermittivity and

the relative magnetic permeability of the mediusy,and 4, are their values in vacuum.

Using Maxwell’'s equations and appropriate boundanyditions we are able to describe all SPR
theory [16]. In this Section we will focused on StRory and phenomena that will be involved in
the experimental part of the work and that arer@stieng for the development of SPR sensors
designed in this work.

SPP on a planar metal/dielectric interface

In Figure 1. 3the structure of a planar metal/dielectric integfés shown.

Dielectric €4

Figure 1. 3. Planar metal/dielectric interface.

Analysis of Maxwell's equations with appropriateubdary conditions suggests that this structure
can support only a single guided mode of electrorafg fields of a surface plasmon: a SP is a
transversally magnetic (TM) mode, and thereforgéistor of intensity of magnetic field lies in the
plane of metal-dielectric interface and it is pewbieular to the direction of propagation.

The propagation constant of a surface plasmoreanttal-dielectric interfacg) can be expressed

as:
w | E4€ E4€
,8:—\/ d®m :k\/ d®m (17)
c\e +&, gyt E,

For metals following the free-electron model:

p

£ =g|l-— P
mOTT W Fiow

(1. 8)

wherev is the collision frequency anal, is the plasma frequency expressed as:

= N_é (1.9)
“\em |
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whereN is the concentration of free electrons, aandme are the electron charge and mass,
respectively. Eq. (1. 8) is fulfilled for frequersilower than the plasma frequency of the meéal, i.
when the Surface Plasmon Wave (SPW) is supportedsyucture providing that

R R
EC<—&;° (1.10)
This condition is fulfilled, for example, by silvand gold Table 1. 2.

Considering a metal-dielectric interface with antn@erse-magnetic plane wave which propagates
in the positivex-direction Since we are looking for localized EM-waves, tegnetic field should
have the following form:

2>0 H(x zt)=(QH, Qe"s*"e' (1. 11)

2<0 H(xzt)=(QH, Qe+ (1. 12)
Wherek,, andk,, must be positive in order to describelactromagnetic wave localized to the
dielectric-metal interface az=0 . Sind@x(ﬁl _Hz) =0:(X,t) a=0 , it dois that
e, =, =, Hi=H, andky =K, =K,  and Egs. (1. 11) and (1. 12) become:

2>0 H(xzt)=(QH, )" " (1.13)

2<0 H(x,zt)=(QH, 0)e" "™ (1. 14)

Calculating the curl oH and using Maxwell's equations we find the follogsiexpression for the
electric field:

250 E(xzt)= ( % g H'K] g g (1. 15)
«E T aE

2<0 E(xzt) =(—ﬂ ,Ql_l—ik‘Je”“”flze*m (1. 16)
wE  0E

The boundary condition

ﬁX(Ei—EZ) =0 (1.17)

imposes

LA +& =0 (1. 18)
‘91 ‘92

If we assume that the dielectric function of thetahe,(..) is real, it follows, sinc&, an

72

must be real and positive, that ~ must be negativéhfs surface electromagnetic waves to exist.
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Using the last expression and the definitiorkgf taoted substituting the solution into the wave
equation:

(1. 19)

we obtain an explicit expression for the wavenunmdighe SPP as a function of its frequeigy
calleddispersion relation

w | &€& I3
K, =— —172 = kph —172 = kph|\/| (1. 20)
C\V& e, & t¢&,

where kph is the photon momentum. The real and imagiparts of the dielectric function,
£=¢ +ie", are given by:
1+a’1?
Wit

where, in Drude theory,is the relaxation time of the electron sea amsl utsually of order 10-14
S.

(1. 21)

Foro >> 1k imaginary part is negligible and dielectric fulctireduces to:

£=1-2> (1. 23)

Substituting this expression into the SPP momemglation and rearranging terms we obtain SPP
dispersion lawFigure 1. 4.

w — Bulk Plasmons
- - Free Space
- Surface Plasmons

. .
w=ck, .
X,

ks

Figure 1. 4. Free photon dispersion laggshed ling compared with
BPP 6olid line and SPPdashed-dotted liedispersion law [17].
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Dispersion curve lies in the right of the dispens@urve of a free photon (or light in vacuum),

w= CK<, and there is no intersection between them. Thu®sce polaritons are non-radiative
waves and cannot be excited directly by incidenvesa For k — +co  dispersion curve
asymptotically approaches the frequency

. @
W, = —

Since the group velocitﬁ%k -~ 0 ,ds - +o | thisis the freqyenf steady surface waves

(surface plasmons).

At large K< the group velocit?&ak decreases going to fer the limit K — +o (as explained

above), and the phase velocity goes to zero asweliis limit SP resembles a localized fluctuatio
of the electron plasma.

The characteristic frequency, rewriting Eq. (1.,24)

Gy

Wsp = ——— 1.25
e (L. 25)

a
is calledsurface plasmon frequeneyd can be reduced tay, =—2  when the dielectric medium

)

is the air.

1.4 Excitation of SPPs

As SPPs have a non-radiative nature (clearly wditdm the non-crossing between SPP and
photon dispersion laws Figure 1. 4), the excitation by means of a wave illuminatihg tmetallic
surface is possible only in the configurations juling the wavevector-matching between the
incident light and SPP dispersion law. Methods setbfior exciting SPPs can be divided into two
geometries: the prism and the grating coupling one.

1.4.1 Prism Coupling (PC)

Prism coupling is the most common method for opteoaitation of SPPs and it can be
performed through two different configurations: #metschmann and the Otto geometry.

In the Kretschmann configuration a light wave padseough a high refractive indexp)rprism
and is totally reflected at the base of the prigmerfaced with a metal-dielectric waveguide

consisting of a thin metal film with permittivit§,, and thicknessg, generating an evanescent wave

penetrating the thin metal filmFigure 1. 5-(a). The evanescent wave propagates along the
interface with its propagation constant that camadjested to match the SP one by controlling the
incoming light incidence angle.
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In the Otto geometry, a high refractive index priafith refractive indexy, is interfaced with a
dielectric—metal waveguide consisting of a thirleti&ic film with refractive indexq(ng < np) and

thicknessy, and a semi-infinite metal with permittivig,, Figure 1. 5-(b). A light wave incident

on the prism—dielectric film interface at an angfeincidence larger than the critical angle of
incidence for these two media, produces an evanteseave propagating along the interface
between the prism and the dielectric film. If theckness of the dielectric layer is chosen properly
(typically few microns), the evanescent wave asdréace plasmon at the dielectric—metal interface
can couple. For the coupling to occur, the propagatonstant of the evanescent wave and that of
the surface plasmon have to be equal.

For both geometries the resonance condition of EQ0) can be written as:

w .
I(ph,prism = F\[gp sin ainc (1 26)

wherebinc is the light incident angle anﬂ) is the prismeltiic function. The resulting dispersion

curve of (1. 26) is depicted iRigure 1. 5(c) (upper part). In the photon and SPP momentum
matching condition a portion of the incident ligitiergy is transferred to the propagating SPP,
resulting in a decrease in the metal reflectivitthea coupling light incident angle (resonance angl

- angular interrogatiof or wavelength (resonance wavelengthavelength interrogationFigure

1. 5(c)). The reflectivity decrease is detected as ardipé metal reflectivity spectrurkigure 1.
5-(c)). When the refractive index at the metal/dielectnterface changes (e.g. after the metal
functionalization with a biological layer), the SR®mentum increases producing a transfer in the
SP dispersion curvéigure 1. 5(c)) and a shift in the dip position to a higher reswe angle (or
wavelength). The resonance angle shift is the tighahe presence of a new material at the
metal/dielectric interface.
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Figure 1.5. Scheme of SP excitation by PC-SPR. PC-coupling cbealgerformed using the typical Kretschmann
geometry (a) or the Otto configuration (b). In bo#tses the use of a prism allows the matching tiondietween an
incoming photon and a SP momentum (c), visible fthencross between SPP dispersion cuole olid line,upper
part of (c)) and the dispersion curve of light pagghrough the prismréd solid ling. For angular interrogation, at
the resonance condition, for a particular lighideat frequencwight (dashed line, upper part of (c)) a portion of the
incident light energy is transferred to the SP ltésyin a reflectivity dip in the metal reflectiyi spectrum at a certain
resonance angles1 (blu solid ling lower part of (c)). After refractive index chasget the metal/dielectric interface,
a SP dispersion curve transfer occansaige solid lineupper part of (c)), crossing thggnt line in a different point,
and resulting in the shift of the reflectivity dip higher resonance angléss2 (orange solid linglower part of (c)).
Thus the presence of a new material at the mettdkdric interface is detected from the resonamggeashiftAdres

1.4.11 Grating-Coupling (GC)

The excitation of SPPs on gratirigdure 1. 6 is achieved when thmomentum conservation
condition(or resonance conditigrbetween an incoming photon and a SPP is satisfied

Kspp=K, £ N (1. 27)

kspp is the diffracted SPP vectogph is the incidenttphomomentum,g is the grating

momentum andh identifies the diffraction order.
The light wave vector is represented by

Ky = 2/]—77(— sind,. ,0co0sb,,) (1. 28)

where ) is the incident wavelength ar#th. is the incident angle for which the SPP starts its
propagation.
Therefore the component of the wavevector of tffeadied light perpendicular to the plane of the

grating ksppz is equal to that of the incident wave, le/fihe component of the wavevector in the

plane of the gratindzxm is diffraction altered by trating momentung
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N

g= T(cosq) sing 0) (1. 29)

whereA is the grating pitch angd is the grating azimuthal orientation angle.

Starting from Eq. (1. 29) we can have two GC-SPRigarations: the null azimutkpE0°) and the
rotated azimuth onepf:0°).

Null azimuth configuration
In the null azimuth configuration (the classicaluntng) (Figure 1. 6 (a) Eq. (1. 27) can be
simplified giving the following expression fdfspp

Kepp = Ky + mZ/\—n (L. 30)

The diffracted waves can couple with a surfacenptas when the propagation constant of the

SPP
diffracted wave propagating along the grating ssgfaere and that of the surface plasmqﬁ
are equal:

2/]—"nd sing + szn = kepp = = Re{357} (1. 31)

ﬂSPP:ﬂSP% +Aﬂ:6—‘) gdgm +Aﬂ (1 32)
c\e, +&,

P . .
and ,BS J denotes the propagation constant of the sugiasmon propagating along the smooth
interface of a semi-infinite metal and a semi-iitérdielectric, anda g accounts for the presence
of the grating.

where:

In terms of the effective index, the coupling cdiwdi can be written as:

n, sind+ m%:i{Ra{ /%}+An§fp} (1. 33)
d m
AnSP = Re{Aﬂ% n} (1. 34)

As explained for the PC-SPR, at the resonance tondiEq. (1. 31)), a reflectivity dip in the
reflectivity spectrum of the metal can be colle¢taad after metal functionalization, a shift of the
reflectivity dip is detected. For a given incidevdvelength, an SPP momentum decrease after the
functionalization, gives a reflectivity dip at loweesonance angleBifure 1. 6 (b).

where:
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Null azimuth configuration (¢=0°)

E
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Figure 1.6. Scheme of SP excitation by GC-SPR §&0° (a). For angular interrogation, at the resorasandition,
for a particular light incident frequency a portiofthe incident light energy is transferred to 8 resulting in a
reflectivity dip in the metal reflectivity spectruat a certain resonance anj1((b), blu solid ling. After refractive
index changes at the metal/dielectric interface,dip shifts to lower resonance angdes: ((b), orange solid ling
Thus the presence of a new material at the mettdkdric interface is detected from the resonamggeashiftAdres

Rotated azimuth configuration

In the rotated azimuth configuratighrigure 1. 7 (a), the azimuthal orientation of the sinusoidal
grating induces a double surface plasmon polar(®RP) excitation with a single incident
wavelength, leading to a double reflectivity dipthre collected reflectance spectrum as a function

of light incident angleRigure 1. 7 (b).

Rotated azimuth configuration (@#0°)

Incident light 1 t
2 | 1stdip | | 2ndip |
X
=
=
y =
(&)
@
[y
—> | <— ABs X
e Angle of incidence
A
(@ (b)

Figure 1.7. Scheme of SP excitation by GC-SPR ¢¢0° (a). For angular interrogation, at the resonameglition,

for a particular light incident frequency a portiohthe incident light energy is transferred to 8 resulting in a
double reflectivity dip in the metal reflectivitpsctrum at a certain resonance artigda ((b), blu solid ling. After
refractive index changes at the metal/dielectrterfiace, the dip shifts to lower resonance angiles ((b), orange
solid ling) in the case of thes!ldip and to higher resonance andlgs: ((b), orange solid line) in the case of tHé 2
dip. Thus the presence of a new material at thalfdéetlectric interface is detected from the resmeaangle shift
Abresthat can be calculated both for the first andtii@r second dipAfresin the case of the second dip is higher than
one obtained for the first dip. The mechanism & tehaviour is explained Figure 1. 8
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As previously shown, grating-coupled surface plasmesonance is achieved when the on-plane
oo e " e .
component kph of the incident wavevectkrph satisfies thomentum conservation law

reported in Eq. (1. 27), but the azimuthal rotatadrthe grating platform opens to unexpected
physical phenomena, related to the symmetry bregakinhe resonant structure.

Indeed, after the rotation of the grating vectoamiazimuthp£0° (conical mounting), the vector
composition in Eq. (1. 27) can be satisfied onvthele grating plane and not only in the direction
perpendicular to the grating grooves (as in thesitamounting) [18]. This allows the exploitation
of the azimuthal degree of freedom for the exatatof SPPs propagating along almost any
direction on the grating plane.

In this case Eq. (1. 27) exhibits the followingrfoon the grating plane:

kSPP = ZA_nSin Hres [(1,0)_

NA(cos ¢ ,sin @) (1. 35)
where only the first diffraction orden (= —1) is considered because in our cases of intetest, t

grating momentung  is always greater in modulus tk@\ﬂ:

The analysis of the wave-vector components allowdescription of double SPP excitation using the
schematic shown irigure 1. 8 were all quadrants of the circle can be expldoe&PP excitation as long

as Eg. (1) is satisfied. For symmetry reason, dﬁ)ypositive halfspace is considerefd9,20].

Solving Eqg. (1. 35) in the unknown resonance anje,following expression is obtained as a
function of the azimuth anglg

2
0., =arcsi icos¢_,+ M (1)? —(isinqﬁ) (1. 36)
’ N N
where: M (1) = Kspr
' (2m/2) -
The largest circle in the k-spaceFigure 1. 8(A) represents equi-magnitu@e  vectors at different

azimuthal orientation. The two smaller circles ssant all possiblekspp vectors with equal

magnitude respectively before (solid line) and réfl@shed line) surface functionalization and
whose modulus, for shallow gratings, can be appratéd by [16]:

(1. 37)

where &, andN,; are the dielectric permittivity of thetal and the effective refractive index of

the dielectric side.

After functionalization, SPP modulus increases bseaf the small increase . due to the

surface coating. The dashed line at the tip otttae of radiusg. represents the x-component of
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oo . I .
the photon Wavevectokph , the only component tHaggart in SPP excitation. The line scales

linearly insind so that the full length of the line at the incitlangled of 9C¢-corresponds to the
maximum exploitable value cﬁ'ph”

, . O . . . i . .
The intersections of thkph dashed horizontal linthwhe smallerkspp circle determine the

conditions for which Eq. (1. 35) is satisfied afidwas the identification of the incident resonance
angleb.es for SPP excitation.
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Figure 1. 8. (A) Schematic picture of wave-vector combinatiatSBP resonance (n = -1) in the wavevector space.
The large circle represents equi-magnit@fle  ve¢smisd green ling The smaller circles represent equi-magnitude

ksppvectors beforesplid red ling, and afterdashed red lingsurface functionalization of the grating. Thedarrows
represent the incident on-plane wavevect knd the red arrows represent the SPP propagateutidn. Letters A
and B represent vectors with azimuthal rotatiopr 0° ande # 0° respectively. In (B) the reflectivity curves in
correspondence of SPP excitation for the case<tepin (A) are shown. Focusing on the first dipthe ¢ # 0°
configuration (B), it is clear that the detectedbremnce angle shift is higher than the one detdotap = 0°.

At first we consider the case of the uncoated sanpk smallest of the semicircles.

For example, point Bon thg  circle, identifiedtbg azimuthal angle-0°, allows the excitation
of SPPs at two possible conditions: B'1 and B’2.
On the contrary, ag= 0° (point A) it is clear that the photon waveweatan intersect the SPP circle

only in the first quadrant but not the second, thxigiting only a single SPP for each wavelength
(point A).

The same argument is applicable in the case dfiighinging on the sample after functionalization.

Due to the Iargekspp , a different excitation conditis expected. Therefore the intersection point
changes, for instance from B’1 to B’2 and from 8’'A”. The condition for double SPP excitation

around the circumference of tl'l%pp circle generatsiifés in k-space between points B'land

B”1, which is much larger than that between poiiteind A” provided by a single SPP excitation
(¢ =0°).
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Therefore the resonance angle shift in the refligtcurve is greater in the rotated mounting than
in the classical onEigure 1. 8(B).

Within the double SPP range (point B), as the imcidvavelength or the azimuthal orientatipn
increase, the points B’1 and B2 will gradually merto form a very broad dip with even higher
sensitivity as experimentally shown by Romanatal €19] (Figure 1. 9.
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Figure 1.9. In angular interrogation, as the incident wavelbrigtrease, the
two SPP dip will gradually be broader until merggiging a single reflectivity
dip. Dashed linesepresent the reflectivity dip detected for thetatg sensing
substrate, whilsolid linesare referred to the functionalized surfaces.

As a consequence of the symmetry breaking dueg@#imuthal rotation of the grating, the
incident polarization must be tuned in order tdaroe the coupling with SPP modes [20]. While
in the classical mounting p-polarization is the treféective for SPP excitation, after a rotation at
an azimuth¢ , the incident polarization should Bediat a valueo: given by:

tan a,, = tan ¢ cos 6 (1. 38)

SPP modes just described have been demonstraggbibit a greater sensitivity to surface changes
with respect to the classic ones because thanksgwometrical effect related to the azimuthal
rotation of the grating vector, the resonance argylt, for instance consequent to surface
functionalization, can be enhanced [19]. Moreowerdouble-SPP excitation is allowed, with
sensitivity values increasing with the angle ofgagation of the surface plasmon with respect to
the grating grooves.

1.5 SPR sensor performances: sensitivity and resolution

In this Section we show all SPR sensor performgacameters that can be determined [17].
For our experimental work we chose to focus ondhleulation of the system sensitivity and
resolution.

Refractive index sensitivity

The refractive index sensitivityS,, ) is defined,general, as the ratio of the change in sensor
output () to the change in the measurand (i.e. the refrmatidexn in this case):
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_AY

ROT An (1. 39)

wheren is the refractive indeandY is the sensing experiment output in tern of resoaangle
shift or resonance wavelength shift.

The comparison of reflectivity data before andrafiteictionalization provides information about
the change of plasmonic resonances such as amgfular wavelengti\l shifts of dip position,
thus Y could stand fad orA. In order to estimate the refractive index sevigitiEq. (1. 39)), an
estimation of the effective refractive index vaoatdue to a functionalization in necessary. Once
surface plasmon polaritons are excited, the codfalectromagnetic field experiences a dielectric
medium which is different because of the presefhtiescsadsorbed layer. The effective permittivity

& Is calculated by averaging the permittivi&;(z) oviee depth of the whole multi-layered

structure, always weighting the local refractiveldr with a factor that takes into account the
exponential decay of the field [21]. This averagéerefore calculated with the depth integral:

o 2z
£ :%js(z)Ee L dz (1. 40)

0
whereL is the extention length of the excited SPP.

From Maxwell's equations we get an analytical espi@n for the extension length as a function of
the exciting wavelengthand the surrounding media ([16]):

A gef'f + gm

L=2 -2 Tm (1. 41)
2 £,

where &, is the dielectric permittivity of the metal side.

For a single-layer functionalization of thicknekand dielectric permittivity€, we find out from
Eq. (1. 40):

_u
Et =& +(£I —go{l—e - j (1.42)

Since the layer thickness is usually much thinhantthe SPP extension length in ES/III/_( =107?

) it is reasonable to approximate:
2
Ae=e,-£, 0(g - 50)Td (1.43)
After inserting last expression into Eq. (1. 46) asarranging terms, we get"d@gree polynomial
equation that could be solved in the unknown L.:

1.
el + [4dn2£0(£, —g,)+ 4 (g, — &, ) d? + Mg, + &, )]L2 +%(5| — )N =0 514)
Oncel has been calculated with the conditlor O, after putting the value into Eq.(1. 43), we get
the following estimation for the effective refraeiindex change:
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an, =M as, né B% (1. 45)

o€ NEN
Thus if film thickness and optical properties,énm of complex dielectric permittivity are known,

it is possible to get an estimation of the corresing variationn in the effective refractive index

which is experienced by the excited SPP at theideredd wavelength. Insertin§n,,  into Eq. (1.

39) we could obtained the refractive index serisjtiof our sensing system.

An analytical expression & in angular interrogation could also be found frids:

NP AA (1
cosp _siné,, 46)
N A

3\/ 1. sin®6,, _2cosgsinf,,
1 M
Spi = [ J

cosé. .\ n,

whereM is derived from the dispersion relation expresadeq. (1. 20)no is the refractive index
of the surrounding dielectric mediuthjs the incident wavelength afds is the resonance angle
(Eq. (1. 36))

Resolution

The sensor resolutiorgg, i9 the smallest change in measurand, which producesectable
change in the sensor output. It can be easily bl using the following equation.

g
o = %R. (L. 47)

whereg, is the experimental error on the resonangke ahift detected and ,  is the
refractive index sensitivity.

Other parameters

Linearity

Sensoiinearity may concern primary measurand (analyte concermatio refractive index and
defines the extent to which the relationship betwibe measurand and sensor output is linear over
the working range. Linearity is usually specifiedtérms of the maximum deviation from a linear
transfer function over the specified dynamic ramggeneral, sensors with linear transfer functions
are desirable, as they require fewer calibratidntpdo produce an accurate sensor calibration.

Accuracy

Sensoraccuracydescribes the closeness of agreement between améasilue and a true value
of the measurand (analyte concentration or refradtidex). It is usually expressed in absolute
terms or as a percentage of the error/output ratio.
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Reproducibility

Reproducibilityis the ability of the sensor to provide the samgwuoiuwhen measuring the same
value of the measurand (analyte concentration fsactve index) under the same operating
conditions over a period of time. It is typicallypeessed as the percentage of full range.

Dynamic range

Thedynamicrangedescribes the span of the values of the measuhand¢an be measured by the
sensor.

Limit of detection

Thelimit of detection(LOD) is the concentration of analy@ derived from the smallest measure
Y. that can be detected with reasonable certainty.vBtue ofY op is given by the equation:

YLOD :Yblank+ rTUE)IanI« (1' 48)

where Yuiank is the mean of the blank (sample without analytegpsuresguiank is the standard
deviation of the blank measures ands a numerical factor chosen according to the idente
level desired (typically 2 or 3).

As Coiani=0, the concentration LOR,op, can be expressed as:

1
Clop = m MOy jank (1. 49)

C

whereS: denotes the sensor sensitivity to analyte conatoir.

Limit of quantification

The limit of quantification(LOQ) is sometimes used too. Analyte quantificatiengenerally
accepted to begin at a concentration equal todrdard deviations of thg@dank. Thus, the LOQ
concentratiort oo, can be expressed as:

Cloo = LJ blank (1. 50)
S.(c=0)

In this work refractive index sensitivity and regiidn were calculated using the methods
described above and were then compared as shaive @onclusions Chapter.

1.6 PC-SPRvs. GC-SPR: a sensitivity comparison

Prism-coupling (PC-SPR) assures refractive indexsiigities (&) from 50 to 200°/RIU

(resolution of abouRx10° =10 RIU) depending on the metpétacomposition and thickness
[22-25]. GC-SPR, which permits avoiding the uséhefprism through the direct illumination of
the metallic nano-grating, was initially shown tisplay slightly lower & values [17,24,26—28]
than those obtained by PC-SPR. However, more rgceernsitivities of the same order or higher
have been demonstrated also with GC-SPR for exaroplereating a miniaturized 200 parallel
sensing channel system (50°/RIU) [29], by selecsihger-based grating parameters so to create a
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surface plasmon bandgap (650°/RIU) [22,30] or hypting the grating plasmonic field with core-
shell nanoparticles [31].

The enhanced-sensitivity of azimuthally-controlf@@-SPR, deducible from the higher resonance
angle shift obtainedHgure 1. 8, was demonstrated and was firstly shown expetiatignby
measuring bulk variations of refractive index wihline solution of controlled concentration
[19,20,32,33]. A sensitivity enhancement up to 6803 was shown, almost one order of
magnitude greater than in the null-azimuth casg {8dich was further confirmed by analyzing the
response generated by a monolayer of dodecandtt8pl The introduction of the conical
configuration was demonstrated to result into abiBPP excitation with a crucial role of the
incident polarization, which needs proper tuningoider to optimize SPP coupling. Sensitivity
values between 500 and 800°/RIU passing from tisé th the second resonance dip were easily
achieved [19]. This enhanced sensitivity open thg t@ new SPR biosensing strategies that can
allow improving the current biodetection limit.

In the following table typical sensitivity valuesrfcurrently adopted SPR devices are reported.

Table 1.3. Theoretical [17] and experimental [19,35nsitivity and resolution of SPR sensing structpmsm-
based systef#); grating-based systéth azimuthally-controlled grating-based sysf&m

Wavelength

Detection approach Angular interrogation . ; Reference
interrogation
. Sensitivity [°/RIU]/ Sensitivity [nm/RIU]/
Optical system used Resolution [RIU] Resolution [RIU]
PC-SPRX=630 nm)® 191 / %107 970/ x10°
GC-SPR }=630 nm)® 43 ] x10° 309 / &10°
Azimuthally-controlled oo ge3 s g107 874.16/1.40°

GC-PR £=625 nm)©
(a, b) Model values taken from [17]; (c) Experima@rgensitivity reported in the table are refermethie adsorption of

a thin monolayer of biological molecules performéth our sensing systems for both angular [19,86] wavelength
interrogation (Section 7.2.1V).

35






Materials and methods

Chapter 2

2. Materials and methods

2.1  Sensing platform design

An optical biosensor setup, like the one we adggiesdically consists of the following components:

The plasmonic sensing surface.

The analyte, i.e. the sample that has to be dekecte

The probe, i.e. the biological element that settsepresence of the analyte.

The light source that illuminates the sample amdwhvelength changes with respect to the sensing
substrate and to the analyte.

5. The detector, for the output signal collection.

NP

In our case we designed and implemented the setetborm shown inFigure 2. 1 The sensing surface
consisted of a thiolene resin sinusoidal gratmd(cn¥) coated by a bi-metallic layer (Chromium (5 nm)i&Go
(40 nm)) and supported onto a glass slide. Theéngrgeometry (period of 500 nm and amplitude oh#g).
The probe was anchored to the gold surfaaeself-assembly of thiol species onto the gold safa widely
diffused strategy [36]. Although silver is knownhave best plamonic properties than gdldile 1. 2[33],
we chose to fabricate our sensing substrate wilth ¢gadeed gold forms good SAMs as it binds thielth
high affinity (~40-44 kcal/mol) [37-39] and it does not undergo anysual reactions with them (e.g., the
formation of a substitutional sulfide Interphas@§][ Finally gold is chemically stable and essélytimert.
Indeed it does not oxide at temperature below @king point (1337,33 K/1064,18°C), a desirablddeadue
to the fact that some biological binding experinsegrie performed at high temperature; it does rawtt n@ith
atmospheric oxygen and it does not react with miesinicals. These properties make it possible tdleand
manipulate gold samples under atmospheric conditiostead of under UHV and allow the using of ldjui
cleaning solutions containing for example oxygerogigle, alcohol, ammonium (often adopted as surface
cleaning, an important first step for biosensingesinents [36])

Gold is also compatible with cells, that is, celsn adhere and function on gold surfaces withoutegce of
toxicity. SAMs formed from thiols on gold are als@ble for periods of days to weeks when in contaitt
the complex liquid media required for cell studies.

Thus the probe was anchored onto the gold susfecthiol-gold chemistry and then it was exposed ® th
analyte. Between the probe and the sensing surfaspacer molecule, with antifouling function (eugly
(ethylene oxide), see Section 4.4.1), was deposgitedder to protect the surface from non-speciisorptions
that can be due to the presence of a complex aahtb non-specific compounds in the analyte gmiut

A spectroscopic ellipsometer was used for the Iggrce (in particular wavelengths in the visitd@ge
between 600 and 800 nm) and also for the signatten.

Figure 2. 1shows the structure and working principle of thesing platform realized in this work.

37



Materials and methods

[

Incident light "

Reflectivity

9=0 il :
GC-SPR S Analyte
; | Antifouling spacer layer
| >+ probe

Azimuth

rotation

Figure 2.1. Scheme of the sensing platform realized in thiskwdhe thiolene resin is supported onto a gldge sind it
is covered by the metallic layer. In the two inghtstwo GC-SPR methods are shown: the classic BR ¢tectionléft,
blu-original grating surfaceprangefunctionalized grating surface), and the azimuyhebntrolled GC-SPR detection
(right, blu-original grating surfacegrangefunctionalized grating surface). The change in gheton scattering plane
between the two configurations from orthogonal wékpect to the grating “ridges” for simple GC-SPRotated for the
azimuthally-controlled GC-SPR of a certain azimuthagle, are indicated witlight blue and purple respectively.
Nell'immagine: spacer anziché spacer Probe puodrandaiuscolo come gli altri elementi

Starting from the plasmonic platform described a@ll the sensing systems summarizetahle 2. 1
were realized.

Table 2.1. Details of the types of sensors investigated is Work.

Type of Spacer layer Type of SPR Analyte

- Probe Analyte . . . Chapter
sensor (antifouling) interrogation environment
Protein HS-PEG biotin avidin angular liquid 4
Tuberculosis HS-PEO PNA DNA3 angular liquid 4
Cistic Fibrosis HS-PEO DNA DNA angular liquid 5
Explosives - 6-MNAYMIP> TNT® Angular/wavelength gas 6
Bacteria HS-PEO antibody L.pneumophila wavelength liquid 7

1poly (ethylene oxidefpeptide nucleic aciddesoxyribonucleic acid6-Mercaptonicotinic acidmolecularly imprinted polymer;
8trinitro toluene.

2.2 Characterization methods

In this section all the techniques used to charaetdoth the biological components and the plasmon
sensing response are described.
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Spectroscopic Ellipsometry and SPR reflectivity measurements (Appendix A.1)

Both Spectroscopic Ellipsometry and SPR reflegtimeasurements were performed on a J. A. Woollam
Co. VASE ellipsometer; with angular and spectrogcogsolution of 0.01° and 0.3 nm, respectively.
Spectroscopic Ellipsometryas performed onto biological films deposited didbgold surfaces for deriving
their optical constants. An incident wavelengtttha range of 300-1200 nm and a scanning incidegiean
range of 50°-70° were adopted.

Reflectivity measurement$ the plasmonic gratings were performed in thestate. For the azimuthal angle
rotation, a goniometer with a O.firecision mounted onto the sample holder was UB®@d.setup consists in
a Xenon-Neon lamp (75W) as a light source with aoehromator and focusing system that allow selgctin
wavelengths in the range 270 — 2500 nm. Polariaattate is controlled with a first polarizer and tutput
light that hits the sample is reflected into a d&iearm, consisting in a rotating polarizer (agaly and a
photodiode system for signal conversion and anaglifbn.

Parameters adopted for SPR sensing experimenssiam®arized in the following table.

Table 2.2. Characterization parameters adopted for SPR rifligomeasurements

Type of sensor Incident Angle of incidence Azimuth [7] Light polarization
wavelength [nm] [°] [°]

M. Tuberculosis

(PNA/DNA) 625 20-80 45 140
650-800 20-80 0 -

Protein

(biotin/avidin) 625 20-80 45 140

Cystic Fibrosis

(DNA/DNA) 625 20-80 45 140

Explosives

(6-MNA/TNT) 700-800 70 45 140

(MIP) 300-700 70 45 140

L. pneumophila

(antibody/bacterium) 600-800 70 45 140

Scanning Electron Microscopy (Appendix A.2)

SEM micrographs were collected with a dual beam FEINGQOi instrument, using a semi-in-lens cold
cathode field emission scanning electron microscmpece at 30 k\dccelerating voltage using in-lens
detector in pure secondary electron signal mode.

Atomic Force Microscopy (Appendix A.3)

A VEECO D3100 Nanoscope IV atomic force microscopgyipped with tip having 10 nm curvature
radius, 10-15um height and curvature angfe22° was used. All measurements where performéaeimon-
contact mode with a scan rate between 0.8 andHz¥nd a resolution of 5X512 pixet.

Nuclear Magnetic Resonance (NMR)
H-NMR analysis was carried out using a Bruker AMX030Hz.

Fluorescence analyses

Fluorescence measurements on hybridized array é#hor cell targets) were performed using Genepix
4000B laser scanner (Molecular Devices, Sunnyv@k, using the characterization parameters reparted
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Table 2. 3 Fluorescent spot intensities were quantifiedgitire Gene Pix Pro software after normalizing the
data by subtracting local background from the re@edrspot intensities.

Microarray glass slides “e-surf” slides (LifeLindhawere deposited using a microarray spotter robot
(Versarray Chip Writer, Biorad) following the ingtnent and procedure flow depictedagure 2. 2as control
of the process steps and of detection sensitigityall the described sensors. Moreover, flat gtittbs were
used as control for PNA-based sensor and fokL tipmeumophilasensor.

Table 2.3. Characterization parameters adopted for fluorescence
measurements for both cystic fibrosis &mgjionella pneumophila

Type of Sensor Type of sample Wavelength [nm]

Peptide nucleic Mycobacterium 532
acid DNA
DNA sensor for Cystic Fibrosis 532/635
cystic fibrosis DNA (wt/muf
Sensor foL. L. pneumophila 635
pneumophila cells

PCR &
REAL TIME PCR

v
===

NANOSPECTROPHOTOMETER &
BIOANALYZER

MICROARRAY

SPOTTER [:> <:l

HYBRIDIZATION
& WASHING
STATION

STATISTICAL
ANALYSIS

Figure 2. 2. Work-flow of instruments and procedures used limrescent microarray analysis. Analyte were DNA
oligonucleotides, for which it was enough a sangwkparation using a microarray spotter, or PCR dimgIDNA.
For PCR amplified DNA, PCR instrument, Bioanalyzer amashdspectrophotometer were used to obtain and dyanti
the products. After sample preparation, samples Welbridized using Microarray Hybridization and Wig Station
(Advalytix), with optimized buffer composition arbridization temperature, and microarray slidesenanalyzed
with GenePix laser scanner, using bb®32 nm and 635 nm. Finally statistical data weréected for genotyping.

UV-Vis absorption measurements

Absorption spectra of films deposited (performedTiiT sensor in Chapter 6) on silica glass slidesewe
collected in the range 200-800 nm using a UV-Vixtpphotometer (JascoV-570) with a resolution.af O
nm.
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Chapter 3

3. Fabrication

Abstract

Laser interference lithography is a top down faddran method that allows to obtain homogeneous and
controllable sinusoidal gratings onto large aredm(t 4 crf) in few times [40—42]. On the other hand soft
lithography is a widely used technique for havingrge number of replica of a starting nanostruecusing
simple and cheap materials [43-46]. Starting frbasé two techniques we developed a fabricatioteglya
made by the combination of LIL and soft lithogragRigure 3. 1). Our strategy allowed us to obtain a large
number of reproducible sensing substrates in fepssand resistant to chemical solutions adoptedhtor
sensing applications.

Laser Interference PDMS mold : .
’ o Replica moldin
Lithography fabrication P 4
Heatcuring
\\x\\\( PDMS mold
Resist PDMS
I Resist NOAG61
afer

/ Dielectric substrate
glass or polymer)

Metal Evaporation

UV Light
Cr (5 nm)/Au (40 nm) ‘ ) l }
NOA61.grat|ng PDMS mold

M NOA 61 ( | NOAG61
Dielectric substrate |

{ Dielectric substrate - .
(glass or polymer) {glass or polymer) Dielectric substrate
(glass or polymer)

Figure 3. 1.Fabrication strategy adopted for the realizatiballothe sensing substrates used in this work. fibécation method
consisted into realizing a sinusoidal grating tlgfolaser interference lithography, replicatinchitotugh soft lithography and then
depositing a bi-metallic layer onto the surface.
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3.1 Laser interference lithography (LIL)

IL is an optical lithography belonging to thl/ photolithographyclass (se€igure 3. 2 where the light
beam is generated by a laser of the desired wagtblé€for this reason Interference Lithography ienfcalled
Laser Interference Lithography).

Wavelength

1pm 100 nm 10nm 1nm 0.1nm
T I T T I

Photon Energy

Figure 3.2. Complete spectrum of photon wavelength. IL beldngte UV photolithography class.

IL is the preferred method for fabricating perioditd quasi-periodic patterns that must be spatiahgerent
over large areas. It is a conceptually simple msaehere the interference of coherent light forrssaading
wave, which can be recorded in photoresist. Thacgral advantages of LIL, as it is shown in many-{49],
are the short exposure times, simple experimeqgtdapeent and the possibility to pattern large aréas use
of IL offers other numerous advantages over coneeal methods: IL is both maskless and lensless,
minimizing the cost and eliminating the optical mbgons that accompany a complex system of lendess.
depth of field is determined by the beam diameétaensity profile, and the angle of intersectiondads
typically so large (from tens of microns to centires) that for most purposes it may be considerédite.
Finally, the IL technique provides complete contoeker aerial image contrast. Intersection of initgns
matched beams produces a sinusoidal aerial imagel@®% intensity modulation, independent of theigg
period. The modulation of the light image can beedhprecisely and at will by unbalancing the istaating
beams.

The classical and simplest configuration is the-bgam interferenceF{gure 3. 3: two light beams of
wavelengthi are incident on the sample surface with an afgl€his configuration makes possible the
realization of digital or sinusoidal gratings. Thgh additional exposures, or the interference afentivan two
beams, the possible patterns increase from sinmptangs to a wide variety of periodic structures.

eint:

Figure 3. 3. The two-beam IL configuration
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The period of the pattern can be varied continyoager a wide range by simple mechanical adjustroént
the optical system, allowing systematic studiebatfaviour of materials as a function of pitch. Tladtern
period,p, is described by Eqg. (3. 1).

A
2serd

p= 3.1)

where) is the incident beam wavelength @hig the incidence angle of the two light beams.

Besides the grating period, another important patanaffects the final pattern: the exposure dv$Eg.(3.
2)), which indicates the amount of energy thathgtsample on an area of 1<m

D =Powekxt 3.2)

where Power is the laser power measuregMticn?, t is the exposure time expressed in second<Daisd
conventionally expressed in mJ&m

Controlling the angle of light beam incidence ameléxposure dose, grating period and amplitudéeanned
fitting the desired features for the final device.

3.1.1 Fabrication procedure by LIL: the resist processing

The final pattern quality depends on the resist@ssing and properties, so particular attentiorthvas
given to all the resist processing steps, whichbmaeummarized in:

» Substrate preparation (Resist stability, contarmonagend filtration)
* Resist coating

» Soft-bake

* Exposure

» Post-exposure bake

» Development

* Post-development treatment

Substrate preparation

In the simplest case the substrate preparationa@amigists in the cleaning of the substrate surf@é=aning
procedures vary according to substrate surface ositign and prior processing, but all proceduregeha
remove organic and inorganic contaminations antighes, which can damage the printed pattern fange
by embedding themselves in the resist.

Cleaning procedures that use solvents, includimgpidg, vapour degreasing, spraying, and ultrasonic
immersion, are the most common. Also plasma cleafgnquickly becoming a popular alternative for
removing organic and inorganic contamination. Ayalhtion bake at 200 °C or higher temperature (with
optional vacuum) in an oven or on a hot plate tgibjcfollows the solvent-cleaning steps. This bdke
necessary to remove traces of absorbed water omafez surface.

In other cases the substrate preparation is quitee momplex and involves other processes suches th
introduction of an adhesion layer or promoter aghbstrate surface before the resist coating pEdhpoids,
either in the bulk or at the wafer interface, mostremoved completely by proper choice of solvefich
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must evaporate slowly to avoid creating internditides. Baking conditions are also selected to ma@rthe
evaporation rate of residual solvent and to proraotealing.

Resist coating

A photoresist can be dispensed by several mettspils:coating, spray coating, and dip coating. Thostm
widely used method is the spin coating one. Dusinig coating, the resist is dispensed onto a vwaflestrate

(either statically or dynamically), acceleratedit@l spin speed, and cast to a desired film théslsn Spin-

coating processes use the dynamics of centrifageéfto disperse a polymeric resist material overentire

wafer surface. The wafer is accelerated rotatigrialthe final spin speed of 2000-4000 rpm typicall

The coating process is essentially influenced ly parameters that could affect the final film pnties: the
flow properties (rheology) of the resist and thivent transport through evaporation, which can lteawan
increase in resist viscosity and consequentlylower film thinning.

Soft-bake

Baking processes are used to accomplish severeidas and generally alter the chemical and/or iglays
nature of a resist material. Goals of resist bakipgrations may include the following:

* Solvent removal

» Stress reduction

* Planarization

* Reduction of resist voids

* Reductions of standing waves

» Polymer cross-linking and oxidation

* Polymer densification

» Volatilization of sensitizer, developer, and water

» Induction of (acid) catalytic reactions
A proper choice of the baking temperature, time @rethod is necessary in order to allow some degfee
fluid-like resist behaviour, in which stress inaated film can be reduced and diffusion of solvesasisitizer,
and photoproducts is enhanced, for example carginghe baking step at a temperature near tharidjn
order to avoid polymer decomposition occurringightbaking temperatures.

Exposure

Exposure of a photoresist involves the absorptfoadiation and subsequent photochemical changerghy
resulting in a modification of dissolution propesi

Both maximum light transmission (to reach to thédra of the resist) and absorption (to achievehiighest
sensitivity) are desired. There is therefore annoyt resist absorbance value for any resist thisknd a
resist film has a thicknessainddt is the thickness of the bottom portion of thesgghe intensity transmitted
through the film thickness it can be determined from Lambert Beer's law:

| =| . @ (3.3)

wheree is the molar extinction coefficient of the serzsti, andn is the molar concentration.
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The energy density absorbed at the bottom of thistris
(1_ e—m(dt)) (3. 4)

E=I,&™"
dt

—em(dt)

Becausaltis small,e can be approximatediasem(dt) and

E=1,Qane ™ (3.9)
0
which is maximized whemm(t) =1 . Converting to absorbance:

Absorbance = log[ e(emt)] = 0434 (3.6)

This is the optimum absorbance for a resist filgardless of thickness. In other words, higher gligor is
desired for thinner resists and lower absorptiaewsired for thicker films.

When light is incident on a resist layer, in admtito the primary standing wave formed in the plahthe
substrate, there is a second standing wave thdoarperpendicularly to the substrate, due tdrterference
between the vertical components of the incidemtland the light reflected at interfaces in thestestack. In
particular, when light is reflected at the boundbegween the photoresist and the underneath stéséra
vertical standing wave forms, which can modify giredict pattern and severely degrade the resisiiggo
(Figure 3. 4andFigure 3. 5.

Resistfilm

Z————> Substrate

z=t

2.00 A

Microns

1.00

0.00 1.00 2.00 3.00 4.00
Microns

Figure 3. 4. Multiple reflection generation at the resistFigure 3. 5. Resist standing waves resulting from
substrate interface coherent inference of incident and reflected raafiat
within a resist layer. Standing wave phase and ianojel
is dependent on the underlying substrate.

The period of the vertical standing wave is detagdiby the same factors that govern the periodeoftating:
the light wavelength and the angle of interference.

A higher reflectivity at the resist/substrate boamydeads to a higher contrast standing wave anré ademage
to the resist pattern. Obviously, one way to desgehe effects of this standing wave is to minintize
reflectivity at this interface. The use of a bottanti-reflection coating (BARC) underneath the se& a
standard procedure for reducing the effects of/érécal standing wave. The BARC would be ableetduce
the reflectivity at the bottom of the resist.
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Post-exposure bake (PEB)

Figure 3. 6shows thémpact that a PEB step can have on resist standing waves.

{

Unexposed regions of the photoresist contain agatative
compound (PAC), exposed regions contain photoptodad

the boundaries between them are determined by the
constructive and destructive interference nodes tha#
exposure standing wave.

Unexposed
resist
(PAC)=0

Unexposed
resist
(PAC)=1.0

Figure 3. 6. Distribution of photoactive compound If the resist temperature is near or above itstiig,PAC can

(PAC) as a result of standing-wave resist exposuresffectively diffuse through the polymer matrix apaduces

an averaging effect across the exposed/unexposetiany,

leveling the pattern profile and giving more unifaty to the pattern. But if the PAC diffusion lehgs too

high the pattern profile would result altered omdged, so an appropriate and controlled PEB terperes
needed, considering also the resist characteristics

Development

Resist development is a critical step in lithogrgdbecause it exerts great influence on pattertitgyu@he
traditional development method uses a liquid degyeisolution that preferentially dissolves eitlner ¢xposed
region (positive resists) or the unexposed regmagétive resists). Development can be carried peither
spray or immersion techniques. Many operating patars affect the outcome of resist development) asc
developer strength, agitation, temperature and ditynat which development takes place, and the sfze
developer molecules. All these parameters influgheerelative rates of dissolution of both exposed
unexposed regions, as well as the degree of sgelhid latent-image distortion.

Developer solutions may be alkaline solutions ane@rcially available products. To have a betteretigy
control and a less strong effect on the resistdéweloper could be diluted

The working principle of the developing step is tlesist dissolution in the exposed or unexposetbmeg
depending on the resist tone (positive or negative)

Hard-bake

Post-development baking is often utilized to remmmaining casting solvent, developer, and waténiwi
the resist. Baking above the resist's Tg also impsoadhesion of the resist to the substrate. Becaus
photosensitivity is no longer required, the bakieigperature can be elevated toward the solverihggbint
(Tb), effectively eliminating the solvent from thesist and allowing the maximum densification.

3.1.11 Experimental setup

A variety of methods exist for the separation awbmbination of a beam to produce interferencgdsn
(Figure 3. 7). The Lloyd’s mirror systemHjgure 3. 7.a) divides the laser beam using a mirror fixedbdhe
sample holder. The Mach-Zender IL systétigQre 3. 7.b) produces the two light beams with a beam splitt
which divides the source radiation into two pahiztf after a system of mirrors, reach the samplegjithe
two-beam interference. Achromatic IL system (AlEiqure 3. 7.c) uses a series of phase shifting gratings
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(grating interferometer) to produce more light bestarting from a source radiation. Immersion AHigure
3. 7.d) combines the use of phase shifting gratingsaafhaid in which the radiation can be refracted.

[t er Whgri i —F
o
S e e
Mirror ;
Rotatisn
Stage
- Spatial Filter UV e e st
Substrate . @ o g
2m Expansion Phestanbe ] ] -
(a) P L (b)

Figure 3. 7. Possible experimental configuration to obtaintzeam interference: Lloyd’s mirror system (a); Madnder IL
system (b); achromatic IL system, AlL, (c); immersiAIL (d)

The method proposed by Lloyd in 1837, involves gsirbroad beam of light and a mirror to fold a jorof
the wavefront back onto itseFigure 3. 9shows a schematic of the Lloyd's mirror interfeeten. With the
mirror rigidly fixed perpendicular to the surfadbe angle of interference, and thus the periodhefgrating,
is set by rotating the mirror/ substrate assemiuyrad the point of intersection of the mirror ahd substrate,
and the angle of interference is read on a gonibcredmple holder situated at the base of thefarmmeter.
Although the light is incident on the substrateaadlifferent angle than the mirror, simple trigontmye
guarantees that the light reflected off the miisoalways incident on the substrate at the sambe asgthe
original beam. By having the mirror at a fixed ang the substrate, the mirror can be broughtphtgsical
contact with the substrate to reduce scatteringenoi

In this work, the Lloyd’s mirror system of Natiorlahboratory IOM-CNR at Basovizza (Trieste), consigt

of a laser (HeCd in this work), which emits in the range (325 nm), was adopted. The laser beaeniatbd

by a system of mirrors before passing through aaiter that selects the central componentthefGaussian
beam and reduces the beam diameter to preventitewlesflections. The light beam reaches the sample
mounted onto a rotating stage: half of the beamafiscted by a mirror fixed on the rotary stageyeedicularly

to the sample holder and the other half reachesaimple directly.

In Figure 3. 8is schematically reported the Lloyd’s mirror inendmeter, while irfFigure 3. 9is reported the
picture of the LIL experimental setup used in thrk.

Rotation stage

Mirror

A=325 nm ~ Q!

Incoming light

Figure 3.8. Lloyd’s mirror IL interferometer
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Figure 3. 9. Pictures of the Lloyd’s IL system: laser sour&g Eystem of mirrors to deviate the laser beam (B);
spatial filter (C); Lloyd’s mirror interferometer {D

3.1.1 Fabrication procedure by LIL

The sinusoidal grating fabrication procedure by as optimized for a period of 500 nm and amplitude
of 40 nm.

A S1805: PGMEA solution (2:3) was spun onto a ailigvafer with a spin speed of 6000 rpm for 30 sni3e
was exposed to a 50mW Helium Cadmium (HeCd) lawétiag a TEMOO single mode at 325 nm light source
with a beam incidence angle of 19° and an expadose of 70 mJ/ciResist developing was performed by
immersing the samples in a MF319:Milli-Q water M0solution for 15 s.

In Figure 3. 10AFM images of sinusoidal gratings realized by klle reported.

A A PEO-coated
A AJS «f 15,‘0“,“ sinusoidal grating
\/
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PEO-coated flat
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x Direction [um])
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Figure 3.10. AFM analyses of sinusoidal gratings obtained hy: IAFM topography (a, b) and sinusoidal profile.(c)
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3.2 Soft lithography

Soft lithography is a non-photolithographic teclogyl proposed and developed by the [46]. It is based
on self-assembly and replica molding for carryingmicro- and nanofabrication and it provides avemient,
effective, and low-cost method for the formatiord ananufacturing of micro- and nanostructures. Ift so
lithography, an elastomeric stamp with patterndigéfretructures on its surface is used to gengrateerns
and structures with feature sizes ranging from 80tm 100um [43—-45]. Thus through soft lithography we
were able to fabricate nanometre-resolution pagtarith low cost and high throughput. It createsgras
essentially by replicating the structures preseiat patterned elastomeric mold (usually made in Bpbdh a
UV-curable polymer.

Fabrication procedure by soft lithography

Starting from the sinusoidal grating realized by la polydimethylsiloxane (PDMS) mold was fabricated
curing the PDMS layer dropped onto the resist ggadit 60°C for 4 hours.

The nano-pattern was then imprinted onto a thiotesa film (NOA 61) supported onto a microscopasgl
slide, illuminating the PDMS mold with Ultra-Viol¢UV) light (A=365 nm) for 30 s, using a standard metal
halide 50 mW/crhlamp (DYMAX UV Light flood lamp curing system). 22 hour thermal treatment at 50°C
was then performed in order to increase the retdiiesion onto the glass substrate.

To obtain the final plasmonic substrate, a gold i) layer was evaporated above the patterned figsin
and a thin chromium film (5 nm) was used as adimelsiger between the metal and the underlying dietec
medium. Metal thicknesses were chosen basing oordtieal simulations of SPP coupling on metallic
gratings, based on Chandezon’s method [50].

3.3 Results

In Figure 3. 11SEM and AFM images of the resulting sinusoidatiggs are reported [35,41,51,52].
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Figure 3.11. (a) SEM image on a 3dn scale of a plasmonic sinusoidal grating and ARMrBage {nsed; (b) SEM image on a
200 nm scale of a plasmonic sinusoidal grating/sabll profile (inse).
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Our LIL/soft lithography-combined method allowed tdtain a large number of substrates with high
throughput. Both technique adopted were optimipeariler to maximize the final available surfaceasarnd
the reflectivity signal.

A first optimization consisted in the choice of thieyd's mirror setup for LIL. Indeed it requiresmmal
alignment and adjustment. Another advantage dflihed's mirror interferometer is the simplicity Witvhich
the period of the grating can be changed. As meetioearlier, this requires only a rotation of the
mirror/substrate assembly. Realignment or repasitgpof components is unnecessary.

The second optimization consisted in soft lithogsaphoices: UV exposure time and resin thermatimeat
were chosen in order to maximize the resin perfaceand adhesion to the glass substrate.

In Figure 3. 12a scheme of the final plasmonic substrates isrtego

2

1 2 1
3 3 4
Aloedle
7. 74 44 .4

Grating 1 e Grating 2

—

75mm

Figure 3.12. Scheme of the final plasmonic substrate: 2 ggatimere realized onto a single glass slide. Thitegy allowed to
perform a large number of experiments onto the sglass slide using a polycarbonate mask (ProPtéted o 64 cells.

Using the strategy showed kigure 3. 12we had the possibility of making up to 32 expeniseonto the
same substrate at the same time. This was a gieantage in terms of statistics and reproducibitythe
same experiment using the minimum amount of mdteeieaded for the fabrication process.
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Chapter 4

4. PNA Sensor forM.tuberculosis

Abstract

PNA-based biosensors are included in the classuoleit acid biosensorshose in which the probe
molecule is DNA, RNA, or a synthetic polymer analog to natural nucleic acid53-56] The unique
physicochemical nature of the peptide-mimetic, rduPNA backbone has promoted the use of PNA
oligomers as capture probes in electrochemicabadpttronic, and microarray-based biosensors,ranther
types of sensor.
Nucleic acid immobilization on the biosensor suefas an important initial step that affects the raile
performance of the sensor. In general, nucleicsaaid immobilized onto solid surfaces in such a thay a
signal is obtained only if they react with theiesffic target molecules. Hence, experimental ciowkt must
be adjusted for every application, and a largeaghof immobilization methods can be used. In thaier
the optimization of an azimuthally-controlled GCFSBensor is shown, from initial tests to final reahsing
experiments, performed comparing SPR and convaitiaitroarray (fluorescent) measurements, whictl lea
to a successful detection bfycobacterium (M.Yuberculosis with its advantages and limits that could be
overcome with further studies.

4.1 M. tuberculosis sensing

Approximately one-third of the world’s populatiainfected by. tuberculosisand about 3 million people
globally die [57] of tuberculosis each year, anotBemillion new individuals become infected [58]dan
tuberculosis has resurged sharply since the mi@4.§89,60] after its eradication at the end of tihelfth
century. Probably, the most serious global problem steady increase in the frequencybftuberculosis
strains resistant to at least one of the anti-ldesis agents commonly used [58]. The last repepared by
the World Health Organization (WHO) and the Intéior@al Union Against Tuberculosis and Lung Disease
Global Project based on the data from 93 diffecenintries/geographical settings collected betwé&&2 2nd
2007 shows that the proportion of drug resistaacged up to more than 55%. In addition, the muligd
resistant (MDR) tuberculosis, which is definedw@setrculosis with resistance to isoniazid and rifeomp the
two most powerful first line drugs, is reaching nawritical proportion of more than 20% in some rioies.
China and India carry approximately 50% of the gldiurden of MDR cases and the Russian Federation a
additional 7% [61]. Due to the fact that, when dsugceptibility testing is culture-based, detectbihtakes
2-9 weeks [62], the development of a nucleic aciseldl sensor fovl. tuberculosigietection using SPR could
respond to the current need for a sensitive, gpeddst and cost-effective method for detectiontlo
pathogen. In addition instead of using classica &tethods and DNA probes, methods already expliored
other works [58,63,64], combining azimuthally-cafied GC-SPR and peptide nucleic acid (PNA) probes
could better answer to the tuberculosis sensingirements becoming a turning point in e tuberculosis
detection scenario [57,65].
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4.2  Peptide Nucleic Acid (PNA): properties, limits andchallenges

Peptide Nucleic Acid (PNA) was at first designedNiglsen using computer model building as a reagent
to specifically bind double strand DNA (dsDNA) [68hd after the first PNA appearance in the scientif
community, a lot of works has followed, from thelaral to applied studies [55,56,65,67—76], all suamnized
in a recent Briones work [54]. Since it first agglions, PNA has become even more popular thanks to
remarkable behaviour and DNA recognition actiohehaviour explained by PNA structure [55].

PNA is an analogue of DNA in which the entire negdy-charged sugar-phosphate backbone is replaced
with a neutral “peptide-like” backbone consistifgepeated N-(2-aminoethyl) glycine units linkeddipide
bonds Figure 4. 1 (a). The four natural nucleobases (i.e., adenin@siye, guanine, and thymine) come off
the backbone at equal spacing to the DNA basehiyete carbonyl linkages connect the bases toghtral
amine of the backbone. Thus, PNA contains the samer of backbone bonds between bases (i.e arsik)
the same number of bonds between the backbonéiarimhses (i.e., three), as in DNA. Such structiret
prone to degradation by nucleases or proteasese lodfering high biological stability. The uniguewsture
and the resultant hybridization properties of PNis¢ussed below), open up many important biological
diagnostic applications, not achievable with tiadil oligonucleotides [55].

Owing to its neutral backbone and proper intertsgseing, PNA binds to its complementary nucleid aci
(DNA or RNA) sequence with higher affinity and sty compared to traditional oligonucleotides.

. It was shown that such hybridization to complemsntiigonucleotides obeys the Watson—Crick
base-pairing rules with the PNA and DNA strandagdi through hydrogen bondsigure 4. 1 (b), (c) [77].
. It was demonstrated also that the thermal stalilitthe resulting PNA/DNA duplex is essentially

independent of the salt concentration and pH irngiixgidization solution [54]. Such independencéhefionic
strength is the result of the uncharged nature®PNA backbone.

. The neutral backbone also implies a lack of elstatic repulsion between the PNA and DNA strands
(compared to that existing between two negativélgrged DNA oligomers), and hence a higher thermal
stability of PNA/DNA duplexes. On average, the mejttemperaturetin) of a PNA/DNA duplex is 1°C
higher per base pair compared to that of the cooreding DNA/DNA duplex [69].

(a) (b) (©)
Figure 4.1. Schematic chemical model of PNA and DNA. Térgire negatively-charged sugar-phosphate backtepiacement
with a neutral “peptide-like” backborig shown in (a), while PNA (red)-DNA (blue) bondiwith the hydrogen bonding between
complementary nucleobases is depicted in (b) an@l¢tted lines.

The thermal stability of the PNA/DNA duplexes isosigly affected by the presence of imperfect matche
Such presence of mismatches in a PNA/DNA duplermish more destabilizing than a mismatch in a
DNA/DNA duplex. For example, a single base mismatesults in 15 and 11°C lowering of the of
PNA/DNA and DNA/DNA duplexes, respectively. Thisoperty of PNA is responsible and maybe it's the
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unique way for the remarkable discrimination betwgerfect matches and mismatches offered by PNA
probes, and makes them so attractive as oligontildeecognition elements in biosensor technology.

For perfectly sequence-matched duplexes of diftdezigths (6—20 bp) and sequences, the averageriszgy

of PNA/DNA binding AG) per base pair was determined to be —6.5+0.3k3 at 25°C [78], unlike —-6.2+0.3
(37°C)[79] and-5.9 (25°C) [80] kJ mot for DNA/DNA binding. X-ray crystallography, nucleanagnetic
resonance, fluorescence energy transfer, and atbemplementary techniques have shown that thedlpic
structures of PNA/DNA heteroduplexes are extendrtl helices whose features are intermediate legtwe
those of the A and B forms of dsDNA. Thus, the PDINA duplex has a helix diameter of 2.3 nm and &hél
rise of 4.2 nm with 13 bp per turn [78,81,82].

For the application of PNA in the biosensoristimtext, the interaction of PNA with surfaces hasrbee
investigated. Thiol-modified PNA oligomers have tegedented capability for self-assembly on gold
surfaces, adopting a standing-up conformation [FGithermore SAMs of PNA on surfaces tend to irgera
specifically with complementary nucleic acid mollesy and are, for these two reasons, useful faebnising
applications[54,72-75,83]. Although the usefulna&sBNA SAMs, it is generally recommended to adohk |

or spacer molecule to the immobilized PNA to phgkycseparate the hybridization sequence from the
biosensing surface. The spacer addition avoidgrotsl steric hindrance during the process and asstire
sensing surface protection from non-specific adsamp (namedantifouling property), a strategy widely
adopted for biosensors (Section 4.3).

Beyond PNA extraordinary properties, there are atsne disadvantages that have to be taken intauatco
while preparing a PNA-based biosensor. Advantagesdisadvantages of PNA are reportedable 4. 1
[54-56].

Table 4.1. Advantages and disadvantages of PNA.

Advantages Disadvantages
PNA has lower solubility compared to both DNA and RN
PNA has a high thermodynamic stability, i.e. inisnore due to the lack of charge in the backbone; PNA sty
1. sequence-specific binder; and single-point misnes@re enhancers can alleviate this problem [84]. PNA Isitity is
better discriminated by PNA than by DNA or RNA. also related to the length of the oligomer and
purine/pyrimidine ratio [85].

The hlgher destablllzmg effe;t of base m|§m§tqh§E{VA .PNA length must comprise between 6 and 18 mononeérs
2. -containing heterodimers improves discrimination %4])

genotyping.
PNA is generally more chemically stable than DNA or
RNA fragments. Being a polyamide-based molecule, P
is very stable under acid and moderately stableubasic
conditions, as well elevated temperatures. Thipenty

made PNA suitable for the detection of a large nemd$

biological samples.

PNA is also biochemically stable: it is not a sultgt for PNA has very low cellular permeability, thus limii its
proteases, peptidases or nucleases. applications for antigene or antisense therapie@S[3.

The lack of charges in the PNA backbone resultthén
lack of electrostatic repulsion between the hylsiidj

N]P(‘) impair PNA aggregation, sequences with a purorgent
higher than 60% must be avoided; for the same redbe
maximum sequence of purines is four in a row [54]

PNA-DNA (RNA) strands, and thus in a greater afjinitln blqloglcal system, the. triplex format!on |§ litwd only to
guanine-poor targets, since the physiological plésdoot

towards its targets. Actually, introduction of asjiive . - ;
charge in the PNA strand could be beneficial foe thafthCt the protonation of cytidine residues [77].

formation and the stability of duplex and tripldibes.

Because of the strength of PNA-PNA interactiamstral
PNA molecules have a tendency to aggregate toreel¢gat
is dependent on the sequence of the oligomer {B8%self-
complementary sequences (inverse repeats, palird;oon

6. PNA molecules are also stable over a wide pH range.
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hairpins) must be avoided if they involve six or rmo
consecutive monomers [54].

Even if (chemical and biochemical stabilities) fhate
synthesis, purification, storage and application RI¥IA
oligomers, PNA synthesis is expensive.

PNA binding to its complementary single-strandeddts
is rather unaffected by the ionic strength of theslam.

The unique physicochemical nature of the peptidaeticnneutral PNA backbone have promoted the use of
PNA oligomers as capture probes in electrochemigabelectronic, and microarray-based biosensacsjra
other types of sensors. Recent PNA-based sensuissrare summarized iFable 4. 2[54].

Table 4.2. Most developed PNA-based biosensor [54].

Detection method Target Limit of detection
Electrochemical dsDNA oligomers 1.8 x 18 mol L?
(redox indicator) PCR amplicon 4.8 x 18 mol L1
Electrochgmlcal DNA oligomer 16" mol L1

(nanowire)
EIectnc;aI DNA oligomer 5 x 16“ mol L
(nanowire)
Optoelectronic .
HBV genomic DNA (no PCR 8.6 x ¥ mol L?
Optoelectronic DNA (PCR) 7.5 x 10 mol L'*
(SPR) '
Optoelectronic 3 1
(Localized SPR) ssDNA 6.7 x 162 mol L
Optoelectronic 15 1
(SPR Imaging-SPRI) SSDNA 16" mol L
Microarray HBV genomic DNA from real samples 4 6opies mt*
(fluorescent)
Nanomechanical DNA oligomer 1Omol L

From literature studies [54] we derived that a oafed sensing surface preparation is needed ierdodhave
the best sensing performances. In particular tha-Baked sensor requirements could be summariztekin
following four points:

1. A quantitative evaluation of the final amount ofdable probes anchored to the sensing surface is
desirable;

2. A complete surface protection from non-specificaggons has to be achieved;

3. Due to the strength of PNA-PNA interactions, alsgpacer between PNA probes is fundamental;

4. The application of PNA-based sensors to complex aaadl samples is required for a clinical
application of this recent type of sensor.

In the following Section the strategy that we addpin order to satisfy PNA-based sensor requiresnisnt
described.
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4.3 PNA-based sensor realization strategy

A large number of deposition strategies for theodéjon of thiolated PNA (HS-PNA) or thiolated PEO-
PNA (HS-PEO-PNA) for biosensoristic purposes arscdbed in literature as they depend on the type of
sensors (i.e. on the sensor geometry, materialschadacterization technique), the probe conceotrati
process temperature, deposition time, dilution érufind deposition strategy adopted [69,71,72,83&2}-
We performedan accurate study in order to obtain a careful gredise protocol for the development and
optimization of our sensing prototype, answerin@kbA-based sensor four requirements.

1. In order to obtain even better performances froemRNA-based sensor, we chose to combine the high
PNA/DNA binding sensitivity with GC-SPR under azithal rotation, known for its high sensitivity [19}jth

high sensitivity given by PNA performances.

2. We used a thiolated poly (ethylene oxide) (HS-PBOHS-PEG-) as antifouling layer to assure a
complete protection of the surface from non-spedfisorptions, directly linking PEO to PNA (HS-PEO-
PNA) in order to have a single-step procedurelergrobe deposition.

In factit is widely accepted that a hydrophilic polymdager needs to be inserted between the probe &nd th
metal surfaceRigure 4. 2 [103-108] for the prevention of nonspecific aggi@ns onto the SPR sensing
surface, that is very important along the devicénagigation [26,109,110].

(a) (b)

Probe

Y- N\ Antifoulinglayer

Probe
é é é é Directly linked to the surface

Gold surface Gold surface

Figure 4. 2. Antifouling mechanism. The presence of an antif@ulayer (a) prevent non-specific adsorption ah surface due
to components of the sample containing biologicairenment or to non-specific elements that coldddund in complex or real
samples. Such non-specific adsorptions can occenvaim antifouling layer is not present and the erisbdirectly inked to the
surface (b), making the discrimination between gjgeand non-specific signal, both contributingtbe final signal, difficult.

One of the polymers used for this purpose is pecBEO. Among all, PEO is the only antifouling yroker
characterized by bi-functionality, and this givethie advantage of allowing fine tuning the tetdesarface
reactivity [51]. The use of PEO for inhibiting pein adsorption onto flat surfaces has been widely
demonstrated since the ‘80s [111-117], and it & Roown that its antifouling efficacy depends oe th
polymer chain length, its surface packing dengity the fouling protein size [112-115].

As a general rule, in order to achieve surfaceh With optimal and reproducible antifouling andsseg
performances, it is important to be able to coritrelsurface coating process. Indeed, exhaustwesiigation
on the grafting kinetics of short chain thiol-PE&@40 gold has been carried along the years [361188,121].
At first we optimized the sensing capability of @@nsing platform only for HS-PEO (Mw 5 kDa) assmb
onto the surface. Through this study we were abkstimate the amount of PEO molecules adsorbestrim
of surface densitys([ng/nn?]) from SPR measurement output (i.e. resonanceatft) using a mathematical

55



PNA sensor for M. Tuberculosis

model [35]. After sensor calibration we compares d@ntifouling behaviour of three different Mw PEQS3,

2 and 5 kDa) in the presence of BSA and serumpgical elements often present in the analyte smiutiVe
also compared and quantified the sensing abilityowf system using biotin/avidin binding as a model
interaction [51].

3. To overcome the problem of high PNA/PNA affinityatheads to the tendency of PNA to aggregate,
we decided to keep the PNA probes separated froma@her using a shorter HS-PEO.

Backfilling procedure (i.e. the immobilization ofi@ different thiolated species onto a surface)uisently
performed following two strategies [36]: tlsequential backfillingin which the backfiller molecule is
deposited after the deposition of the probe mokcahd theco-immobilization processn which a single
mixture of the backfiller and probe molecule isdig@ obtain a 2-component active layer simultangous

Both backfilling methods are limited by the adsmmptrate constant of the two molecules used ansl tifwey
require a particular attention in order to get afqu surface control, and we chose to exploit the
immobilization method as it requires shorter demsitimes and less procedures onto the same gensin
surface (like cleaning steps and functionalizatidrf)e problem of this approach is that the simetars
adsorption of two thiolated species is competittige to the different adsorption rate constantschviead to
different adsorption mechanisms. For this reasas difficult to control the co-immobilization press, in
particular for what concern the final amount of@tied material and in literature there are manyke/dm
which the co-immobilization results as a successgbproach, but a surface chemistry control is aftéssing.
Thus we realized a co-immobilization mathematicaldei (Section 4.9.11) to control the simultaneous
adsorption of HS-PE£ba and HS-PEGw-PNA [122].

4. We tested our sensor in the presence of non-specifmponent (non-specific DNA and BSA), oligo
DNA and PCR amplified and genomic DNA. Sensing expents were measured through SPR and
microarray (fluorescent) techniques, and a compartsetween HS-PNA and HS-PEO-PNA performances
was also performed.

4.4 Materials and methods

4.4.1 Biological elements

In this section the synthesis strategies and tipcapion protocols in term of surface functionalibn,
antifouling and hybridization experiments are déxsat. For each experiment the same configuratiahtiag
same functionalization strategy were adopted: wegs started from a thiol-PEO derivative linkedthe
sensing element (e.g. Biotin or PNA). The thiolugypat first protected by a trytil (trt) group, wased for the
probe-gold binding. In the following Table all thelecules adopted for the whole work are shown.
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Table 4.3. PEO derivatives used in this work. In the Tabke dhalyte for which they were used, their chenstaicture and the reference describing their agiidtins are reported.

PEO derivative

Analyte Function

Provenierce References

MPEQ 3k SH

Protection from non-
specific adsorptions

Fmoc-Cys(trt)-PEGp-COOH

- TBO test

MPEQkpa Cys(trt)

MPEQpa Cys(trt)

Protection from non-
specific adsorptions

Commercial

(Plasmachem)

fmoc-Cys(trt)-PEGpa-(CHz)6-
Biotin

fmoc-Cys(trt)-PEGkpa-(CHz)e-
Biotin

Probe for Avidin

fmoc-Cys(trt)-PEQwa-PNA

fmoc-Cys(trt)-PEGwa-PNA

Avidin binding
DNA Probe for DNA
(rpoB15wt) binding

e}
H 1 H
o N c N NH—PNA<GGGGT CGCGGCTCTC>-Ala
\H/ \O/ 0
u3
0
s

Commercial
(Sigma
Aldrich)
[35,41,51,52]
Synthesized
Synthesized [51]
Synthesized [65,123]
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Synthesis of PEO-Cys(trt) derivatives

PEO 0.3 derivative was purchased from Sigma Aldnidhile the 2 and 5 kDa ones were synthesized by
prof. Margherita Morpurgo and dott. Davide Silvesfrthe Department of Pharmaceutical Sciences.

Unless otherwise specified, all reagents were @seth from Sigma Aldrich and were of analytical grathe
reaction pathway leading to the PEO derivativethisfwork is summarized iRigure 4. 3.Similar protocols
were adopted for the 2 and 5 KDa derivatives.

LA %
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|
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Figure 4. 3. Synthesis of mMPEO-Cys(trt) (A) and biotin-PEO-Cyt3(B).

n is 45 and 113 for the 2 and 5KDa derivativegeetvely.

a-methoxy, o-trt-S-Cys polyethyleneoxide (mPEO-Cys(trt), (2),(Figure 4. 3 (A)) was synthesized by
coupling S-trityl-cysteine to the hydroxyl end obnomethoxy-PEO (mMPEO-OH). The starting mPEO-OH
was dissolved in anhydrous chloroform and activatetl-hydroxy-succinimidylcarbonate by adding two
equivalents of di-succinimidylcarbonate (DSC) ire tpresence of triethylamine (TEA). The reactive
intermediate (1) was isolated by diethylether gitaiion and later added, under mixing, to a 2mtysteine
solution in 0.1M borate buffer, pH 8.5. After 2hrabm temperature the final product (2) was exé@atith
dichloromethane (Cil;), the organic solution was dried over magnesiurfiatu (MgSQ), filtered,

concentrated by rotary evaporation, and the prodvas isolated after diethylether precipitation and
characterized b¥H-NMR.
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a-biotinammidohexylamido, w-cystrt-PEO (b-PEO2and skoaCys(trt), (6), Figure 4. 3 (B)) were
synthesized starting from the bifunctional PEO wive, fmoc-NH-PEQ skpaCO-NHS (Rapp Polymer,
Germany). Biotinamidohexanolalamine was synthesammbrding to a published procedure [124] and was
mixed with one equivalent of fmoc-NH-PE®r sxps-CO-NHS in dry dimethylformamide (DMF), in the
presence of 1 equivalent of TEA. After a 2 houestin at room temperature, the product (3) waatsed by
diethylether precipitation. It was then treated30rminutes with 20% piperidine in DMF to remove fimoc
residue. The solution was then diluted with watet the fmoc-deprotected product (4) was isolate@GHCl»
extraction, followed by diethylether precipitation.

In a separate vessel, fmoc-trt-S-cysteine wasatetivas\N-hydroxysuccinimidyl ester with 1 equivalent of
both diciclohexylcarbodiimide (DCCI) ani-hydroxysuccinimide (NHS) in dry Gi€l.. The activated
compound (5) was added to 1 equivalent of (4) prgsly dissolved in dry CiTl,, followed by 2 equivalents
of TEA. Product isolation was achieved by diethyéstprecipitation. All product identities were cionfed
by IH-NMR.

Synthesis of PNA derivatives

While DNA oligonucleotides were purchased from IDfegrated DNA Technologies (Leuven, Belgium),
PNA derivatives were synthesized in the lab[65].

Probe Design

In Figure 4. 4the structure of the designed probe is reportedd.domposed of three main elements: a thiol
function for gold attachment, the high MW trt-pratied PEO chain meant to prevent non-specific intemas
and a sequence for DNA recognition. With respethédDNA binding element, a PNA analogue was setect
on the basis of its ability to improve duplex slipiand base mismatch discrimination.

Selection of the PNA Sequence and Length

We selected a 15 bases long probe within an 8Xdwprfent of the gene encoding the beta subunit ¢k RN
polymerase (RpoB) whose mutations are involvedampicin resistancgl25]. The probe (RPOB15wt) was
analyzed by BLAST to avoid high homology with otlggmomes. We selected a 15 base length probe as a
compromise between affinity and specificity for tlaeget analyte. In fact, oligomers of 12 to 17dsaare
suitable for most applications whereas longer secgee (from 25 to 40 units) are rarely requiredntpriove

the stability of the hybridized duplex. In additjdar the discrimination of single base mutatioeghese that
generate drug resistance, the impact of a mismatgheater on a shorter sequence than a longeritoise.
generally accepted that relatively short sequefless than 15 residues) can discriminate single trasmatch
through hybridization at room temperature with appiate control of salt concentration [126]. On tiker
hand, if longer probes are used, salt concentratiodification may not be sufficient to destabilinepaired
duplex for single mismatch discrimination and higemperature or the addition of denaturants si&ch a
formamide must be used, and both the use of higipdeature or formamide may not be feasible within
common SPR experimental set-ups [126—128]. Fronclileenical point of view it has to be pointed ouwtth
purine-rich PNA oligomers display a tendency toraggte, with guanine-rich oligomers having the tgsta
tendency [129]. As a consequence, the selectedelFFPINA-RPOB15wt) can be considered a “difficultieo

to synthesize because it includes more than thrarige (G) residues in a row and it also includesenthan

six purines in angtretch of ten units. In addition, the sequencéaiong a palindrome trait (GCGC) that could
potentially give problems such as self-hybridizatizvith consequent difficulties in purification and
characterization.

In Table 4. 4all the sequences and the name of PNA and DNAwiars used in this work are reported.
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Table 4. 4. Name, sequence and abbreviation of DNA and PNgoateers used in this work.

Molecule name Sequence Abbreviation
myco wt PNA probe EN-CTGTCGGCGCTGGGG-Ala-Ala-CONH myco PNA
myco wto-thiol PNA probe Cys-PNA(CTGTCGGCGCTGGGG)-Lys myco HS-PNA
Fmoc-Cys(trt)-PEGooc-PNA(CTGTCGGCGCTGGGG-Ala-Ala-
myco wt PEGooo-PNA probe myco PEG-PNA
CONH)
myco wt DNA probe 5'-/ENC6/TGTCGGCGCTGGGG-3’ myco DNA-NH
myco wt DNA complementary 5-CCCCAGCGCCGACA-3’ myco DNAc
myco wt DNA complementary Cy3 5'-/Cy3/CCCCAGCGCCGACA-3 myRNAC Cy3
non-complementary DNA probe 5-AGCTGTGTCTGTAAACTGATGE DNAnNc

. 5'-/H2NCB/GATCGGGTGTGGGTGGCGTAA
guenching test DNA probe guench DNA
AGGGAGCATCGGACA/Cy3/-3’

myco forward primer 5-CGCAGACGTTGATCAACATCCGGC-3’ mFw

myco reverse primer 5-GGTTTCGATCGGGCACATCCGGC-3’ mRev

Synthesis of Avidin/Nucleic acid nanoassemblies (ANANAYS)

Synthesis of ANANAS particles was realized by prbfargherita Morpurgo of the Department of
Pharmaceutical Sciences and the synthesis detailsad discussed in this work. The detailed syrishiss
reported elsewhere [130].

4.4.11 Functionalization and hybridization protocols

Grafting of PEO-thiol reagents on gold surfaces for SPR measurements

PEO depositions were carried using fiz¢hiol ending polymer derivatives of 0.3, 2 and SKBiw, from
commercial (0.3KDa) or synthetic (2 and 5 KDa) seuiThe 2 and 5 kDa derivatives possess a S-tegisul
cysteine residue at theiwrend that allows fast and quantitative deliveraofaée gold reactive SH group upon
TFA treatment. In this way a single gold reactipedes is present in solution and its degree alaiin is
negligible as SH de-protection is carried out imrataly before deposition. This kind of S-protectivas
selected also because the leaving triphenylmethdmed not interfere with gold as opposed to othir t
protecting leaving groups.

Thus thiol de-protection was performed prior toithese by mixing the polymers in powder form wittet
minimum amount of TFA (about 10ul every 5 mg of BE@ 20 minutes at room temperature-$éturated
dd-HO was then added up to reach 1 mM final thiol caotre¢ion and the insoluble trt residue was removed
by centrifugation (10000g, 4°C, 10 min). For homugjéy, the commercial 0.3kDa PEO-SH was used at the
same 1 mM concentration infdaturated KD containing a small amount of TFA, so to reprodilmesame
environment of that used with the high Mw derivasiv
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Gold-coated substrates were pre-cleaned in a pasixide solution (5:1:1 double distilled water K@),
30% HO, and 25% NHOH) for 10 minutes, rinsed in dd@ and dried under Nlux. Depositions were then
carried out in a Nfluxed incubation chamber by immersing the subssran 1mM polymer solutions obtained
as above described. At scheduled times, samples iearoved and rinsed thoroughly with de=Hn order
to remove physisorbed molecules. They were theeddri vacuum (10 atm) in a desiccator for 90 minutes
and stored underdtmosphere and far from light until characterizatio

In Figure 4. 4the probe and antifouling layer functionalizatexheme is reported, for both PEO-biotin and
PEO-PNA procedure.

(A)

N\

\/\

Avidin
Avidin sensing layer
Antifouling layer

DNA sensing layer

s

Biotin

TFA
[=———1 q
PEO

PEO

Trt-protected SH SH group
Trt H Gold surface

49—01

)

PNA S PNA

TFA
—— r—\
PEO

PEO

Antifouling layer

Trt-protected SH SH group
Trt H Gold surface

Figure 4. 4. Surface functionalization scheme for PEO-biotin é&d PEO-PNA (B).

Microarray surface functionalization

Microarray deposition was performed both for my&CPPNA and for myco DNA NE on gold surfaces
and on commercial microarray slides, respectivBiytfaces were printed by VersArray Chip Writer Pro
System (Biorad, Hercules, CA), using Telechem SM3ospotting pins (Arrayit Corporation, Sunnyvale,
CA).

Concerning flat gold surfaces, prior of their usabey were cleaned with basic piranha solution afrEO-
PNA/PEO solution, prepared with different dilutioas described in Section 4.4.1l, was loaded intoroni
plates and printed. Slides were incubated overmigh5% humidity incubation chamber and therstiréace
was blocked with BSA 2% for 45 minutes, rinsed vRBBS 1 X, with milliQ water and Nlux dried.

Printing of e-surf commercial LifeLine slides (2%mx 75 mm, LifeLineLab, Pomezia, Italy) was perfedn
with myco DNA NH, diluted in Microarray Printing Buffer 1.5X, tofeal concentration of 2@M. Printed
slides were incubated overnight in a 75% humidityubation chamber, blocked and washed according to
standard protocols as specified by the supplidn microarray blocking and washing solutions, retipely.
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Fouling and specific binding experiments for biotin-avidin experiments

Substrates covered with PEO at selected densiges wmersed at room temperature in 10 mM phosphate
150 mM NacCl, pH 7.4 (PBS) alone or containing &itdel% BSA (PBS-B) or 1% goat serum (PBS-GS).
After 2 hours, samples were rinsed with doubleiliidtwater, dried under nitrogen flux and theisaaance
angle shift was measured by SPR. The same protafollowed using bPEO-Cys coated surfaces, which
were incubated in the same buffers as above camggatiso avidin (4 pg/ml).

When also avidin/nucleic acid nanoassemblies waoptad for binding events (Section ), Avidin anddav
nanoassembly 4 mg/ml solutions in a BSA/PBS ditutiaffer 0.1% were deposited onto plasmonic grating
for 60, 80, 120 or 180 minutes. Sensing surfacee wWen dried under nitrogen flux.

Oligonucleotide and PCR hybridization

Mycobacterium tuberculosiDNA extracts from a wild type strain was kindlyopided by Professor
Riccardo Manganelli (University of Padova).
200 ng of DNA extract were PCR amplified using filléowing reagent final concentrations: 1X PCR leuff
1.5 mM MgCh, 200uM dNTPs, 50QuM of both mFw and mRev primers, 1 unit of Tag potyase. Reagents
for PCR amplification reaction (AmpliTaq Gold 36(NB Polymerase kit) were purchased from Applied
Biosystem (Life Technologies, Milan, Italy). Thdléawing thermal cycle was performed: 5 minutes&fg;
40 cycles of 30 sec at 95 °C, 30 sec at 58 °C amihfite at 70 °C; 7 minutes at 70°C and hold a€4PCR
product was purified with silica spin column (Puirdl.PCR Purification Kit, Life Technologies) andnron
Agilent Bioanalyzer with DNA chip (Agilent Technales, Santa Clara, CA) to check fragment integrity,
dimensions and amount. Fluoresdéintuberculosiild type PCR product was obtained amplifying gamo
DNA in the same conditions, but using a mix of d¥TiRcluding Cy3 dCTP (GE Healthcare, Little Chatfon
UK). Fluorophore incorporation was verified speptrotometrically (NanoPhotometer, Implen, Minchen,
Germany).
Human genome from a lung carcinoma cell line (C8B-tell line, LGC standards, UK) was extracted with
QIlAamp DNA Mini Kit (Qiagen, Hilden, Germany), afithgmented with a mix of restriction enzymes in the
conditions indicated by the supplier (Pvull, Ecq Ricol, Nael, Mwol, all from New England Biolabs,
Ipswich, MA). Obtained fragments ranged from 20adp000 bp, as verified by capillary gel electropdsis
with Agilent Bioanalyzer, and used as interfereftAin the subsequent preparations.
Complementary DNA oligonucleotide (myco DNA Cy3)sadiluted in hybridization buffer (1X SSC, 0.1%
SDS, 0.2X BSA) in the following final concentratgrliO nM, 2 nM, 0.4 nM, 0.08 nM, 0.016 nM, 0.0032 n
and 0 nM. The same dilutions were performed for mmpER fragments, considering its length of 224 bp.
Myco PCR fragments (Cy3-labeled or unlabeled) wecebated alone or co-hybridized in the presence of
100 ng of fragmented human interferent DNA, in &rigization buffer consisting in 4X SSC, 0.1% SDS,
0.2X BSA. Mixtures were denatured for 5 minute9%tC, placed on ice and hybridized for 3 hoursQ&C5
in the Array Booster AB410 hybridization stationdialytix, Munich, Germany). Slides were removediro
the chamber and washed in the Advawash Station AWJAGvalytix) for 5 minutes in 1X SSC 0.1% SDS at
50°C, 2 minutes in 0.2X SSC, 2 minutes in 0.1X 28 30 seconds in dd-8. Microarray slides were finally
spin-dried using Microarray High-Speed Centrifudergit Corporation, Sunnyvale, CA) and submitted to
SPR analysis or scanned for fluorescent emission.

Toluidine Blue O (TBO) test

The carboxyl layer (deposited following the proceddescribed in Section 4.4.11) was incubated for 5
hours in humid chamber at 30°C with a TB@glre 4. 5 solution (5X1¢ M, pH 10). The incubation liquid
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was removed and the substrate surface was atliéaned with potassium hydroxide (NaOH*1, pH 10)

to remove non-bounded dye, and then incubatedanktiown volume of acetic acid (GEIOOH 50%, pH 2).
Changing pH, the ionic interaction between the @aybgroups and TBO is lost causing the detachrént
TBO from the surface ad its dispersion in the acatiid solution. The amount of detached TBO was
determined measuring the solution optical denssipgia Varian Cary 50 UV-Vis spectrophotometek at

633 nm. The value obtained indicates the availakl®OH groups onto the sensing surface. Through an
appropriate calibration curve and normalizing theuits considering the sample surface area, itpeasible

to obtain the number of -COOH groups, and thusSfHEO-COOH molecules adsorbed onto the surface.

-~
+
CHg
Figure 4.5. Toluidine Blue O chemical structure

4.5 Refractive index and thickness of biological elemés: a spectroscopic ellipsometric
study

The refractive index and thickness of biologicatneénts used in this work were derived through
spectroscopic ellipsometry analyses. Biologicahdilcharacterized were:

* Biotin-PEQxpa

* Biotin-PEQGkpa

* Biotin-PEQxpa + Avidin

* Biotin-PEGpa + Avidin

Each layer was deposited onto the same glass/clmaigdld substrate using the method described itiddec
4.2 11, thus the starting substrate characterinatias performed only at the beginning of the warhd its
results were used for the fitting of all biologitayers.

In Figure 4. 6 and Table 4. 5the 3-layer model used for starting substratenfittand related derived
thicknesses are reported.

Gold Table 4.5. Resulting Thicknesses for adopted metals
Chromium Material ~ Thickness [nm]
Glass (sodalime) Chromium 2.16+0.22
Gold 38.16+0.11

Figure 4. 6. Scheme of the model used for the
starting substrate fitting

63



PNA sensor for M. Tuberculosis

In the following Table the refractive index used tioe fitting of biological layer curves are repeuit

Table 4.6. Literature refracive index used for the biologilzgler fitting procedure

Refractive index

Material Reference
Solution Crystalline
Methoxy-PEQyskpa 1.47 [120]
Biotin-PEO2s kpa 1.47 [120]
Avidin 1.42 1.45 [131]
DNA 1.7 [132]
bPEO+Avidin 1.46 Calculated

The A and B constant values for the Cauchy modes bieed, which is the model used in literaturetiier
modeling of biological layers, were those founditerature: 1.45 (A) and 0.001 (B)20,131,132].

Methoxy- and Biotin-PEO 25 kpa

For methoxy- and Biotin-PEO 2/5 kDa, the sameniittinodel and the same fitting parameters were adopt
(Figure 4. 7).

mPEG bPEG
Gold Gold
Chromium Chromium
Glass (Sodalime) Glass (Sodalime)

Figure 4. 7.Fitting model scheme for methoxyeft) and for Biotin- (ight) PEO 2/5 kDa. For A and B Cauchy model
parameters, values of 1.45 (corresponding to a leagth of 620 nm) and 0.01 were used respectivdi?o]

Biotin-PEO 25kpa + Avidin

In the case of the Biotin-PE£3 woa+ Avidin system, two different fitting model weaglopted and results
deriving from both models were then compared.

The first fitting model was namedbingle-Cauchy Modélnd it consisted of the following assumption: the
Biotin-PEO/Avidin multilayer is considered as aglmlayer in which the refractive index could bewased
as a medium value between Biotin-PEO and Avidirsqne. 1.46 foh=620 nm).

The second fitting model is th&ulti-Cauchy Modél based on the assumption that the Biotin-PEO/Avid
multilayer is considered as a double layer, so shegfractive index of 1.47 and 1.45 have to benaior
Biotin-PEO and Avidin respectively. In this case thickness of Biotin-PEO layer was the one derbefdre
Avidin binding.
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In Figure 4. 8the schemes of Single- and Multi- (Double-) Cubtgdel are reported.

Avidin
bPEG
Gold Gold
Chromium Chromium
Glass (Sodalime) Glass (Sodalime)

Figure 4. 8.Fitting model scheme for the Single- (left) andItidright) PEO 2/5 kDa. For A and B Cauchy modatameters,
values of 1.45 (corresponding to a wavelength &f @) and 0.01 were used respectively.[120]

In Table 4. 7all resulting optical constants are reported.
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Table 4.7. Resulting refractive index (n) and thickness {talbbiological elements characterized

2 kDa PEO
bPEG+avi bPEG+avi Avidin bPEG+nano bPEG+nano
mPEG bPEG Single- Double-Cauchy Double- Single- Double-
Cauchy Mod. Mod. Cauchy Mod. Cauchy Mod.  Cauchy Mod.
n 1.47 1.47 1.46 1.47/1.45 1.45 1.475 1.47/1.48
t [nm] 2.70+0.05  2.4940.094 5.47+0.10 5.28+0.18 2.7£0.09  .5980.12 3.92+0.20
5 kDa PEO
bPEG+avi bPEG+avi Avidin bPEG+nano bPEG+nano
mPEG bPEG Single- Double-Cauchy Double- Single- Double-
Cauchy Mod. Mod. Cauchy Mod. Cauchy Mod.  Cauchy Mod.
n 1.47 1.47 1.46 1.47/1.45 1.45 1.475 1.47/1.48
t [nm] 5.53+0.12 2.21+0.03 4.72+0.04 4.57+0.08 2.36x0.04 .8780.19 4.14+0.12
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Comparing theSingle-andDouble- Cauchy models, we found that differences in thektiesses
were negligible for both PEO 2 and 5 kDa: 5.47+Mh®and 5.28+0.18 nn&{ngle-andDouble-
Cauchy models for PEO 2kDa), 4.72+0.04 nm and Q%8 nm Gingle-and Double-Cauchy
models for PEO 5kDa) respectively.

Differences between PEO 2 and 5 kDa thicknessekl doei attributed to differences in the
conformation of the two polymers onto the surfadéhough, spectroscopic ellipsometry could be
not considered as a perfect technique to deriviea@nd morphological parameters of biological
elements that are really variable on surface cmmdileposition, assembly onto the surface and
characterization condition. Thus all the data olgdithrough Spectroscopic Ellipsometry analyses
could be considered good results for having an adear system features.

4.6  Sensing substrate calibration

Here, for the first time, we tested the abilitytloé azimuthally-controlled GC-SPR sensing to
distinguish between surfaces covered to differgtegre by the same thiolated molecule[35].

In this way, a quantitative calibration correlatiite GC-SPR output signal to the amount of
molecules grafted onto the surface was be obtaifethis end, we functionalized sinusoidal gold
gratings with different amounts of monomethoxy-tpoly(ethylene oxide) (mMPEO-SH, Mw 5
kDa).

We deposited various amounts of mPEO moleculemimersing the grated surface into increasing
concentration solutions (from 500 nM to 2.5 mM). \Wenitored the surfaces through Atomic

Force Microscopy (AFM) and SPR reflectivity measueats, both in null and rotated azimuth

configuration, and the polymer surface density Wasn calculated by combining an Effective

Medium Approximation (EMA) with the theory shown Bung[21]. For the calculation, we took

into consideration the molecular conformation assditoy PEO, that is known to change from a
mushroom- to a folded-chain-like one as the nurolbedsorbed molecules increase[133]. Finally
the GC-SPR system calibration curve, correlatimgiibmber of molecules (or surface sensitivity -
o) with the SPR measurement output signal (resonangke shiftA0) was obtained.

4.6.1 Grafting of PEO 5kDa

For mPEO layer formation we chose to vary the mREOsolution concentration from 500
nM to 2.5 mM upon an incubation time of 24 hoursnionic similar experimental conditions
described in literature[36].

In Figure 2 SPR measurement results after mPEQ fibnmation, both in the null and in the rotated
azimuth configuration are shown.
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Figure 4. 9. Results of the SPR measurements. (a) Reflectiiity detected in the nulp€0°, A=725 nm) and in the
rotated ¢=45°,A=625 nm;a=140°) azimuth configuration collected befosel{d line) and after (from 500 nM mPEO-
SH depositiondotted line and from 2.5 mM mPEO-SH depositidashed ling mPEO-SH coating. (b) Resonance
angle shifts collected after mPEO film formatioror(fp=0° and 6=45°) as a function of mPEO-SH solution
concentrations.

The A8 range covered from the lowest to the highest amnggon is of 0.37° and 3.76° for the
0=0° and ¢=45° detection respectivelyAd gradually increased with mPEO-SH solution
concentrations until reaching a plateau betweenn@ a.5 mM, suggesting that at these
concentrations the polymer surface saturation washed.

4.6.11 mPEO surface density calculation

It is known that during its assembly process ontudace, a polymer exhibits a transition
from a mushroom-like molecular conformation to adbr-like one, as the number of adsorbed
molecules increases. The dynamics of this asseralijyite complex as it depends on different
parameters related to the tethered surface (mesad,u surface cleaning, roughness,
nanostructuration...), the type of polymer (molacweight, dimension, hydrophilicity, functional
groups...), its concentration in the deposition sohytthe solvent used, the deposition time, and
other environment-related variables (e.g. tempezapH and so on) [36,133]. Figure 3 shows the
AFM images of mPEO films obtained from differennhcentration mPEO-SH solutions (500 nM
and 2 mM). The images of flat gold substrates acedvday mPEO films prepared using the same
experimental protocols adopted on the nanostrugtanes, which were used to help interpreting
the morphology information, are also shown.
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Figure 4.1C. Examples ofnPEO film morphology conformation variation ontanatructured and flat gold surfaces.
A polymer mushroom-like conformation is obtainedentthe solution concentration adopted is 500 nM)awhile

a mushroom- and folded-chain-like one in obtaimechfa 2 mM solution concentration (b, d) for boémastructured
(a, b) and flat surfaces (c, d). The insets inARM images are schematic representations of thaivel polymer
conformation. In (e) changes in the surface prefilefore and after the mPEO film formation are rigub

The results observed on flat and grated surfaces similar: dendrimer-like structures, typical of
mixed brush/folded mPEO layers [120,133,134], weigble on both surface types, when
incubated with the higher concentrated polymertswiu On the contrary, this structure was not
visible on the surfaces incubated at low (500 nNPE®-SH concentration, indicating that, in this
case, a mushroom conformation was obtained. Thkrtess of the folded-chain-like conformation
was about=1C nm, indicating about a 3-time folded chain. A fofush-like conformation was

never observed experimentally, and this is likalg ¢b the high molecular weight of the polymer.
Indeed, full brush films are expected to form dialyPEO derivatives having a lower Mw than the
one here used which is limited by its long chaid digh tendency in forming folded coils [36,135].

4.6.1I1 Calculation of surface density from experimentaRSReasurements

Starting from Jung’s theory for a non-homogeneawfase coverage [21] was combined with
the information on the mPEO film morphology obtairexperimentally to correlate the resonance
angle shifts with the polymer surface density. baledbased on the AFM information, the surface
coverage was assumed to consist of two differemtreme fractions, depending on the adsorbed
polymer conformatiorf. for the mushroom-like and-f) for the folded-chain one. Thus the number

of molecules t% 2 ) adsorbed onto the surface was leadalifrom Eq. (4. 1):

f 1-f (4. 1)
N - 4=
AO” iy * A (o]
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whereAw andAr are the surface areas occupied by a moleculeeimilishroom-like and in the
folded-chain-like conformation respectively.

f (and consequentiiL-f)) was derived by applying the Jung’s model, fromialkin results in:

An=Ereo "% d_F+f dy _dc (4. 2)
£ L L L

0 F M F

where &; andépg are the surrounding medium (air) and PEO dielecivitstants respectively,

Lr andLw are the extension lengths of the excited SPPtianPEOQO layer in the mushrooij
and in the three-folded chaihs conformationdw anddr are the thicknesses of the mPEO layer
in the two different conformations respectivelin is the refractive index variation estimated
through an Effective Medium Approximation (EMA) @ien 1.5).

Once4n was derived from SPR measurements, the valdieod (1-f) can be calculated (Eq. (4.
2)) and thus\ (cni?) ando (ng/cn¥) (Eq.(4. 1)) were calculated.

For the calculation, a Flory radius of 4.7 nf,(=7R  311120] and a film thickness Rg  [133]

were assumed for the polymer mushroom conformatidrile a molecular diameter of 0.45

nm[112] and a 3-times chain folding, were take atcount in the case of the folded-chain-like
mPEO conformation. A PEO RI of 1.47 was adoptedsmtering the polymer film as a Cauchy
layer [120,136] (see Section 4.5).

In Figure 4. 11, the theoretical calibration curve obtained by neaf the above equations is
reported, together with the experimemdl measured on the surfaces generated upon incubation
with different mMPEO-SH concentrations. The experitabdata are also summarized in detail in
Table 4. 8
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Figure 4.11. Theoretical dottedanddashed linesand experimentalsymbol} calibration curves. The number of
mPEO molecules grafted onto the surface is platteal function of the SPR measurement output sigrhlfbr=0°
(dotted lineandempty symbo)sandep=45° (dashed lineandfull symbol} detection. To each experimental point, the
corresponding surface grafting density and solutimmcentration are reported.
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Table 4.8. mMPEO number of molecules adsorbed onto the gratinigce and corresponding surface densities asciidn of solution
concentration and resonance angle shifts for bolihand rotated azimuth detection.

ABres[°] Surface density Mushroom contribution*
CO:::F;E:;?;‘ Null azimuth Rotated azimut N/cm? ¢ (%]
0
(P=0°) (P=45°) (x10m) [ng/cn?]

500 nM 0.03+0.03 0.06+0.02 1.310.1 1+0.1 3
20uM 0.09+0.02 0.85+0.03 19.0+2.3 15+2 47
400uM 0.20+0.02 1.91+0.03 20040 166+17 87
1mM 0.32+0.03 2.90+0.03 462+77 383+25 65
2mM 0.38+0.03 3.78+0.02 68097 570+£35 45
2.5mM 0.40+0.04 3.82+0.02 710+101 592437 44

*the mushroom contribution increases when is tHg one existing onto the surface (from a 500 n\N&20uM
concentration), while it gradually decreases whesa the folded-chain conformation is present (fré®0 pM).

Since the angular range covered by the azimutlealhtrolled detection (from 0.06° to 3.82°) is
higher than the one covered by the null-azimuth (@mwen 0.03° to 0.40°), the discussion below
focuses onto the more sensitive detection metlad@)d into account that the same considerations
could be done for the other detection method result

In the theoretical calibration curve, three polyrmanformation regimes can be identified along the
SPR response range. From 0.01° to 1.25° the graumface is partially covered by mPEO
molecules in a mushroom-like conformation only, grelcontribution to the conformation fraction
in Eq. (4. 1) is only given bl WhenA® reaches the value of 1.2%9s equal to 1, which means
that the surface is completely covered by a mushtlike polymer layer. From 1.25° to 6.2° a new
conformational regime appears, in which the musimrtike and folded-chain-like conformations
co-exist. Here, bothand(1-f) contribute to Eq. (4. 1f:gradually decreases whilg-f) increases
until it is equal to 6.2° anflapproaches zero. Fa > 6.2° another transition occurs: a mixed
folded-chain/brush-like conformation is present @y increment in the amount of tethered
polymer results in an increase of the brush-likeeg@etage, until a full brush layer is reached at
00=6.9°.

In the experimental measuremeritdl Ssymbolsn Figure 4. 11) we never reached resonance angle
shifts greater than 3.82°, meaning that, even tara#on, the polymer film did not reach a full
brush, in agreement with the information gatherngdBM (Figure 4. 10. Indeed the tendency of
long chain polymers, as the one here used, to folaed coils is known to limit the formation of
the full brush-like conformation.

By using the theoretical calibration, the amounfstethered mPEO corresponding to the
experimental shifts were calculated, resulting leefvl (500 nM mPEO-SH) and 592 ng?¢5
mM mPEO-SH). Finally, the amount of PEO at the &maximum surface coverage was used to
calculate the sensing platform refractive index)(&1d a mass (§ sensitivities, which were of 63

(9=0°) and 603 §=45°) °/RIU, and6.7 x10™* ¢=0°) and 64x107° ¢=45°) °/ng, respectively.
The corresponding resolutions were also calculasilting to b&.3x10° §=0°) and 63x10°°
(9p=45°) RIU, and 59.7¢=0°) and 3.1¢=45°) ng, respectively.
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4.7  Protein sensing: the first application

After sensing platform calibration described in finevious section, we applied for the first time
GC-SPRp+#0° to a series of (bio) sensing experiments, whieldevoted at optimizing the process
of surface dressing so to minimize non-specifienattions with non-analyte molecules and
maximize the analytical biosensing signal to backgd noise (S/N) ratio. Here the tetnoise”
includes not only the typical instrumental fact(photons rate, angular spread etc...) but also the
bio-signalgenerated by “backgroundbn-analytecomponents in the sample.

The kinetics of gold coating with higher molecuegight (Mw) PEO-thiol derivatives (which
are generally considered the most efficient surfaogectors [113,137]) has also been investigated
to some extent [136], but a relationship betwee® EEnsity and anti-fouling efficacy has not been
precisely established. Some information in thiecion was provided by Uchida [110] who
investigated the antifouling behaviour of a comboraof 2 kDa and 5 kDa thiol PEOs using a
Biacore® apparatus. By carrying multiple incubasiaf the two derivatives on the same gold
substrate, he obtained several surfaces at diffgrelymer density, which he related to the
antifouling response against bovine serum albuB8¥) (0.1%). However, the surfaces prepared
by Uchida contained a mixture of the two polymeostisat the individual contribution of each
species cannot be extrapolated from his data.

In light of these considerations, we devoted theehbigh sensitivity GC-SPg+0° detection
set-up to characterize the kinetics of different kolated-PEOs (0.3, 2 and 5 kDa) grafting onto
nanostructured gold surfaces [17,19,20,27] andudysin a quantitative manner their individual
antifouling capability using goat serum (GS) or B&#ataining buffers. A real biodetection event
in the above buffers was also investigated usiegathdin/biotin couple and the analytical signal
to background noise ratio was calculated at diffepwlymer densities.

4.7.1 Kinetics of PEOs binding onto the surfaces

»-S terminating PEOs of different Mw - 0.3, 2 anlBa — here tested are shown in .

{trt-Cya) {irt-Cys)
5 5
: g
2Kpa 3 2KDa 3
H % 5KDa
{Cys-trt) 5 5KDa Cysm. 2
3 g 0.3KDa 2 g
2 s SH 2 2
g 2 2 2 s
CH; CHy Hy< Biotin H?o:ln

Cys{trt)-mPEOypa mMPEQ03KDa-SH  Cys{trt)-B-PEO xpa

Figure 4.12. Cartoon (not in scale) depicting the PEO derivatiwsed in this work for surface functionalization.

All kinetics studies have been carried out usingNl PEO solutions. This concentration was
selected so to mimic experimental conditions adbpieother studies of thiol-gold tethering [28,
47, 50] and was followed the PEO deposition prdtdescribed in Section 4.2.Il. The amount of
adsorbed PEO after different deposition times u@8h) was calculated’éble 4. 9 from the
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change in the reflectivity minima depth using thungl model [21,35] as previously discussed
(Section 4.4.11) and the resulting kinetics arevehan Figure 4. 13

The SPR resonance angle shifts increased with digpmosme, with different kinetics for each
Mw derivative. The high sensitivity of the analgicset-up allowed highlighting even minor
variations occurring at the surface. The 0.3 kDavdave reached a flat plateau after 8h of
deposition with a final angle shift of about 2°,evbas the 2 and 5 kDa started to plateau at 24h and
30h, respectively; after then, the resonant shiftgtinued to increase very slowly (3% and 1.3%
increase between 30 to 48h), indicating that l&ysid-up was still evolving, even if at very slow
pace. After 48h, the angle shifts registered wet@&H.05° and 3.8+0.02° for the 2 kDa and 5 kDa
derivatives, respectively. Polymer surface derssiiethe end of the process were calculated to be
about 379, 310 and 590 ng/far the 0.3 kDa, 2 kDa and 5 kDa PEOs respectividig high final
density of the 0.3 kDa PEO indicates that the mdéeassembles in a full brush configuration. On
the contrary, the 2 and 5 kDa PEOs assemble imiked mushroom-brush conformation that,
being more disordered generates a smaller or cablgasurface density. When analyzing the
deposition process in terms of number of molecates), the relative grafting rate was inversely
related to the molecule size, with a dramaticalistér process for the 0.3 kDa derivative.

Resonance angle shift

500 A

400 4

300 A

PEO ngh:m2

200

100 A

] 10 20 30 40 50

Deposition time (hours)
Figure 4.13. Results of mPEO Cys deposition experiments. Therpten
kinetics of mMPEO 0.3 kDdr{angleg, 2 kDa émpty circlesand 5 kDafjll
circles). Data are reported as crude resonance angls ¢ajfan ng /cA(b).
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Table 4.9. PEO 5, 2 and 0.3 kDa surface densities and ad$anoéecules as a function of resonance angle ahdtgrafting time.

PEO
2/5kDa PEO 5kDa PEO 2kDa PEO 0.3kDa
Surface
density Surface Surface
Time A@res o [ng/cn?] Molecules . A@res density Molecules | Time A@res density Molecules
°1(1) 2 (3) °1(1) 2 (3) °1(1) 2 (3)
[h] [°] ) N/nm [°] c [ng(jz{)cn?] N/ nm [h] [°] o [ng/cnd] @ N/ nm
0.05 0.10 0.02
1 1.3+0.1 0.002 12+1 0.04 1 0.79+0.04 0.01
+0.02 +0.06 +0.05
0.86 0.24 0.60
6 22+1 0.03 2942 0.09 2 2442 0.4
+0.03 +0.06 +0.06
1.89 0.67 0.90
17 190+11 0.23 81+5 0.24 3 17514 2.9
+0.03 +0.05 +0.05
2.46 1.54 1.33
24 446%26 0.54 260+14 0.78 5 25518 4.3
+0.03 +0.06 +0.07
3.75 1.62 1.80
30 568+33 0.68 29015 0.87 6 358+20 5.9
+0.02 +0.05 +0.07
3.80 1.67 1.90
48 59035 0.71 30917 0.93 8 379+21 6.0
+0.02 +0.05 +0.05
1.90
- - - - - - - 24 379+21 6.0
+0.09

(M The angular shift error is derived from the instamtal one{® The surface density error was estimated from thedta used for the surface
density calculation [35F The molecular dimensions used as input in the duodel were: a molecular diameter of the polymehimextended
conformation of 0.45 nm [112]; Flory radii for tsarface area occupied by mushroom molecules 4.76,ahd 0.89 nm for the 5, 2 and 0.3 kDa
[133] derivatives, respectively; and gyration rddii the mushroom film thickness of 2.8, 1.6 angl00for the 5, 2 and 0.3 kDa [133] derivatives,
respectively. In the case of the 2 and 5 kDa PEWs we assumed also the existence of a foldechat@iformation [35].

The adsorption process registered is in line witlatvindicated by Love and Whitesides for short
thiols [36] but, to our surprise, it was dramatigalower than what described in the literature for
high Mw PEOs. For example, Tokumitsu [136], usirgdauM solution of 2 kDa PEO-alkanethiol
in dimethylformamide, reached total surface coveragthin 2h. Uchida [110], using a 1 mM
solution of 5 kDa thiol-PEO in a microfluidic chaertreached a surface density of 230 ng/iem
20 minutes, a value that in our case necessitated than 17h deposition.

The higher sensitivity of the rotated angle detectcannot be accounted for the difference
observed. Indeed, it is more likely that other dast e.g. the nature of the thiol at the end of the
polymer, the solution used for the deposition, fthiglics, or the surface nanostructuration, alone
or in combination, are responsible for this diffgrbehaviour. For example, high salinity buffers

are described to favour PEO deposition thanksdalting out effect. Probably by changing some
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parameters, like buffering to neutrality the TFAusion or increasing its ionic strength would
improve the process and yield a kinetic behaviooresimilar to what reported in the literature.

4.7.11 Fouling response

The antifouling behaviour of the surfaces at déferPEO coverage prepared along the kinetics
study was tested in two kind of buffer solutionamely PBS containing either 0.1% (w/v) serum
albumin (PBS-B) or 1% (v/v) whole animal (goat)wsar(PBS-GS). The first diluent is the one that
is most commonly used in immunoassays, when arigbaut other protein reagents are used as the
recognition elements. In this type of experimeBtSA is added to the medium mainly to prevent
the active biorecognition element (antibody or emotfrom denaturation. The second diluent, PBS-
GS, was selected as a model for direct (label-foé@ecognition (sensing) assays, in which the
analyte is found in the biological medium, whichnisrmally analyzed upon dilution. 1% GS
concentration mimics the condition of a 100-foltlton of the unprocessed biological sample, a
target that is considered reasonable for a seadiibassay.

The dip reflectivity angles were measured before ater their immersion for 2 hours at 37°C
in the above buffersHgure 4. 14) The differences in dip reflectivity angles remeisthe SPR
resonance angle shifts that account for the foudifigct. By normalizing these values with the
shifts generated by incubating the same buffersava gold grating®(= 2.9° and 3.4° for PBS-B
and PBS-GS, respectively), the antifouling effick@gtion was also calculated.

4 120
C

+ 100

- 80

Resonance angle shift
n

@
o
antifouling efficiency %

0 23 190 446 568 591 0 12 29 81 260290309 1 24 175255358379 379

ng PEO 5KDalcm? ng PEO 2KDalcm? ng PEO 0.3KDalcm?

Figure 4. 14.Fouling SPR response of the 5 kDa (A) 2 kDa (B)@BcdkDa (C) mPEO layers incubated in the presence
of PBS-B plack bar, full ling and PBS-GSgrey bar, dotted line The resonance angle shifts generated after 2h
incubation at 37°C of the above buffers on surfaceted with PEO at different density (ng/Rare shown as bars,
black for PBS-B and grey for PBS-GS. The antifoulifiiciency (%) of each surface towards PBSeB §énd PBS-

GS (0) was calculated by normalizing the shift measunetb them with that generated in the absence of. RE(y

the organic components in the buffers (BSA and Sgarmresponsible for the shifts, since incubatipRBS alone,
carried out as a control, (data not shown) didnadify the resonance angle. A two hour incubatioretwas selected
through preliminary experiments (not shown), scetsure reaching equilibrium (maximum angle shift)bioth
diluting buffers.

In the case of the high Mw polymers, the resonamgge shift varied from 1° at the lowest PEO
concentrations to null at the highest ones, indigathat both derivatives were capable of full
surface protection (namely the condition in whill signal generated upon incubation was of the
same order of magnitude as the instrumental erdpth buffers, but only at the highest densities
investigated. These conditions were reached onBE& density- 570 ng/cm (5 kDa) and>290
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ng/cnt (2 kDa), namely in the plateau situation of the P#&position kinetics process. On the
contrary, the 0.3 kDa PEO derivative was inefficiem protecting from fouling, at all surface
densities tested. In this case, the smallest resenshifts, which were registered on the 0.3 kDa
PEO saturated surface (= 379 nglymvere about 0.40° and 0.34° in PBS-B and PBS-GS,
respectively. By normalizing these values with $hdts generated by incubating the same buffers
on bare gold grating® & 2.9° and 3.4° for PBS-B and PBS-GS, respect)yélgomes out that at
PEO 0.3 kDa saturation, the antifouling efficacynever higher than 90% (86% for PBS-B and
90% for PBS-GS), whereas the 2 kDa and 5 kDa di&resyield >99% protection.

Overall, these results are not totally surprisiag),it was previously shown that the protection
efficacy of PEOs strongly depends on the conforonmetiey assume on the surface [36]. Brush like
films - like the one here obtained with the 0.3 kBRO- even if densely packed (here 6
molecules/nrf), do not guarantee protection from non-specifiteriactions, whereas mixed
mushroom/brushed systems (as those here obtairtkdhei higher Mw PEQOSs) do. 5 kDa and 2
kDa PEOs full antifouling was reached at aboutdh@ 0.9 molecules/rmtespectively, namely
the smaller derivative required higher moleculangity than the higher Mw one to achieve the
same protective effect.

It is noteworthy that in all surfaces tested, PBS4dBsplayed much stronger fouling potency than
PBS-B. This is likely due to its higher complexity composition: as compared to PBS-B (that
contains one type of protein only - BSA, Mw 66 kPRBS-GS has an overall higher protein load
and contains different types of proteins charaoteriby different size and physico-chemical
properties, together with other kind of compouredg.(lipids and low Mw compounds) with a wide
distribution of Mw. Indeed it is known [116,117]athfor a given PEO size and surface density,
non-specific binding depends also on the kind amttentration of fouling elements. In general
terms, the difference observed in the two buffarifg strength underlines the importance of
validating the negative control buffer when applyBPR sensing to quantitative analysis.

It is noteworthy, that the high analytical senéiyivwf the p=45° measurement allowed to highlight
small phenomena that would have remained undetdntenther analytical configurations. For
example, it is likely that the incomplete protentiof the 0.3 kDa PEO or the fouling effects at
intermediate polymer densities (eg. 5 kDa at 450mgand 2 kDa at 260 ng/émwhich protected
the surfaceBom PBS-B but not from PBS-GS) are all likely gomain underestimated when using
less sensitive classic SPR detection configurations

4.7.111 Specific binding and analytical signal-to-backgrdumoise

These experiments were carried out to evaluatelihigy of the entire sensing platform to detect
a model analyte and to quantify how the signaldokground noise value - intended as the ratio
between the signal related to the analyte and tieegenerated by the diluting buffer- varies by
changing the fouling polymer density. Biotin anddavwere selected as the ligand/analyte couple.
Based on the antifouling results, these experimamie carried out using the two high Mw
polymers only. We created surfaces coated withegifit densities of biotin-PEO (bPEO) by
performing depositions for different lengths of ¢éinsimilarly to what done with mPEO. For the 5
kDa derivative, we obtained three surfaces, twat” (39 and 222 ng/cfhand one atHigh”
(567 ng/cmM) bPEO density. In the case of the 2 kDa derivatieegenerated only one surface at
“high” bPEO density (354 ng/é&n Thelow bPEOdensity surfaces were used to perform avidin
binding in the “less fouling” PBS-B, and the tWigh ones were used for the “more complex” PBS-
GS. The same incubation time as of that adoptederantifouling experiments was used, so that

76



PNA sensor for M. Tuberculosis

the contribution of non-specific binding to the mésignal at each individual PEO density could
be extrapolated from the datafifjure 4. 14 The latter was mathematically subtracted from the
angle shift generated upon incubation in the preserf avidin, so to obtain the net avidin
contribution to the signahgt avidinAf.9. The reflectivity dips obtained after bPEO defiosi
and avidin binding and the contribution to the Siihal, given by the each individual component
on the surface (bPEO, buffer components and aviglia)shown irFigure 4. 15 In order to
compare quantitatively the antifouling efficacyatifsubstrates, the contribution of the buffertte t
total signal and the signal to background noisénee as the ratio between the contribute of the
analyte and that of the buffer were also calculéfedble 4. 10.
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Figure 4. 15. Results of the avidin binding experiments on bPB&ed surfaces. A, B and C show the reflectivity
dips of a selected pool of samples, collected ag babstrates ((a)-dot line), after bPEO-Cys dejoos({b)-dashed
line) and after incubation of avidin diluted in tfeuling buffer ((c)-solid line). The precise cotidins of each
experiment are summarized in the individual gragbp;Bar chart showing the contribution of the indval
components to the total resonance angle shiftd in all of the experiments carried out.

Table 4.10. Quantitative evaluation of specific and non-spedifnding events

AOres after | ABres . . S/N (Z
Underlying EPEQ Buffer incubation of | contribution Net avidin Contribution of avidiny
ensity - . o2y | buffer to the
polymer [ng/cn?] type avidin in  from  buffer | ABres[°] total signal [%] AOres
9 buffer []® | only 9 buffer)
39 PBS-B 1.98+0.08 1,04 0.94+0.1G 52.53 0,90
bPEO 5 kDa 222 PBS-B 1.1240.10 0,21 0.91+0.12 18.75 4,30
567 PBS-GS | 0.92+0.04 0,03 0.89+0.08 3.26 29,7
bPEO 2 kDa | 354 PBS-GS 1.05%0.10 0,02 1.03+0.04 1.90 52,5

(MExperimental@Calculated

The signal due to the buffer alone (PBS-GS) ortzehigh-density bPEO layers was calculated
to be within the instrumental error (0.03° and 0.88.s for the 5 kDa and 2 kDa PEO surfaces
respectively). On the contrary, the contributiorthte signal of PBS-B on the tvaw 5kDa bPEO
density surfaces was quite high (1.04° and 0&4:s at 39 and 222 ng/chof 5 kDa bPEO,
respectively). Nevertheless, when these values sudteacted from the total signal obtained in the
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presence of avidin, the resultinget avidin ABs remained centred around the same value,
independently of the underlying 5 kDa bPEO layet #re dilution buffer. This is not surprising
since all bPEO densities tested were high enoughdcantee the formation of an avidin monolayer
so that no dose/response curve was expected.

The meamet avidinAbresvalue registered on the bPEO 5 kDa surfaces (eaduplicate) was
0.91+0.03°. Its consistency along the whole ranfjdkidba bPEO densities indicates a good
reproducibility in the sensing signal generatedhgydevice. In the case of the bPEO 2 kDa surface,
thenet avidinAf.swas 1.05+0.02°, slightly higher than that registieon the 5 kDa PEO surfaces,
likely because the smaller PEO allows the anatyiget closer to the plasmonic surface.

4.8  An innovative approach for protein sensing

One limitation of the avidin—biotin technology Fet“low” number of biotin binding sites (BBS)
per protein, so that only up to 4 biotinylated niiei® can be linked together in one assembly. A
possibility to overcome this limit is to obtain golerized forms of the proteins, and several
approaches to obtain supramolecular poly(stremiadystems have been described. Micron size
avidin or streptavidin coated particles have indeedome commercially available, and colloidal
polymeric systems have been described in theftitexaA novel colloidal poly avidin system that
has recently been described in the literature s Avidin-Nucleic-Acid Nano Assembly
(ANANAS) [130]. This poly avidin is obtained by egjting a stoichiometrically defined double
self-assembly process dictated by high affinitetiattions Figure 4. 16(a)). In the process of
ANANAS preparation, the high affinity of avidin fahe nucleic acids drives the formation of
assemblies in which several avidins bind to a na@eid filament with precise avidin/DNA base
pairs relationship. Even if the protein biotin bimgl ability is maintained after DNA interaction,9
the avidin-nucleic acid complex is unusable as sdak to its poor solubility in aqueous buffers.
However, if the assembly is obtained sing plasmiiADas the nucleating agent, and controlled
amounts of biotinylated hydrophilic polymers (elggtin-poly(ethylene oxide)) to cover a small
percentage of the biotin binding sites, buffer-bt#uoroid-shaped nanoparticles 44.00 nm) are
formed, 10 in which most of the biotin binding dtilis maintained. A unique property of this
system is that, for a given nucleating DNA, the benof protein units/particle is precisely defined
[130] as opposed to poly avidin systems obtainedHgmical cross-linking whose composition is
defined by statistical rather than high affinityast Although the composition and the number of
biotin binding sites in the core ANANAS patrticlencke calculated from the stoichiometry of the
assembly reagents, the number of BBS truly avail&in binding biotin derivatives has not been
shown yet, and so has the influence of steric @ntbal constraints in the particle loading
capability. On the other hand, knowing the loadaapability of the assembly would allow
formulating multifunctional assemblies with stoishietric precision “in one pot'Hgure 4. 16
(b)), namely without the need for purification e this work the ANANAS particle synthesis
will be not discussed in detail.
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B "One pot" process of
A Double self assembly mechanism of ANANAS muiti-functionalization
soluble ANANAS formation

_} é ~ ,b‘\}.\fi_\

Buffer Soluble
Assembly

functional  bi-fi

ANANAS
Figure 4. 16. Diagram (not in scale) representing the soluble &@NANAS double self-assembly formation (A) and

the general principle of the “one pot” multi-furatalization process (B). Re-printed frokhorpurgo, M. et al.
Analytical Chemistry (2094130]

ANANAS particles are currently used in diagnoshariks to their possibility to increase the final
detected signal. Starting from this consideratienapplied ANANAS patrticles to our SPR sensing

platform, testing the system sensitivity in the gemce of Avidin or Avidin/nucleic acid
nanoassemblies.

In this experiment we used a b-PEO5kDa/mPEO5kDa éis sensing layer changing the ratios
between the two species in the starting solutidd3®@and 0.006 and 0.001 were the ratios adopted).
The three sensing layers were deposited twicederaio perform experiments both with Avidin
and ANANAS in the same time. The experiment schismeported irFigure 4. 17,

(@ bPEGIMPEG 0.034 bPEGMPEG 0.006 bPEGIMPEG 0.001
conolled 5C- (b11) (bi2) (b/3)

SPR Incidence
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Figure 4. 17. Experimental scheme. The whole sensing architecdopted (a) consisted in a sinusoidal metalkting functionalized
with a sensing layer and azimuthally rotated fer biio-detection. The sensing surface consistedniixad bPEG/mPEG layer obtained
by depositing three different molar ratios of the species: bPEG:mPEG 0.034 [(b/1) and (c/1)], bifEREG 0.006 [(b/2) and (c/2)] and
bPEG:mPEG 0.001 [(b/3) and (c/3)]. Sensing teste werformed with avidin (row - b-) and avidin naseembly (row - c-)).

In Table 4. 11SPR resonance angle shifts detected and expeehsemsitivities obtained for both
systems are reported. Only the 0.006 ratio was/aedlchanging analyte incubation time because

it was considered the most interest regime conisigdroth SPR signal obtained and the number of
available probes.
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Table 4. 11.SPR response to bPEG/mPEG-aividin and bPEG/mPEG-avidinanoassembly sensing systems.

In the Table resonance angle shifts, moleculamaoldr sensitivities are reported for both sensysgesns: bPEG/mPEG —avidin and
bPEG/mPEG-avidin hanoassembly ones.

bPEG/mPEG Analyte Avidin Avidin nanoassembly Nanoassembly
molar ratio incubation sensitivity/avidin
time [min] Resonance Resonance Resonance Resonance angle sensitivity
angle shift [°] angle shift angle shift [°] shift [°]
[’]
0.034 60 1,17+0,16 1,17+0,16 2,4+0,12 2,4+0,12 2008
60 0,03+0,02 0,03+0,02 0,47+0,06 0,47+0,06 17.720.7
80 0,04+0,02 0,04+0,02 0,87+0,05 0,87+0,05 21.880.5
120 0,08+0,06 0,08+0,06 1,09+0,13 1,09+0,13 138#0.
0.006 180 0,09+0,07 0,09+0,07 1,12+0,14 1,12+0,14 12980.
0.001 60 0,02+0,07 0,02+0,07 0,03+0,07 0,03+0,07 -

In Figure 4. 18the ratio between experimental sensitivity obtdindéth Avidin and the sensitivity
obtained using ANANAS particles is reported.
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Figure 4. 18. Bar chart showing the sensitivity calulated as thgo between detected
molecules and resonance angle shifts obtained ¢ulel&’°) as a function of bPEG:mPEG
molar ratio, for both sensing systems: avidin @gragd bars) and avidin nanoassembly ones
(empty bars). Avidin/avidin nanoassembly sensitivitio for each incubation time is also
reported (red squares).

Saturation condition for analyte-probe binding weasched from 120 minutes for both Avidin and
ANANAS, but the SPR signal in the case of ANANASsvggnificantly higher than in the case of
Avidin: SPR sensitivity (molecule/®) was 12.4 tinfdégher for the ANANAS. This result was the
first application of ANANAS particles to GC-SPR aiitdcould be a starting point for the
development of a sensitive diagnostic system.

In this work we successfully achieved the optimaabf an azimuthally controlled GCSPR sensing
platform for nucleic acid detection. Various dregsconditions with PNA-based probes and a
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PEGuooorbased backfiller were explored both for sensing antifouling capabilities, calculating
their S/N ratios. The optimal conditions were fodadbe in the use of a molar ratio of 1:9 between
a (trt)Cys-PEGooc-conjugated probe and the backfiller, with a S/tbraf 19.05.

4.9 PEO-PNA deposition

As previously described (Section 4.3), our chometlie deposition of PEO-PNA probes was
the co-immobilization strategy, in which both PEQA(the probe) and PEO (the backfiller and
antifouling component) are deposited at the same, tstarting from the same solution.

In order to have a control on final surface compasiin term of PEO-PNA amount, we carried
out an accurate study for the optimization of ootiramobilization protocol. We started from a
kinetics study of our PEO derivatives, we derivé@ kinetics adsorption constants of our
molecules, and then we realize a mathematical nfodglredicting the final surface condition of
our system. The model was a way for having a betiatrol on deposition protocol, experiment
reproducibility and final results, in our experint@rconditions.

4.9. Thiol adsorption onto gold: theory and experimental

The adsorption reaction of thiols binding onto &dgurface could be summarized as reported
in (4. 7) [36] and it is described by the Langmadisorption kinetics model [36,121,138-146].

R-SH+Au R—S—Au+%H2 (4.3)

Starting from Langmuir adsorption model, a lot dsarption models were described in literature
in order to get a precise description for thiol@gson onto gold mechanism [36,118,119]. In
particular, changes in the Langmuir model weregreréd because the thiol adsorption occurs into
2 steps: during the first one (the fastest steip) pecies start to adsorb to the surface in daan
and non-homogeneous way, while during the secordafower step) the molecules tend to form
a compact and high density monolayer [36]. In tiwing study we will focus on the classical
Langmuir adsorption model.

The adsorption kinetics of thiols is described iy Langmuir adsorption equation [143116]:

96\, @-6)c-k,8 (4.4)

where 6 is the surface coverage expressed as fia@iiutless),1— 6 s the surface portion
uncovered by the thiolf  is the molecule graftimget C is the thiol bulk concentration [

mol (L], ka and kd are the adsorption and desorption ratstaots.

Integration of Eq. (4. 8) gives the time-dependemface coverage:

o(t) = {(ka—c)}[l— exp(- (k,C + k, )] (4. 5)

k,C +Kkq4

As the thiol desorption process is negligith: <<K,
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Thus, Eq. (4. 5)can be simplified as:
&) =1-exp-k,.qt) (4.6)
where K, =K.C+K, .

kobs is the observedrate constant, i. e. the rate constant of a dpeniblecule in specific
experimental conditions, so it is the parametexatiy derived from the experiment. Eq. (4. 6) could
be used to fit experimental data of surface covemgtted as a function of the grafting time.

An example ofg (t) fitting is reported iRigure 4. 19 in which are reproduced the experimental
results reported by Hu and Bard [145].
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Figure 4. 19. Mercapto-Undecanoic Acid (MUA) adsorption from @B/ solution in deionized water. The curve is
plotted starting from raw data showedhy, K. and Bard, A. J145].

To have a correct estimation Jﬁa alkq kinetics tiod different thiol concentrations are
necessary.

By this way, the linear fitting of the plot made ll&bs (kobS: kaC'*'kd ) valuesvs thiol molar
concentrationdC  will give a slope equalkg andnsercept equal t(kd :

An example of this procedure is reported by Karpbvand Blanchard [146F{gure 4. 20.
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[1-C gH;,SH] (M)

Figure 4. 20.Linear plot of kobs vs thiol molar concentration shalt®y Karpovich and Blanchard [146].

Observations:

* Since the exact expression Kgbs kgbs:kac"'kd , a plokgpgs s*[ slv fora

series of experimental concentrations resultslimear dependence betwel‘(]bS dad

where the slope ika [Cnol ™ 3™ ] and the intercepk@gs st 1

* In the absence of adsorption kinetics with a sedés:oncentrationslﬁ could be

approximate asly ~VY | starting from the fact tifgt @@e(3)). Thus we get:
i & =0 ing from the fact thgt<<K,  @ge(3)). Th

K)bs: Igc

The approximatiorﬂ =0 s valid for high molecular wigr long chain thiols (as for
HS-PEGS), i. e. in the presence of molecules fackvthe desorption process is negligible.

* On the other hand, in the case of alkanethiols ifggn8AMs, could result§<d >0 ,

meaning that alkanethiolate-gold SAMs are equilifirsystems, and therefore at any given
instant in time, some fraction of the adsorbedssitehe surface is unoccupied.

Starting from previous considerations we studiedatisorption kinetics of all thiolated-PEO
derivatives adopted in this work.

We measured the SPR response in term of resonagte shift as a function of grafting time for
MPEQipa-Cys (0.825 mM), MPE&b-Cys (0.93 and 1.86 mM), bPE@--MPA (1.84 mM), PNA-
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PEGoaCys (0.5 mM) and HS-PNA (0.1 mM). Considering thaximum resonance angle shift

detected for each molecule as the maximum suriagerage 6ma> ), the angle shift detected at the

instantl (Hi ) could be converted in a surface covefeartion applying the following equation:

We derived the surface coverage at each depotsitienfor all the molecules tested, obtaining a
plot of 8 (t) as a function of deposition timé ( [s])l &xperimental adsorption kinetics curve are
plotted inFigure 4. 21
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Figure 4.21. Adsorption kinetics in term of surface coverage dsnction of deposition time for all the moleaile
tested.

Similar adsorption curves were obtained for all PE&&ivatives, except for PEO-PNA. This
difference is probably due to the relevant diffeeim PEO-PNA molecule dimensions.

MPEQpaCys (0.825 mM) has a lower adsorption kineticantm@PEQyp-Cys (0.93 mM) as
expected evaluating the chain lengths of the twgrpers (about 32 and about 12 nm for R
and PEQwpa respectively). Focusing on P&, we could observe that the surface coverage
saturation condition is reached before for a cotnaéion of 1.86 mM than for a concentration of
0.93 mM.

bPEQw-MPA has a lower kinetics adsorption than mBE@Cys even if bPEO concentration is
higher (1.84 mM/s0.825 mM).

The derivation of rate adsorption constants forheamlecule, was performed by fitting the
experimental curves according to Langmuir adsomnptimdel. The use of this model is usually
adopted for simple thiols or alkanethiols [36,118,138-142,144-149] and rarely for PEO [150]
was possible assuming the following Langmuir v&iderinciples reported by Karpovich and
Blanchard [146]. The Langmuir isotherm is basedhenassumptions that
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» adsorption is limited to one monolayer,
» all surface sites are equivalent,
» and adsorption to one site is independent of tisemency condition of the adjacent sites.

The first assumption is clearly valid based on¢hemical identity of the adsorbate species. For
the second assumption we can also say that theceud defect-free. This assumption is known to
be not physically realistic. While there are a ebridefects at the gold surface associated witin gra
boundaries, step edges, adatoms, vacancies anti@ksabstrate nanostructuration could affect the
deposition kinetics. Although we can assume thatrd#sultant modulation of surface site energies
is apparently small enough that the Langmuir appration holds and that, due to the fact that our
experiments are always performed onto nanostruttsuefaces, our results can be considered
consistent. Also the third assumption is open gmificant questions. In fact PEO chains are not
completely independent from the adjacent oneswhat is important to notice is that inter-chain
interactions occur on a time scale significantlpder than the time scale associated with the
formation of the gold-thiolate bond [146].

The same considerations could be done for HS-PNA.

Starting from these assumptions, the fitting of PEE9s and HS-PNA adsorption kinetics curves
with the Langmuir model was possible. We use theghauir adsorption model based on Eq. (4.
6).

6lt) =1-exp-k,. 1 4.8)
From the fitting we derived th&obs s[* ] for each usedymer. The fit was performed setting

the kinetics ending point at a grafting time apptoag an “infinite” value.

FromFigure 4. 22to Figure 4. 27all adsorption curves together with their fittiage reported.
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Figure 4.22. Fitting of adsorption kinetics curve of Figure 4. 23.Fitting of adsorption kinetics curve of
MPEQkpaCys 0.93 mM #2=0.97). MPEGu0xCys 1.86 mM £2=0.98).
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Figure 4. 25. Fitting of adsorption kinetics curve of

bPEGko=MPA 1.84 mM {?=0.98).
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Figure 4. 27. Fitting of adsorption kinetics curve of HS-

PNA 0.1 mM {2=0.93).

Adsorption rate constants were calculated assuth'mgkd <<ka , SO thakél value results:

k. =

a

k obs
C

(4.9)

where C is the concentration of PEO derivatives and HS-PiNAhe solutions adopted for

deposition experiments.

In the following table the adsorption rate consafiitained are summarized.

Table 4.12. Adsorption rate constants of all molecules used

Molecule Concentration [M] kobsx]_Os [S_l] ka x10? [L 0ol 57!
0.00093 1.86+0.34
MPEGooo-Cys 1.83+0.02
0.00186 3.07+0.3
MPEGooo-Cys 0.000825 1.55+0.184 1.88+0.02
bPEGoorMPA 0.00184 1.71+0.176 0.929+0.02
PNA-PEGooo-Cys 0.0005 0.523+0.068 1.05+0.002
HS-PNA 0.25 1.59+0.33 6.35+£0.02
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4.9.11 The co-immobilization model: from theory to prelmary PNA/DNA sensing
experiments

Adjusting Eq. (4. 4) to the simultaneous adsorptiériwo molecules onto the surface we
realized a mathematical model to obtain an evaloatif the surface portion occupied by both
molecules at the end of the deposition process.

When a competitive adsorption of two different speg¢specie 1 and specie 2) is occurring onto a
surface, the uncovered surface fraction seen bypeees could be written as:

1-6,-6, (4. 10)

whereg, andg, are the coverage fraction for speaiedispecie 2, respectively.

The description of the competitive adsorption maedtra will be given by a system of Eq. (4. 11)
and Eq. (4. 12), in which the coverage fractiorath molecule is dependent not only on the specie
concentration and on its adsorption and desorptte constants, but also on the surface fraction
occupied by the other molecule during the adsangtimcess.

dé
dtl = ka,l (1_ gl - 6’2 )Cl - kd ,161 (4' 11)
4.12)
dé (
tz = ka,z (1_02 _01)02 - kd ,262

whered, andg, are the coverage fraction for speaiedispecie 2.

Re-arranging the above equations we get:

dg
d_tl = = (kG + ky)0, —k,,Ci0, + K,yCy (4.13)
dég
dt2 = _kaZCZHl - (kaZCZ + kdz)ez + kazcz (4' 14)
and then:
[Hlj - (_ KaCy — Ky — k.G, j[ Hlj + ( kalclJ (4. 15)
92 - kazcz - kazcz - kdz ‘92 kazcz

&) SIa)0) oo

Solving the calculation, we get the following eqoas for surface coverage of specie 1 and surface
coverage of species 2:

a @)= —(;llé’e/]*t —-C, My /]’B/] A, +A—-a-yp) (4.17)

+
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6,(t)=c,(a-A,)e" +c,(a-A)e" + (@ _A-)E‘a/]' A)+ya (4. 18)

Where:

* A, arethe eigenvalues:

| Latox\(@-3)" +4y8 (4. 19)
: 2
* a,B,y,0 are the components of the following matrix:
(0’ ﬁj — (_ KaiCp —Kqa ~KkauCy j (4. 20)
y o —k.,C, —k,,C, — kg,
«  Defining the initial conditions (i. eg(t =0)=0 ), the coefentsc,,c, result:
o = IrV-A (4. 21)
A (A -A)
¢, = aty-A. (4. 22)
A(A=A,)

Starting from this model (Eg. (4. 17) and Eqg. (&))1lve were able to tune and predict the
resulting surface coverage for each thiol spesieting the specie concentration in solution and
the functionalization time.

The theoretical calculation was then implementea Mathematica Code and it was used for all
DNA-PNA sensing experiments.

Validity of the co-immobilization model

The validity of the model described in the previsestion was confirmed by a Toluidine Blue
O (TBO) test, commonly adopted for evaluating tim@ant of carboxyl groups (-COOH) adsorbed
onto a surface [151,152]. If a molecule adsorbett ansurface contains —COOH ending group,
using a simple procedure, it is possible to detfivenumber of molecules anchored to the surface
[153,154].

We can summarize this type of test in the followstgps:

 TBO is able to link carboxyl groups anchored to sheface in a 1:1 ratio, when they are
de-protonated in basic environment, through chamgeactions.

* Lowering the solution pH, the TBO is released i& $olution.

* UV measurements.£633 nm) make the quantification of carboxyl groapshored to the
surface possible.

In our case we functionalized nanostructured gotthses with a mixed PE&-COOH/PEQkpa

at five () different ratios, following the predioti of the co-immobilization model, and we derived
the amount of PE&H-COOH molecules anchored to the surface. The miRED;pa
COOH/PEQ«paWas chosen to mimic the DNA-PNA sensor surface.
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Table 4.13. Experimental parameters used for the TBO test

Surface coverage fraction Solution concentration [mMM]*

Sample predicted*
PEGkoCOOH PEQkpa PEGkp=COOH PEQkpa
1 0.0 1.0 - 1
2 0.25 0.75 0.18 0.87
3 0.50 0.50 0.43 0.43
4 0.75 0.25 0.85 0.18
5 1.0 0.0 1.0 -

*Parameters decided using the co-immobilizatiomtbtcal model (Setion 4.7.11). Solution
concentration are the same for the two moleculeause kinetics adsorption trends of PEO 5
and 2 kDa are almost the same, as it is clearlgleifrom the adsorption curves kigure 4.

21 and from adsorption rate constant§ able 4. 12

Starting from the study showed in Section 4.5.l,evaluated the predicted humber of molecules
(as N/nnf) of PEQuo-COOH deposited onto the surface. We used the geesr@ues between the
maximum number of PEO 2 and 5 kDa molecules regant&able 4. 9(0.71 and 0.93 for PEO 5
and 2 kDa, respectively, giving an average valu@.82) as reference to evaluate the number of
PEGp-COOH chain adsorbed onto the surface for eachiatbsoverage fraction.

In Table 4. 14 the comparison between the number of REECOOH molecules predicted and
that obtained from TBO test is reported.

Table 4.14. PEO5kDa-COOH number of molecules predicted andrddarom TBO test

PEOskpa-COOH PEOskpa-COOH PEOskpa-COOH Number
Sample Surface coverage Absorbance [a.u.] Predicted number of of molecules from TBO
fraction predicted molecules [N/nnd] test [N/nn¥]
1 0.00 0.060+0.002 0.00 0.00
2 0.25 0.065+0.004 0.20 0.18
3 0.50 0.07540.011 0.41 0.36
4 0.75 0.080+0.010 0.62 0.54
5 1.00 0.090+0.030 0.82 0.71

Results obtained show that our theoretical modetihe co-immobilization is confirmed by the
TBO test with good approximation so that the ma@el be used for real sensing experiments.

4.9.111 From theory to experiment: PNA-DNA preliminary sergsexperiments

PEO-PNA vs. HS-PNA

Two different mixtures of probes, HS-PNA/mP££§ and PNA-PEO/mPE&Lba were deposited
on SPR surfaces, as described. For each mixtufée6ett probe:backfiller ratios were tested (1:0;
0.43:0.57; 0.20:0.80; 0.10:0.90; 0.05:0.95; 0.@™8: 0:1). Each series was incubated with three
different types of biomolecules: a complementaryADDNAC), a non-complementary DNA
(DNAnNCc) and a protein (BSAXigure 4. 28. All data are reported ihable 4. 15in detail.
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Figure 4. 28. Resonance angle shifts obtained on gratings fumalticed with HS-PNA/mPEgoo (left) and PEO-
PNA/MPEQuooo (right) after incubation in complementary DNA (compl. DN@ght grey bars), non-complementary
DNA (non-compl. DNA) (dark grey bars) and 0.1% BSARBS (white bars). The curves of S/N ratio, caltrd as
the ratio between SPR signal detected from DNAcSIPR signal detected for DNANc, as a function obprsurface
coverage fraction are reported for both PNA prdbed curve.

Table 4. 15. Resonance angle shifts detected for baensing layer and incubation step.

Resonance angle shift for each robe surface coage fraction [°]

Sample Probe 1 0.43 0.20 0.10 0.05 0.02 0
PEGsooo-
Clgrl\rl],sl PNA 0.14+0.1 0.64+0.11 0.92+0.1 1.39+0.08 1.05+0.07 78€£0012 0.1+0.23

HS-PNA 4.16+0.08 0.88+0.13 2.3#0.13 2.310.1 1.380.1 0.6+0.12

DNA PEGsooo
non PNA 0.35+0.04 0.05+0.12 0.07+0.11 0.07+0.1 0.07+0.1 86€0109 0.15+0.19

compl. HS-PNA 3.68+0.16 0.6+0.09  0.39+0.1 0.38+0.09 0.1@80 0.11+0.09

BSAin ES00 13,004 0.06:0.08 007:0.12 011:01 0.07+0.07 1#0.1

Sha __PNA 0.24+0.14
HS-PNA 1.812011 0.7720.09 0672009 0202009 8007 0.07:0.07
PEGsooo

;{,T, SO0 04107 128224 131#16 20414 15:14 0418

HS-PNA  1.1+0.05 1.5+0.2 5.940.3 6.1+0.2 7.6+0.5 5.8
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Figure 4.29. S/N ratio curve as a function of probe surfacescage fraction of
PEGs000-PNA (solid line, full circles) and HS-PNA (dottéide, empty circles).

Resonance angle shifts detected in the presendS-#NA layers were significantly higher than
which detected in the presence of PEO-PNA laydertieag both to specific (i.e. complementary
DNA) and non-specific (non-complementary DNA and¥8vents. However the S/N ratio related
to PEO-PNA layer was higher than the ratio relabddS-PNA layer, reaching a value of ~ 20 with
respect to ~ 6 (HS-PNA) in the case of 10% contdéNA onto the surface.

Thus we concluded that the deposition of a PEO-P&& (0.1:0.9) layer was the most appropriate
strategy for our purpose of obtaining an accunatkespecific SPR signal, with the minimum amount
of non-specific adsorption contributions.

In Figure 4. 30andFigure 4. 31the differences in hydrophilicity of the sensingfaces as a
function of PNA or PEO content, in the presenca BINA drop (10ul), are shown.
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Figure 4.30. DNA drops (10ul) onto PEO5kDa-PNA/ layers (A) and comparison lestva DNA drop (1@l) onto
a PEO5kDa-PNA/PEO2kDa and onto a HS-PNA layer (B)e Tully PNA covered surface showed high
hydrophobicity with respect to a surface with aaierPEO content.

PEOskpa-P NA/P EO2kpa

(&) Only mPEO

(b) 0.1 PEO-PNA
0.9 mPEO

(c) 0.2 PEO-PNA
0.8 mPEO

(d) 0.4 PEO-PNA
0.6 MPEO

(e) Only PEO-PNA (e) 72 hour deposition

HS-PNA

(c) 17 hour deposition

(d) 48 hour deposition

Figure 4. 31. Trend of DNA drops (1@) onto PEGko=PNA/PEQ«kpa layers at different ratiodefft) and onto HS-
PNA layers after different deposition timegght). When the surface is covered only by Bi@(left/a) the DNA
drop is extended onto the polymer surface due lynper hydrophilicity. When the surface is only farthby a PEO-
PNA layer (eft/e) the DNA drop is well-defined due to PNA hydropluity. PNA hydrophobicity is also clear from
the DNA drop shape onto HS-PNA layers obtained wifferent deposition timegi¢ht). As the deposition time
increases the drop shape remains well-defined.
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4.10 PNA-DNA hybridization

4.10.1 Detection of oligonucleotide DNA

Sensing of complementary oligo DNA was performadstven different concentrations: 10, 2,
0.4, 0.08, 0.016, 0.0032 and 0 nM, and a sensirey l&ith a 10% content of PEO-PNA was used
(Section 4.9.111). Obtained result§gble 4. 16andFigure 4. 32 showed a reliable detection from
2 nM to 0.0032 nM. At higher concentration (10 nMje recorded signal reaches the saturation
level, settling to a mean value of 0.71° + 0.116td\orthy at the lowest concentration the shifts
are still more than 5 times higher than their séaddieviation (0.11 + 0.02) and still one order of
magnitude higher than the instrumental error (hedtlir of a degree). These results suggest that the
system can be investigated also to lower concéorisat

Table 4.16. Resonance angle shifts
obtained for the detection of oligo

o
©

nucleotide DNA by SPR measurements
0,8
Oligo DNA Resonance angle 207 S
concentration shift [7] £ o6 1
[nM] e
o 054
g! 1 _
10 0.68 +0.10 5 047 X
8 0,3—
2 0.74 £0.15 < .
S 0.2+ _m— —n
0.4 0.40 +0.03 @ _
& 014 L]
0.08 0.22 +0.03 0.0
0.016 0.21 +0.01 1E3 0,01 01 1 10
0.0032 0.11 +0.02 Oligo DNA concentration [nM]
0 0.002 £0.01

Figure 4. 32.SPR detection output after incubation with oligo DE#\a
function of DNA concentration.

A parallel experiment to evaluate the responsefbfaescent-based system in comparison to the
label-free SPR system was performed. Onto flat gatfiaces, used as substrates, were deposited
the same PEO-PNA mixtures tested for the SPR geffine sensing layers were then incubated
with myco DNAc Cy3 at seven different concentrasion

Results obtained in this configuration are reponeligure 4. 33andTable 4. 17and indicate a

very low sensing ability of the fluorescent platfolbuilt on flat gold substrates, since only dilaso
up to 2 nM were detectable.
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Myco DNAc Cy3 concentration (nM) — hybridization onflat gold slide

0.4 nM 0.08 nM 0.016 nM 0.0032 nM 0nM

Figure 4.33. Microarray images obtained after hybridization gfom DNAc Cy3 on a PEG-PNA functionalized flat gsldes.

Table 4.17. Microarray signal fluorescence intensities obtaiagéer
hybridization of myco DNAc Cy3 on a PEG-PNA functadized flat gold slides.

Myco DNAc Cy3

concentration [nM] F532 Mean - Bkg sd

10 14825 25.20
2 121.50 31.84

0.4 11.00 2.16

0.08 6.50 2.08

0.016 1.75 0.50
0.0032 5.75 0.96

0 2.00 0.82

In order to evaluate the reason of the quenchirengmenon, gold flat surfaces were printed in
parallel with commercial array slides with a NBEINA-Cy3 probe to verify the entity of the
observed phenomenon. Gold flat slides were funatined by depositing a SH-PEG-COOH
monolayer in order to ensure both the succesd amino-modified probe anchorage (through
coupling of —-COOH and —NHjroups) and the achievement of a distance bettieesurface and
the DNA probe comparable to that achieved on the §BR gratings functionalized with the PEO-
PNA/PEG probe. A 5’Nkland 3' Cy3 modified probe (quench DNA) was deashoth on gold
and on commercial slides. Concerning gold surfaftey substrate cleaning, a 1mM solution of
SH-PEGp-COOH was deposited for 24 hours. Carboxyl groupgsewactivated with a 5mM
solution of EDC and sulfo-NHS in MES 1X buffer fd5 minutes. Substrates were deeply rinsed
with Milli-Q water, and N flux dried. Quench DNA probe was finally diluted Microarray
Printing Buffer as described in the experimentatiea, loaded into micro-plates and submitted for
printing. The same probe was directly printed iraflal on ready to use commercial slides.

Results illustrated ifrigure 4. 34demonstrate that on gold surfaces, fluorescentafsgiue to
fluorescent probe presence were almost 4 timesrlthaa the one observed on commercial slides.
Furthermore s signal from gold flat surfaces dexedato a 200 time lower after removing
unspecifically adsorbed probes through slide waghamd thus observing the signal due only to
covalently bound molecules located in a closer ipniy to the surface.
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Gold dide Commercial dlide
Post Post Post Post Graphical plot
printing washing printing washing
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/

Substrate F532 Mean - Bkg sd
Gold post print 14936.92 3783.12
Gold post wash 203.13 113.63
Commercial post print 56883.29 2804.08
Commercial post wash 44670.54 5546.50
A B

Figure 4.34. Microarray imagesA) and signal fluorescence intensiti& pbtained after printing of a NFDNA-Cy3 probe (quench
DNA) on gold and commercial slides. Signal inteasiimean of 12 identical sub arrays of 4x4 speese recorded both after printing
and slide washing in water, to remove unspecifidatiund probes.

Despite the use of SH-PEG.-COOH as a spacer between the gold surface andNi#eprobe,

the effect of fluorescence quenching for the pdreobe is remarkable. Obtained results indicate
that the more performing control fluorescence rateh system is obtained functionalizing with
the proper DNA probe conventional commercial asbges. In fact, even when a SH-Pdfz
COOH filler is deposited on gold surface, the fearence signal due to the attached DNA probe
is too low and does not allow the proper usaghefklystem as sensing platform.

Results obtained in this configuration demonsttlagepresence of a great quenching effect on the
emitted fluorescence due to the metal surface. @mbyet dilutions up to 2 nM were detectable.
This result make the use of flat gold surfacegterdetection of fluorescent molecules not suitable
operating in the surface distance range propereoPEO-PNA molecules used for the deposition.
Thus a proper fluorescent-based microarray comtaslchosen in order to verify and compare SPR
sensing ability.
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Thus the control microarray slide was therefore ridjbed with the same seven different
oligonucleotide concentrations of myco DNAc Cy3anommercial glass surface functionalized
with myco DNA-NH. probe. ResultsHigure 4. 35 Figure 4. 36andTable 4. 1§ demonstrated
that the fluorescent based detection was achiepettd ¥0.016 nM concentration of myco DNAc
Cy3. The lower concentration (0.0032 nM) was neéded and signal deriving from this subarray
was comparable to the zero of the system.

Myco DNAc Cy3 concentration (nM) — hybridization onmicroarray glass slide

10 nM 2nM 0.4 nM 0.08 nM 0.016 nM 0.0032 nM 0nM

Figure 4. 35. Fluorescent scan image of microarray results afgeridization of myco DNAc Cy3 oligonucleotide

Table 4.18. Resonance angle shifts

obtained for the detection of oligo 40000 [= 8
nucleotide DNA by fluorescent analyses |
T 35000+ l
Myco DNAc F532 sd 8, 30000 ] J
Cy3 Mean - 2 ] l
concentratio Bkg 2 25000 .
n [nM] € 200004 ‘
= ]
10 31826.13 414413 & 15000
Q 1 /
2 2400238 547295  § " ¥
3 5000
0.4 8715.63 1566.26 w 1
0+ [ ] n—— ®
0.08 485.75 27.98 0.01 o1 } 10
0.016 85.63 2937 DNA concentration [nM]
0.0032 20.88 10.25
0 24.25 1.71

Figure 4. 36.Fluorescence intensities after incubation with@IiRNA
as a function of DNA concentration.

The SPR sensing platform allows to obtain a 5 timgéer sensitivity (0.0032 nM) if compared to
the fluorescent based platform (0.016 nM), and degerer concentrations could be investigated
with the SPR method, since the shift obtained ftben0.0032 nM dilution is significantly higher

that the zero of the system (0.002+0.01).
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4.10.11 Detection ofM. tuberculosiPCR amplified DNA

SPR and fluorescence sensing platforms were tessedor the recognition ability towards a
PCR fragment oM. tuberculosisgenome, containing the target sequence in RpoB,gete of
possible mutations that confer resistance to faenpicin antibacterial agents.

For SPR sensing experiments, shifts obtained fioenpure PCR fragment hybridization were
higher than the ones registered hybridizing theesponding oligonucleotide (myco DNACc)
concentration (1.51° £ 0.04° vs 0.71° + 0.11°far 11® nM concentratiofsigure 4. 37andFigure

4. 32 respectively), and this could be possibly exm@dinonsidering the greater dimensions of the
PCR fragment itself. In this experimental settitige detection system is able to efficiently
distinguish the presence of myco-PCR amplified DiNpAto 0,016 nMFEigure 4. 37).

Table 4. 19. Resonance angle shifts obtained for tF
detection of M. tuberculosis PCR and PCR+genomic DN

by SPR measurements 16
Oligo DNA Res. Angle  Res. Angle mean = 4__ k,,/-//'*////i
concentration  mean shift shift [°] £ -
(] [1PCR PCRe+genomic RS e, 100 ng genomic DNA
k=)
10 1.51 +0.04 § 1,0 .
2 - 0.89 +0.06 € osl ¥ N
8 :
0.4 1.40 +0.02 0.80 £ 0.03 § /
x 0,6 I/‘ ‘—I— PCR amplified DNA
008 - 057 + 002 J ‘ —@— PCR amplified DNA+genomic
014 T T T T
0.016 0.83 +0.07 0.55 +0.09 0,01 01 1 10
DNA concentration [nM]
100 ng 1.14+0.12
genomic

Figure 4. 37.SPR detection output after incubation with M. tuldosis
PCR amplified DNA (PCR only and PCR+genomic) as a funaifdNA
concentration.

To simulate PCR unamplified clinical samples, welextia fix quantity of fragmented human
genome to myco PCR samples prepared at the sarentoations as above. When samples were
analysed through SPR detection, the presence diuiman genome causes a remarkable decrease
of the shift when compared to the results obtaineshmples with PCR fragments onlyaple 4.

19 andFigure 4. 37. For example, the shift observed incubating therM solution decreases
from 1.40° to 0.8° in the presence of human contamti DNA Figure 4. 37 empty dots The
control solution, containing only genomic DNA, techout in high nonspecific adsorption value:
1.14° £ 0.12° Figure 4. 37 dotted ling.

A control fluorescence microarray slide was hylaédi with the same different concentrations of
myco PCR used in the SPR test described aboverify wad compare sensing ability of the two
systems. As shown iRigure 4. 38andTable 4. 19 for the fluorescence platform, the detection
limit was 2 nM, at least 125 times higher than tieabrded for SPR detection (0.016 nM). When
the same experiment was performed using the flaerdsensing platform, the sensitivity of 2 nM
was observed as for samples without human genoiis Frigure 4. 39 empty dots
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Myco PCR Cy3 concentration (nM) — hybridization onmicroarray glass slide

10 nM 2 nM 0.4 nM 0.08 nM 0.016 nM 0 nM

PCR

PCR +
human
genome

Figure 4. 38. Fluorescent scan of microarray results after tujbation of myco PCR Cy3 are reported.

Table 4.2C. Resonance angle shifts obtained for the
detection of M. tuberculosis PCR and PCR + genomic

DNA by fluorescent analyses 1800
—a— PCR amplified DNA T
PCR plus human 3 16001 o pCR amplified DNA+genomic DNA‘ %—:
PCR genome &, 1400 4 ]
Myco % 1200 :
PCR Cy3 F532 F532 é 1000 1
[nM] sd : sd = 800
Mean-Bkg Mean § 600 4
Bkg o
§ 400 -
10 1573.25 115.95 1461.00 209.1 5 2004 ,
= i / /
o 0 [ — —a— — & - ®
2 1573.25 115.95 86.25 4.57 ]
0,1 1 10
0.4 26.50 2.00 68.40 5.98 DNA concentration [aM]
0.08 19.00 4,34 53.50 3.25
0.016 13.64 1.30 50.25 17.89Figure 4. 39. Fluorescence intensities after incubation with M.
tuberculosis PCR amplified DNA (PCR only and PCR+genpasc
0 7.00 0.82 44.25 3.77 4 function of DNA concentration.

For the SPR PNA-based platform, we verified thdtewmyco-related sequences are present
in unamplified mixtures with contaminant human DNAe signal due to the presence of target
specific sequences is lowered below the signalrdecbin presence of human DNA alone. It is
possible that partial and random pairings occurbiatgveen the genomic DNA and the PNA probe
compete with the probe-target binding reaction,domg the overall shifts due to the specific
hybridization. PNA molecules are in fact able tteract with DNA creating complex structures
(i.e. adducts like triplex, triplex invasion, duplénvasion, double duplex invasion) and the
environmental conditions like low salt concentrafipH and temperature, may affect the specificity
of those pairing$66,155]. The shift obtained with the genomic DNlree, higher than that
observed for the tested samples, suggest thatystens is not efficiently discriminating in the
presence of contaminant double strand DNA in widelveral sequences of possible partial
homology with the 15-mer PNA could be present. Mnadess, such interaction between the PNA
and the contaminant DNA could not be reduced evgplyang post hybridization washing
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procedures longer and/or at higher temperatures ttiese routinely used in order to reach high
stringency performances for conventional DNA prab@y (data not shown). Up to date, only few
literature examples of non-amplified DNA detecttorough PNA probes can be found, and it has
to be underlined that most of them use specifidw@h hybridization and amplification strategies

to achieve higher sensitivity [156]. These stragsdiave been investigate also on SPR surfaces and
to overcome the lack of sensitivity for unamplifiddNA the system is coupled with
electrochemically based techniques [157], fluoraseébased SPR technique known as surface
plasmon fluorescence spectroscopy [158] or a dendalegnition strategy coupled with Au-
nanoparticles signal amplification [159,160].
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411 Conclusions

We obtained a theoretical calibration of an aziralliyhicontrolled GC-SPR sensing platform
that correlates the SPR measurement output sigria¢tamount of mMPEO molecules (also in term
of surface sensitivity [ng/cf}) grafted onto sinusoidal gratings.

After the sensing surface calibration the antifoglbehaviour was optimized testing three PEO
derivatives of different chain lengths: PEO 0.2l 5 kDa. The results showed that full surface
protection in multiple buffer conditions can be i@sfed only by using high Mw PEOs deposited at
high surface density - as the 2 and 5 kDa here. @ethe other hand, short PEOs - as the 0.3 kDa,
are not capable to fully protect the surface framlihg at any surface concentration. Protection
was achieved by both the 2 and 5 kDa polymer déves: However, 2 kDa one provided the best
compromise between fouling protection and sign&at®n in fact it was chosen as the antifouling
layer for real sensing applications.

The protection achieved with the high-density paymis high enough to allow envisioning
application of this powerful sensing configuratfonanalyte quantification directly from complex
matrices, for which a true ‘negative control’, th&tlassically used for background correction in
SPR experiments, does not exist. The most “aggessbuffer used contained 1% goat serum. It
is likely that highly protected layers, as the ohese obtained, may be able to resist to even less
diluted serum. If this were the case, this wouldrpeto dilute less a real biological sample prior
to testing, with advantages for the overall assamgitivity.

Starting from the optimized sensing surface weiagdpt to real DNA/PNA sensing. At first we
studied the adsorption kinetics of all the moleswkinterest: PEO-PNA (the probe), HS-PNA (the
probe for comparison) and PEO 2 kDa (the backjiller order to optimized the PNA probe
detection efficiency we realized a co-immobilizatimodel that allowed us to control the surface
composition on term of probe/backfiller ratios. Guaring surfaces covered by different PEO-
PNA:PEO or HS-PNA:PEO, we deduced that the besasicomposition for DNA sensing was
made by a 10% of PEO-PNA and a 90% of PEO. Usiagehesults we analyzed both oligo and
genomic or PCR-amplified DNA, comparing SPR andffiscence measurements. The optimized
set-up was able to detect a purified, complemerabgpnucleotide DNA at concentrations down
to 3.2 pM by SPR measurements and down to 16 n¥lubyescence analyses, and we expect a
reliable detection capability even at lower concatians with our SPR detection method.

Detection of PCR-amplifietycobacterium tuberculosiBNA containing the target sequence
gave shifts even higher than the corresponding exdrations of oligonucleotide DNA,
highlighting the possibility of sensing even loveancentrations of target. However, experiments
done using samples containing fragmented humamgeridNA as a model of a real, unamplified
clinic sample, showed high levels of interferencgsgh lowered shifts and a high nonspecific
adsorption value, indicating the capability of tteveloped system to efficiently work only in the
presence of PCR amplified and purified samples.

Results obtained in this work highlight that a vefficient detection of target sequence could
be achieved with the sensing platform realized,wisng purified and amplified DNA. lllustrated
results, not only demonstrate the strength of #resiag platform for nucleic acid detection, but
they also suggest the reliability of the systemeftuture development of real-time samples analysis
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with minimal manipulation and preparation, thark#hie possible integration of microfluidic-based
platforms for extraction, amplification and sensing
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Chapter 5

5. DNA sensor for cystic
fibrosis

Abstract

In this Section the study for the realization afemsing prototype for cystic fibrosis (CF) is
showed. A gold sinusoidal grating was chosen aststle and the sensor was developed from the
CF probe choice until the detection of real sampiisthe experiments were characterized using
both azimuthally rotated GC-SPR and fluorescenchnigues to compare results of complex
samples obtained with a new detection method with tesults obtained with a standard
characterization technique.

51 Introduction

Cystic fibrosis (CF) is one of the most common-ffertening, childhood-onset inherited
diseasesn the Caucasian population, as it occurs once,000-2,500 live births and affects a
number of organs, such as the lung airways, gu;reas, and sweat glands [L6lt]s caused by
mutations in a gene called tbgstic fibrosis transmembrane conductance regulé@#TR) which
has the function of coding a chlorine ion chanmelgin [162,163]. Almost 1,000 mutations have
been identified in the CF gene, but only a few cammmutations can be identified as a cause of
the disease in the majority of casa§508, which is the most common 0ii&4], 2183 AA->G;
R1162X and N1303K [165-167]

CF genotyping has known a rapid and efficient ghoivtrecent years and it is currently performed
by a variety of approaches, including the polymerelsain reaction (PCR) [168], allele-specific
oligonucleotides (ASO) [169-171], dot-blot and meeedot-blot hybridization [172], methylene
blue (MB)-DA interaction [164]heteroduplex formation [173], single-stranded comi&tion
polymorphism (SSCP) [174,175], denaturing gradigsit electrophoresis (DGGE) [176], PCR
sequencing [177,178], algPR [167,179-182].

As the most important requirements for CF sensorsjasadity of services, speed, accuracy, and
low cost, SPR has demonstrated to be the most pimmgnhigh sensitive technique for the CF
mutation detection.

However few data are available on the possible afs&SPR and biosensor technologies to
discriminate between homozygous and heterozygeaiis st the case of hereditary disease caused
by genetic mutations [167,183].

Recently also the PNA/DNA interaction has been stigated as it could be a solution for the
sensitivity improvement of current CF sensors [180].
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We chose to focus our study on the development DN&/DNA azimuthally GC-SPR-based
sensor. This choice allowed us to test a commartesty adopted in this sensing field together with
the innovative contribution of azimuthally-contiedl GC-SPR. Thanks to the choice of DNA/DNA
interaction we had the possibility of monitoringdazontrolling our SPR response also by standard
fluorescence analyses protocols, which allowedsssta evaluate the advantages and limit of both
techniques.
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5.2 Materials and methods

5.2.1 Biological elements

Poly (ethylene oxide)

A carboxyl and thiolated poly (ethylene oxide) (REO-COOH) Mw 3 kDa was used
(purchased from Sigma Aldrich) (chemical formuldable 4. 3.

Sdection of CFTR mutations

The four most frequent mutations of the CFTR gemeeevselected looking at statistical data
from literature [165,166]AF 508; 2183 AA->G; R1162X and N1303K. Also the nhata
localization was found via database, for both wylde (wt) and mutant (mut) sequendalfle 5.

1).

Table 5. 1. CFTR mutation sequences selected

The wild-type sequence is indicated in green ardihtant sequence is in-between brackets, the P@Rigrare shown in blue.

AF 508 (EXON 13)

ATAATGATGGGTTTTATTTCCAGACTTCACTTCTAATGGTGATTATGGGAGAACTGGAGCCTTCAGAGGGTAAAATTA
AGCACAGTGGAAGAATTTCATTCTGTTCTCAGTTTTCCTGGATTATGCCTGGCACCATAAAGAAAATATCATCTITG
GTGTTTCCTATGATGAATATAGATACAGAAGCGTCATCAAAGCATGCCAACTAGAAGAGGTAAGAAACTATGTGAAA
ACTTTTTGATTATGCATATGAACCCTTCACACTACCCAAATTAT

2183 AA->G (EXON 13)

TAAAGCTGTGTCTGTAAACTGATGGCTAACAAAACTAGGATTTTGGTCACTTCTAAAATGGAACATTTAAAGAAAGC
TGACAAAATATTAATTTTGCATGAAGGTAGCAGCTATTTTTATGGGACATTTT CAGAACTCCAAAATCTACAGCCAGA
CTTTAGCTCAAAACTCATGGGATGTGATTCTTTCGACCAATTTAGTGCAGAAAGAAGAAATTCAATCCTAACTGAGAC
CTTACACCGTTTCTCATTAGAAGGAGATGCTCCTGTCTCCTGGACAGAAACAAAAAA(EIAA>G)ACAATCTTTTAAAC
AGACTGGAGAGTTTGGGGAAAAAAGGAAGAATTCTATTCTCAATCCAATCAACTCTATACGAAAATTTTCCATTGTG
CAAAAGACTCCCTTACAAATGAATGGCATCGAAGAGGATTCTGATGAGCCTTTAGAGAGAAGGCTGTCCTTAGTACC
AGATTCTGAGCAG

R1162X (EXON 19)

AAAGCCCGACAAATAACCAAGTGACAAATAGCAAGTGTTGCATTTTACAAGTTATTTTTTA GGAAGCATCAAACTAA
TTGTGAAATTGTCTGCCATTCTTAAAAACAAAAATGTTGTTATTTTTATTTCAGAT GCGATCTGTGAGCC(t) GAGTCTTT
AAGTTCATTGACATGCCAACAGAAGGTAAACCTACCAAGTCAACCAAACCATACAAGAATGGCCAACTCTCGAAAGT
TATGATTATTGAGAATTCACACGTGAAGAAAGATGACATCTGGCCCTCAGGGGGCCAAATGACTGTCAAAGATCTCA
CAGCAAAATACACAGAAGGTGGAAATGCCATATTAGAGAACATTTCCTTCTCAATAAGTCCTGGCCAGAGGGTGAGA
TTTGAACACTGCTTGCTTTGTTAGACTGTGTTCAGTAAGTGAATCCCAGTAGCCTBAGCAATGTGTTAGCAG

N1303K (EXON 21)

AAAAATGTTCACAAGGGACTCCAAATATTGCTGTAGTATTTGTTTCTTAAAAGA ATGATACAAAGCAGACATGATAA
AATATTAAAATTTGAGAGAACTTGATGGTAAGTACATGGGTGTTTCTTATTTT AAAATAATTTTTCTACTTGAAATATT
TTACAATACAATAAGGGAAAAATAAAAAGTTATTTAAGTTATTCATACTTTCTT CTTCTTTTCTTTTTTGCTATAGAAA
GTATTTATTTTTTCTGGAACATTTAGAAAAAAC(G)TTGGATCCCTATGAACAGT GGAGTGATCAAGAAATATGGAAAG
TTGCAGATGAGGTAAGGCTGCTAACTGAAATGATTTTGAAAGGGGTAACTCATACCAACACAAATGGCTGATATAGC
TGACATCATTCTACACACTTTGTGTGCATGTATGTGTGTGCACAACTTTAAAATGGAGTACCCTAACATACCTGGAGC
AACAGGTACTTTTGACT

For each mutation, a pair of primers capable tol#ynie genomic portion of interest through
PCR method has been selected in order to alloweguiesit analysis. Each pair of primers was
designed considering particular physical and chahtiermodynamic characteristics to make them
suitable for a PCR and potentially for a multiple&R and selected primer characteristics are
summarized iMable A.4. {Appendix A.4).
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Selection of DNA oligonucleotide probes for the recognition of wt and mut sequences
of CF gene

Specific probes for DNA microarrays were selectading the Array Designer software.
According to literature’s [184] information for traesign of theallele specific oligonucleotide
(ASO) probes for the identification of genetic niigas and polymorphisms, we found that 18-22
nucleotides is the optimal length for probes: spasbes are in fact able to discriminate with geeat
accuracy single base mutations. This parametethveaisused for the design of probes required for
analysis. It should be pointed out that the desigthese probes was highly constrained by the
position of the mutation itself, to be placed ie ttentral region of the probe (in order to maximize
mutation discrimination capability), and by the laatide composition of the sequence
immediately before and after the mutation itsélttcan not obviously be changed.

The characteristics of the selected probes, weir themical and physical properties, are listed in
Table A.4. 2(Appendix A.4). Selected probes were analyzed for their spégifibrough Basic
Local Alignment Search Tool (BLAST), in order toadwate the ability of those sequences to
identify the desired mutations.

Hairpins structure design

The portion of each hairpin probe was designeddisated in literature regarding the length of
the portion and we set a length of 6 bp [185,186}.also examined the stability of the structure in
order to standardize the Tm an of the hairpin region of all the structures cregfEable A.4.

3, Appendix A.4).

The probes with the hairpin portion show excellantformity regarding the average Tm, of
59.91+1.13° C, i.e. 10° C higher than the probesaithout the hairpin portion as reported in the
following table.

Table 5. 2. Primers characteristics for exon 10, 139 and 21 products, chosen for both fluorescence@ SPR

analyses

Name Sequence 5'-3’ nt GC% Tm [°C]
1EX10F ATGATGGGTTTTATTTCCAGAC 22 36.4 50.9
2Ex10R ATTGGGTAGTGTGAAGGGTTC 21 47.6 54.6
3EX13F AGCTGTGTCTGTAAACTGATGG 22 455 54.8
4 Ex13R CTCAGAATCTGGTACTAAGGACA 23 435 53.3
5Ex19F GCCCGACAAATAACCAAGTGA 21 47.6 55.5
6 ExX19 R GCTAACACATTGCTTCAGGCT 21 47.6 55.8
7TEX21F AATGTTCACAAGGGACTCCA 20 45.0 53.9
8 ExX21 R CAAAAGTACCTGTTGCTCCA 20 45.0 52.9

5.2.11 Surface preparation protocols

Gold surface preparation for fluorescence analyses

75x25 mm microarray slides were deposited witrstirae sub-array scheme as showfigure
51
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Figure 5. 1.Sub-array deposition scheme on an e-surf
slide (LifeLineLab). AL=alignment probe-referendés
empty, B=buffer, W=wild type probe, M=mutant probe.

Six replicas of alignement probes were spotteds fiivee replica of each investigatetior mut
probe, to ensure statistical analysis. Microarrtiges were printed and blocked according to
protocols reported in Section 4.4.1l. Shortly, ed¢H>-modified DNA probe was diluted in
microarray printing buffer 1.5X (75 mM sodium phbgpe, 0.005% Triton, pH 8.5) at the
concentration of 2@wM and printed on e-surf commercial LifeLine slid@b mm x 75 mm,
LifeLineLab, Pomezia, Italy) Afterwards, slides weincubated overnight in a 75% humidity
incubation chamber, blocked and washed accordingtandard protocols as specified by the
supplier with microarray blocking (0.1 M Tris, 5GMrethanolamine, pH 9) and washing solutions
(4X SSC, 0.1% SDS), respectively.

On a single slide, 16 to 64 identical sub-array banprinted on the slide, and during the
hybridization phase they can be physically isolditech each other through ProPlate 16 or 64 slide
chamber multi-wells (ProPlate, Sigma Aldrich).

Gold surface preparation for SPR analyses

Two identical gratings were located on a microsagipss slide o75mm x 25mr{Section 3.3),
and 16 wells 08.5mm x 3.5mmwvere obtained for each grating. In one slide updtsamples were
therefore analysed and 2 empty cells were lefetesence.

Substrates were preliminary cleaned with a bag@anpia solution (ED: H.O.: NHs; solution in
5:1:1 ratio) for 10 minutes, rinsed and dried ungiénogen flux. A hetero bifunctional thiol-PEG
(SH-PEG-COOH) was used to functionalize the surfagegn an incubation of 24 hours in
humidified environment. Amino modified oligonuclet# CFTR probes were covalently linked to
the —COOH surface groups, previous EDC-SNHS aativah MES buffer for 15 minutes. An
example of the plasmonic surface organization @sv&ld inFigure 5. 2
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| [

@ (b)

Figure 5. 2. Example of SPR surface scheme created on a migegglass slide76mm x 25minwith 2 gratings,
having 16 wells each. Flat gold wellge(low) divide the two gratingsofangeandgreen cell}, in which reference
cells are highlighted in green.

Each well was functionalized with a single spegifiobe, and testing was performed hybridizing
each specific DNA PCR fragment on two cells: foample 10 wt PCR fragment was hybridized
on 10 wt functionalized cell and on 10 mut functibred cell. Plasmonic signals were collected
from both cell for each sample and compared, tainbat DR also as result of the SPR
measurements.

Hybridization was performed with a local controltbé temperature granted by an external device,
not integrated in the device, incubating the slidth the ProPlate multiwells slide system into
Arraybooster.

Surfaces were then characterized using a VASE Wdéllam Spectroscopic Ellipsometer after

each experimental step (i.e. after piranha cleanisy before PEG deposition, after PEG

functionalization, after probe anchoring and aftealyte/probe binding) with parameters reported
in Table 2. 2

5.3  Optimization of hybridization protocols

In this Section all the experiments performed tal fihe optimal hybridization conditions for
both DNA oligonucleotides and PCR amplified samphse monitored through fluorescence
measurements.

5.3.1 Hybridization protocol for synthetic complement&A oligonucleotides

The first set of experiments was performed usingittstic complementary DNA
oligonucleotides. All wild-type complementary olgyaCy3 labeled (green) and all mutant
complementary oligos Cy5 (red) were purchased wlith desired modification and HPLC
purification (Table 5. 3. These perfect match oligos were used to pretnyitest the ability of the
deposited probes to recognize specifically the wimmit strand, and potentially to correctly
genotype the subsequent samples.
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Table 5.3. Oligonucleotide sequences of the DNA probes usethforoarray printing and fluorescent
complementary target (Cy3 or Cy5) used for hybritiiraexperiments.

CFT Typ sequence 5’-3' of the NEmodified probes sequence 5'-3' of the
R e complementary probes
Wit CAATCGAATATCATCTTTGGTGTTTCCTCGATT AGGAAACACCAAAGATGATAT
G T-Cy3
10 Mut CAATCGATATCATTGGTGTTTCCTATGICGATT  CATAGGAAACACCAATGATAT
G -Cy5
Wit CACTCG CAGAAACAAAAAAACAATCTTT CGAG AAAGATTGTTTTTTTGTTTCTG-
13 IG Cy3
Mut CATCGACAGAAACAAAAGACAATCTTT CGATG AAAGATTGTC;—;—; TGTTTCTGT-
Wt CCATCATCTGTGAGCCGAGTCTTTTGATGG AAAGACTCGGCTCACAGA-Cy3
Mut CCATCAATCTGTGAGCTGAGTCTTTATGATGG TAAAGACTC@?/;SC TCACAGAT-
Wit CAAGCATTTAGAAAAAACTTGGATCCCTIGCT AGGGATCCAAGTTTTTTCTAA
o1 16 A-Cy3
Mut CAAGCATTTAGAAAAAAGTTGGATCCCTIGCT AGGGATCCAACTTTTTTCTAAA
16 -Cy5

Conditions were optimized for oligos hybridizatiargnsidering the contribution to the melting
temperature (Tm) that is given by the monovaleniona concentration (Na+), the formamide
percentage, the probe length and the guanine-ogasintent (GC%).

Tm was calculated using the following formula assated in the online software for
oligonucleotide design [187]:

T,, = 81.5 + 16.6xlog(Molarity [Na*]) + 0.41xGC% — 0.72xf ormamide% — SOO/Zength (5.1

oligo

Hybridization temperature (J,) was calculated to obtain a differeneg between T, and Ty of
20-25°C (moderate stringency) or 15-20°C (higmgeicy).

Buffer composition was set to operate with a hyikéation temperature ranging from 25°C to 37°C
(temperature range lower than theoretical meltmgterature of the hairpin probes, $able A.4.

3 in Appendix A.4) in order to ensure hairpin’s probe structure rigaiance. Moreover, through
the described strategy, it was possible to obtdirearetical better discrimination between perfect
match and mismatchrigure 5. 3, and at the same time to operate with a pospitible device

at room temperature, or above.

Hybridisation of DNA
fuorescent samples

5O Q¢

Figure 5. 3. Example of a perfect match hybridization obtainethg hairpin loop probes.

The complementary oligonucleotides hybridizatiors @ be considered only as a preliminary
evaluation of the probe performances, since hymatdin kinetics using short oligos DNA long
PCR products are different, and an accurate opiiniz protocol is needed.
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Complementary oligonucleotides were hybridized iiifecent conditions, modifying the
hybridization temperature and time, the oligonutttEoconcentration and the hybridization buffer
in term of SSC and formamide concentration.

Various settings were tested and the best resulisrims of discrimination among wild type and
mutant sequences were obtained using the conditgusted inTable 5. 4

Table 5.4. Hybridization parameters

Hybridization temperature 25°C
Incubation time 3 hours
Oligonucleotide concentration 5nM

Hybridization buffer SSC 3X, 50% formamide

The chosen conditions allowed to obtain a theakeNq Tm-Thy,) of 15-20°C, ensuring high
stringency. Obtained results, in terms of fluoreseeimages and statistical data analysis, are
reported in

Figure 5. 4

10 wt Cy3
complementary oligo

10 mut Cy5
complementary oligo

13 wt Cy3
complementary oligo

13 mut Cy5
complementary oligo

complementary oligo

DR mut/wt=0.05
Alignment in red

complementary oligo

DR mut/wt=35

Alignment in green

complementary oligo

DR mut/wt=0.12
Alignment in red

DR mut/wt=0.01 DR mut/wt=140 DR mut/wt=0.03 DR mut/wt=65
Alignment in red Alignment in green Alignment in red Alignment in green
19 wt Cy3 19 mut Cy5 21 wt Cy3 21 mut Cy5

complementary oligo

DR mut/wt=95
Alignment in green

Figure 5. 4. Microarray hybridization results (both images an® Mata) obtained with complementary DNA
oligonucleotides. Alignments spots are in red (Cwlen hybridizing wt probes (Cy3), or green (Cy3) when
hybridizing mut probes (Cy5). Discrimination rati@R) (mut/wt probe signal ratio) for each experimam reported.

In the optimized experimental condition for oligaieotide hybridization, correct sequence
identification was achieved for all the tested sksip
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Discrimination ratios (DR) mut/wt for wt probes weslways under the value of 0.12, indicating
the ability to detect the hybridization of a wtgat with a signal almost 10 times higher on the wt
probe, if compared to the mutant one. Best reswdre obtained with the 10 wt probe (DR=0.01),
in fact signals reported after the hybridizatioraaft target on the wt probes were 100 times higher
than the one reported on the mutant one.

DR for mutant probes were all above 35, meaningdigmals reported on mut probe hybridizing a
mut target were 35 times higher than those repametthe wt probes. Also for mutant probes best
results were obtained for the 10 mut probe (DR=14d€kignals detected after the hybridization of
a mutant target on the mutant probes were 140 tiviggeer than the one reported on the wt one.
All the tested probes reveal to be successfullye abl identify the presence of a wt or mut
oligonucleotide fluorescent target.

5.3.1  Hybridization experiments with PCR amplified DNAn clinical genetic
material

In the previous paragraph, results demonstratirey rifliability and specificity of probe
recognition were illustrated in the case of commatary oligo sequences.
To verify the reliability of the probe discriminati power in the presence of complex samples
simulating real human PCR-amplified extracts, P@fplacons were obtained using samples or
DNA extracts from human cells already genotypedir Fimmozygous wt samples (10, 13, 19, 21)
and four heterozygous samples (10, 13, 19, 21) wetained. No homozygous mutant samples
were available.
For each of the four investigated exons, a paurioher was identified and then used to obtain PCR
amplified fragmentsTable A.4. 4in Appendix A.4).
After PCR product purification, amplification (thrgh PCR with Cy3 or Cy5 labeled deoxy-
cytosine-tri-phosphate —dCTP- and deoxy-nucledtidghosphate —dNTP- mix) and analysis,
amplicons for both wild type and heterozygous samplere incubated on microarray slides pre-
functionalized as described in Section 5.2.11, gglme same hybridization condition developed for
DNA complementary oligonucleotides.
Results illustrated irFigure 5. 5 demonstrated the ability of the probes in the ridisoation
between the wild type and the mutant allele.

In particular, for wt Cy3 PCR sample, the signaldetectable on the wt probes with cross
hybridizations on the mutant ones all below 5-10%r. the two tested heterozygous samples (19
and 21), containing both a wt and a mutant allgteridization is detected correctly on both probes
with a mut/wt signal ratio of ~0.5 for exon 19 asfd~1 for exon 21.

The mut/wt signal ratio for heterozygous samplesightheoretically be ~1, meaning that the two
alleles in the sample, wt and mut, are able to itiz® with comparable efficiency on the wt and
on the mut probes, respectively. Signals ~1 wetalays obtained in literature, since chemical-
physical characteristics of the probes, constraimgdanutation position, could be different and
affect the hybridization kinetics in different wayAlso if mut/wt ratio of ~1 are not always
achievable, a cut-off limit is generally fixed tetablish if the sample have to be genotyped as
heterozygous or homozygous.
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exon 13 —Cy-3 (wt) exon 19 —Cy-3 (wt) exon 21 —Cy-3 (wt)

exon 10 —Cy-3 (wt)

exon 19 —Cy-5 (mut)

R o

exon 10 —Cy-5 (mut) exon 13 —Cy-5 (mut)

exon 21 —Cy-5 (mut)

n.d n.d.

Figure 5.5 Microarray hybridization results obtained with PGiRdlled fragments.
Alignment spots are highlighted in red (Cy5) wheibiigizing wt PCR product (Cy3).

Although our experiments underlined the possibtiitgorrectly genotype homozygous wt sample
and heterozygous samples, the fluorescent sightdsned were quite low, and in particular they
were lower than signals obtained using the compheang oligonucleotides. This fact probably
highlights a too high stringency in the hybridinaticondition used for PCR fragments.

5.3.1I1 Definition of the hybridization parameters for CFaRiplicons

As discussed above, considering the lenght and lenibyp of the sample, the hybridization
conditions needed to be further optimized to adhiavhigher probe discriminination activity
compared to those established for oligo DNAs. lddegenome regions containing the sequences
to be identified as mutated or normal (wild typeg asually sereval hundred nucleotide-long and
could undergo complex phenomena like the DNA halecondary structure formation. The
formation of loops, duplexes, or complex foldingstbe target DNA sequences during the
hybridization processes could be prevented wor&imthe stringency of the saline buffer condition
or temperature.

To define the optimal working conditions differdnbridization conditions has been tested using
PCR amplified regions around the mutated CFTR sudaikity loci.

Hybridization conditions can differ for salt andritamide concentration or hybridization
temperature, all parameters that affects the striag of the specific recognition.

Starting from the hybridization condition optimizéat the complementary oligo DNA (Section
5.3.1), and working at temperatures from 25°C (ra@mperature) to of 37°C, amplicons were
hybridized using the following condition3gble 5. 5. The choice of these two temperatures by
changing SSC and formamide concentrations allowetgdt conditions with stringency ranging
from 18°C (high stringency condition) to more tt807C (low stringency condition).
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Table 5.5. Conditions tested for the hybridization of homozygea and heterozygous sample genotyping
optimization through fluorescent microarray techusq
Formamide Hybridization A temp (Tmeit-

Hybridization SSC .

protocols concentration concentration temperature Thyb)
[%] [°C] [°C]

1 3X 50 25 18

2 3X 40 25 25

3 5X 40 25 29

4 3X 30 25 32

5 3X 30 37 20

6 5X 30 37 24

7 2X 20 37 25

8 3X 20 37 28

9 3X 15 37 31

Signal intensities were analyzed both at 532 artdrdd in order to reveal hybridization signals
deriving from Cy3 labelled sample (green, usuafigdifor homozygous wt samples) or from Cy5
labelled samples (red, usually used for heterozygaumples) at the same time.

The hybridization condition that allowed to detefth the higher specificity only the proper allele
was the one with low salt concentration (SSC 2K}y formamide concentration (20%) and a
hybridization temperature of 37°C (protocol no.n7Table 5. § as shown irFigure 5. 6 The
discrimination ratios (DR) calculated in this cammh are the most suitable for genotyping are
compatible with those recorded hybridizing complatagy oligo wt DNA on the corresponding wt
probe (see Section 5.3.1).

10 wt Cy3 10 mut Cy5 13 wt Cy3 13 mut Cy5
PCR from cells DNA extract PCR from cells DNA extract PCR from cells DNA extract

n.d.

R

DR mut/wt=0.9 DR mut/wt=0.03
19 wt Cy3 19 mut Cy5 21 wt Cy3 21 mut Cy5

PCR from cells DNA extract PCR from cells DNA extract PCR from cells DNA extract PCR from cells DNA extract

DR mut/wt=0.08 DR mut/wt=0.9 DR mut/wt=0.4 DR mut/wt=1.3
Figure 5. 6. Microarray hybridization results obtained with PCRdbed fragments, labeled with Cy3 (green, homomggat samples) or
with Cy5 (heterozygous samples) in the optimizedriaykation conditions (SSC2X, formamide 20%, hylzation temperature 37°C 3h).
Results are shown both as images and numericatlisasmination ratios (DR). the detection of
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Reported DR demonstrates that for all thmmozygous wtested samples obtained values are
suitable for genotyping. In particular for wt ext@, 13 and 19, all reported values are included
between 0.01 and 0.08, meaning that the hybridizaif a wt PCR on the array generates a signal
on its specific wt probe — and not on other wt giob that is always 12-100 times higher than the
signal registered on the mut probe. Concerning PCRt sample, the obtained DR is 0.4, relatively
higher if compared to DR rate obtained for the ptitesamples, but still able to genotype correctly
the sequence. A higher DR was obtained also usgngamplementary DNA oligo for 21 wt probe,
demonstrating that this can be attributed to thengbo-physical characteristics of the 21 wt and
mut probe couple, obviously constrained by the traraposition itself, and by the surrounding
nucleotides.

Concerning instealdeterozygousamples for all the three tested PCR, DR inclddesd 0.9 to 1.3
were achieved: considering that a theoretical DR should be an ideal results, obtained DR are
absolutely in line with this value and are partieiy suitable to achieve a precise genotypization
of the samples.

The tested hybridization optimized condition wasdifor the final hybridization tests, as described
in the following Section.
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5.4

Hybridization experiments

In Figure 5. 7 results obtained after ex situ hybridization ofT&related PCR products are
shown. Shifts were collected after substrate ctegrafter SH-PEG-COOH plus amino modified
probe immobilization on the surface, and after darmubation. For theit sample tested a clear
shift is recorded after incubation of the sampldtanrelatedvt probe, while no significant signal
is detected on thenut one. DR obtained using SPR techniquevibrsamples are all included
between 0.1 and 0.2 (also for exon &1 that gave higher DR using fluorescent technique)
underlining genotyping ability of thet probes. Concerningiut probes, DR range from 0.7 to 3,
meaning that also in this case genotypization eaadhieved with precision.
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Figure 5. 7.Fluorescence resulteft) and SPR shiftright) obtained after ex situ hybridization of CFTR reteRCR products. Each sample
was incubated both on wt and on mut related pr6héts were collected after substrate cleaniaré grating, black dotted lineafter SH-
PEG-COOH plus amino modified probe immobilizationtbbe surfacegplid blue ling, and after sample incubatioso{id red ling.
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55 Conclusions

In this work we chose the probes for CFTR screefaind their structure was evaluated. A
precise and reproducible method for plasmonic galflace functionalization has been optimized,
and hybridization conditions for correctly genotypiPCR fragments deriving by DNA extracted
from culture cells and from clinical samples wem@gerly set using fluorescent microarray
technique. Once optimized, hybridization conditiomere used for sample analysis on SPR
substrates. Genotypization results are summariz€dhle 5. 6

Table 5.6. Summary of genotypization DR obtained using flsaemt technique (a) and SPR technique

(b)
(a) (b)

Fluo DR output result SPR DR output result

analysis yild type  heterozygous analysis yiid type  heterozygous
wt/mut wt/mut

probe <0.40 0.50-1.50 probe <0.40 0.50 - 3.50
signal signal

A DR cut off for wt sample genotypization can beat®.4: all the obtained DR below 0.4 genotype
univocally a wt sampleyiceversaa DR above 0.5 genotype univocally a mutant sarfipleur
case an heterozygous sample). These results clshdywed the possibility of employing
azimuthally-controlled GC-SPR for the genotypizatad CF mutations, even if the discrimination
between homozygous and heterozygous state coirtadpeved by finely controlling and changing
the working temperature. In any case these expatswgave us the starting point for the realization
and improvement of a CF SPR sensor.
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Chapter 6

6. Sensor for explosives

Abstract

In this work we investigated and developed twoitiatoluene (TNT) sensing configurations
based on azimuthally rotated GC-SPR. The two methedted differed in the sensing layer
adopted: the first method employed a self-assemi@tblayer with specific TNT-sensitive ending
groups; the second one employed a molecularly imtgxti polymer. The aim of the work was to
preliminary test the possibility of using the segs$trategies proposed by us in the explosive senso
field, in particular testing their efficiency, febgity and applicability in a sensing device.

6.1  Sensors for explosives

Recently the need in the explosive traces detedierame of great importance due to the
increasing use of explosives in terrorism, in dddito the environmental detection and monitoring
of traces of explosives from unexploded land minedystrial leakage at manufacturing facilities,
improper disposal, etc [188—-190]. Thus currentlg@dd explosive detection system require an
improvement in term of sensitivity, costs, handiaad analyses, in order to make the traces of
explosives detection easier.

Commonly used explosives are organic compoundscandbe classified into six broad classes
based on their chemistfft90-192] most of them having extremely low vapour pressuae
ambient temperature, indicating that these molscaite extremely sticky and tend to be adsorbed
onto surfaces very easily:

. Aliphatic nitro compounds, such as nitromethanelrayine nitrate;

. Nitroaromatic compounds, such as 2,4,6-trinitratoel (TNT), dinitrobenzene (DNB),
Hexanitrostilbene and picric acid;

. Nitramines or nitrosamines, such as octogen (HMX)exogen (RDX);

. Nitrate esters, such as pentrite (PETN), ethyldpeobdinitrate (EDGN), nitroglycerine,
and nitroguanidine (NQ);

. Acid salts, such as ammonium nitrate; and

. Organic peroxides, such as triacetone triperoXieTP) and hexamethylene triperoxide

diamine (HMTD).
Among all the types of explosives, TNT has becofrgr@at importance, asig a potent explosive
for which techniques for detection on a persondybor in one’s baggage is considered important
for assuring safety of airports and air tray&@3].
Currently, the most common technique for the expéosdetection include ion mobility
spectrometry (IMS), mass spectrometry (MS), ancchasmatography (GC). Most of these devices
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are, however, rather bulky, expensive, and redirre-consuming procedures. Thus, the research
in explosive trace detection has been moved to serswrs, thanks to their potentially high
sensitivity, miniaturization and scalabilitgpecific colour reaction between explosive compsund
and a specific organic reagent/dye [188], lasertgdumustic spectroscopy [193] and cantilever-
based sensors [194-196] are examples of the regplusive detection research in the nanosensor
field.

In general explosive nanosensors can be divided tinb categories [190].eceptor-freeand
receptor-basesanosensors.

Receptor-free nanosensot@ae based on detecting physical properties of oskm@s (e.g.
thermodynamic, chemical, or optical properties [L9%hile receptor-based nanosensashieve
selectivity through the specific interaction betwélge receptor molecule and the explosive analyte.
The latter is the most currently explored type>xgflesive sensors.

Chemical selectivity in explosive detection based receptors originates from the chemical
interaction between the explosive molecules andaheptor molecules. For reversible detection,
explosive molecules must bind to the receptors wiglak chemical bonds that can be broken at
room temperature, for example, van der Waals intenas, hydrogen bonding, etc. Self-assembled
monolayers (SAMs) are a widely adopted type ofciele sensing layers in this field like in the
bio-detection one (Section 2.1). In this contexmdrcaptobenzoic acid (4-MBA) and 6-
mercaptonicotinic acid (6-MNA) monolayers are aftyyadopted and diffused [190,198].

Os__OH o MEHT
O M i
o- o
| N OH
~ H H
HS N
SH 0?xg

@ (b) (©

Figure 6. 1. Chemical formulas o4-mercaptobenzoic acid (4-MBAJ), 6-mercaptonicotinic acid (6-MNApJ and
TNT (c).

Molecularly imprinted polymers (MIPs) are anotheaywof obtaining chemical speciation. MIPs

for explosives are specially generated via theraat®n of functional monomers, explosive

molecule templates, and a cross-linking agent. tEh®lates are then removed prior to sensing.
Only the molecules that match the template shaggewperties can occupy the cavity, providing

high selectivity (see Section 6.2 for a detailescdigtion).

In this context we performed some preliminary expents aimed to the realization of a new TNT
sensor prototype by combining the high sensitigtyazimuthally rotated GC-SPR with both
sensing SAM and MIP. Thus to strategies will becdegd in the following Section:

1. SAM-based TNT sensor. A 6-MNA SAM was depositecdbangold sinusoidal grating and
the whole system was then characterized under #izancontrol. The adsorption kinetics of TNT
onto the SAM sensing layer was monitored as a fomaf sensor exposition time to TNT gaseous
flow. Through this strategy we explored a well-kmomethod in the TNT detection field (i.e. the
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use of 6-MNA as sensing layer) combined with thmirative high sensitive azimuthally-controlled
GC-SPR.

2. MIP-based TNT sensor. A MIP layer was deposited angold sinusoidal grating and the
whole system was then characterized under azimatimtol. Through this method we wanted to

combine the high sensitivity of molecular impringaymers with the high sensitivity of azimuthal
control GC-SPR.

6.2  Molecular Imprinted Polymers

The technique of molecular imprinting consists rieéating specific molecular recognition sites
in solid materials by using template molecules. Tust significant advantages of molecularly
imprinted materials are mechanical/chemical stghilow cost, and ease of preparation and hence
have attracted extensive research interest dugetpdtential applications in separation, sensors,
bioassay, and drug delivery [199]. MIP typicallywaives the copolymerization of functional and
cross-linking monomers in the presence of templadéecules. Subsequent removal of template
molecules from the polymer matrix generates thegsition sites (cavity) complementary to the
shape, size, and functionality of the template [200] Figure 6. 2.

Polymerizable
functionality

O e
Template N %% ﬁ Polymerization

with cross-linkers
N —

Disruption of polymer/template interaction
and
Template removal

Template/MIP matrix

ASSOCIATION
———

————)
Template/MIP matrix
DISSOCIATION

Figure 6. 2.Schematic representation of the molecular imprintirocess. Starting from a template (A) the fororatf reversible
interactions between the template and polymerizaivietionality is performed (B). A subsequent polyization in the presence
of crosslinkers, a cross-linking reaction or othercess, results in the formation of an insolubérix in which the template sites
reside (C). Template is then removed from the pofytim@ugh disruption of polymer-template interansand extraction from
the matrix (D). The template can be linked agaitheoMIP matrix (association —BE) and removed again (dissociation=>B).

Many attempts have been made to exploit this dassaterials in sensor’s applications, focusing
the attention to the systems optimization for abtaj high sensitivity, large binding capacity, and
rapid binding kinetics [201]. However, a typicabptem is the extraction of the original templates
in bulk samples located in areas with increasistpdice from the surface: the highly cross-linked
rigid structure does not allow these moleculesdwarfreely. Furthermore, if the generated cavities
are not in the proximity of the materials’ surfatz@get species need long times to access the empty
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cavities within the MIP system. As a result, MIPsstoften exhibit high selectivity but low binding
capacity (amount of recognition sites), poor siteessibility, and slow binding kinetics [200].
Anyway, moving the imprinted materials toward trenametric domain is expected to possess
several remarkable advantages over normal impgmtiaterials. Some advantages are the (1) easy
removal of template molecules because of extrerh@h surface-to-volume ratio; (2) higher
binding capacity because of more recognition sitéise proximity of the surface; (3) faster binding
kinetics due to easy accessibility to the targelewdes; (4) well-defined morphology for feasible
installation onto the surface of nanodevices.

MIP were applied also to TNT detection, using TéTtemplate for the matrix synthesis [202,203].
Usually the exposure of MIP-based sensors to TNpedormed by immersing the sensitive
substrate in a liquid TNT sample and the respamsieen evaluated by liquid chromatography or
Surface Enhanced Raman Scattering techniques [20&].recently, few works appear on the
exploitation of MIP combined with localized plasnsoof metal NPs to enhance the SPR response
and to amplify SPR-based sensors [202,203].

Starting from previous considerations, we choseotabine the MIP-based sensing approach with
the high sensitivity of GC-SPR technique, explgjttnnew sensing approach for the TNT detection.

6.3 Calculation of TNT saturation concentration

The simplest way to perform preliminary TNT detentiexperiments is working in a TNT
saturated environment, achieved when equilibriutween a TNT source that sublimates and the
environment of a small chamber is established.

At the equilibrium, the TNT gas concentration canderived from the ideal gas law with good
approximation, since low pressures are involved]20

__P 6. 1)
kgT
whereP is the pressurd, the temperature and the Boltzmann constant.

(o

For a generic substance, the pressure under satucandition, called “saturated vapour pressure”,
depends itself on the temperature, according té\ttieine equation [205]:

P, = 10(‘*%) (6.2)

TheA, B andC parameters are the “Antoine constants” and departie material.

In literature different values of TNT Antoine coasts are reported, originating from different
slopes in the curve d##saas a function of temperature [191,205]. The redspthe discrepancy is
unclear [206] and the only common information &tth = 0 in the temperature range of our interest
(the temperature is expressed in the absolute,sehleh implies thaPsa only vanishes at the
absolute zero). Two sets of the Antoine constatrtsaan temperature are identifieBiaple 6. J).

Table 6.1. Sets of Antoine constants reported in literature

Temperature range A B [K] Reference
Da 293 a 353 K 16.596 5874.238 [205]
Da 287 a 330 K 14.435 5175 [191]
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Inserting Eq. (6. 2) in Eg. (6. 1) the saturatedowa concentration we can gather that it rapidly
increases as temperature increases:

_ 10(4-7) (6. 3)
Csat = W
If A andB are given in Sl units, this formula gives the camtcation in r¥. The conversion into
mass fraction expressed in ppb is obtained introduthhe TNT molecular mass (Rt = 227 amu
= 3.769x16" kg) and the air densitp,= 1.3 kg/ni, into the equation:

B
_ Myt _ Myyr 10(9+A_T) (6.4)
Cppb = 0 Csat = 0 kB T
With the Antoine constants reportedTiable 6. 1, the concentration is calculated and reported in
Figure 6. 3 Due to the exponential growth, a wide range eicentration values can be provided
heating the chamber with a common hot-plate, rapffiim some tens to some thousands of ppb.
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Figure 6. 3. Saturated vapour concentration as a function ofehgerature in

the chamber. The two different curves are obtafrad the first ed solid line

[205]) and the secondl@ie solid line[191]) Antoine constant sets reported in

Table 6. 1 In the inset the detail of the curves at low teragures is shown.

In conclusion, Eq. (6. 4) allowed to estimate tiéTTconcentration in a saturated environment,
with the limitation that, since the correct Antoinenstants for our specific TNT sample are
unknown, the concentration under our experimemalditions will fall into a certain range of
variability.

In order to reach the saturation condition forghedicted TNT concentration, two other parameters
have to be taken into account: the diffusion tireeded for the incubation chamber saturation and
the sublimation rate necessary for TNT to satutsancubation chamber.

The diffusion time can be estimated as:

_ d? (6. 5)

)

whered is the dimension of the system (i.e. 10 &ngure 6. 4, andD is the diffusion coefficient
that in our case can be approximated to $xifls [206]. From Eqg. (6. 5) the diffusion time result
2000 s, i.e. about 30 minutes, in our system.

t
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The TNT sublimation rate from a disk-shaped supigogtven by [206]:
dm 6.6
E =4D -r- Csat ( )

wherem is the TNT mass andis the disk radius. As the total mass neededttoaa the volume
(V) of the chamber is

v (6.7)

the total timer can be extracted by the integrated expression:

M=c

sat

M csatV (6. 8)
= = 4D -1 Coat
From Eq. (6. 8):
v (6.9)
= 1Dr

meaning thatr is temperature-dependent as both the sublimatiter and the saturated vapour
concentration depend on the temperature.

Taking as an example a chamber volume of 1®amdr = 1 cm, the time is estimated in about 1
minute.

According to these calculations, the sublimatiomeigitively fast and the dominant factor is the
diffusion. In our case, one hour is a quite reablentime scale to ensure the saturation of the
chamber.

6.4  TNT adsorption kinetics

Since Antoine equation (Eg. (6. 2)) gives a relati®tween the temperature and the TNT
concentration into the chamber, a correlation betwiae sensor output (i.e. the resonance angle
shift AB) and the concentration has to be provided in otddmave an estimation of the TNT
concentration detected with our sensing prototye.start from the Langmuir adsorption model
for gas molecules onto a solid surface [207-20@nfwhich the adsorption of a number of
molecules ) can be expressed as a function of time:

dN (6. 10)

d_ta = kaNg (Nsat - Na) — kgN,

whereN, is the number of adsorbed moleculgjs the number of free gas molecullsy: is the
maximum number of adsorbed molecules (i.e. thea@dm condition)k, andky are the adsorption
and desorption rate constants, respectively. Iregperimental conditions, since the environment
is saturated by a TNT source, the molecules reseNpwill remain constant in spite of the
adsorption. The desorption rate parametgrtkat can be rewritten astlfor a certain mean
residential time of an adsorbed molecule beforedeleased, is expected to be much smaller than
ks, because the sensitive layer is optimized in otddrond to the TNT molecules and hold them
for a relatively long.

Taking into account that the resonance shift ipprtional to the number of adsorbed molecules,

Ag= oN, [21] we can consider= oNg,; as the maximum shift at saturation condition. Gterng
the saturation condition
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kol = KqoCsat (6.11)

Eq. (6. 10) can be written in term of the TNT cantcation into the incubation chamber as:
dAg 6. 12
T ~ Kacsat(s - AG) ( )

After integrating Eqg. (6. 12) we get:
AG= S (1 — e_T'Csat'Ka) (6 13)

Eq. (6. 13) can be used to fit the resonance afjfeplotted as a function of incubation time &or
constant temperature. For our specific experinmtéetincubation time is fixed while temperature
is varied. Studying the dependence of Eq. (6. b3jie temperature we get the following equation:

AG(T) =s- (1 — e_T'Csat(T)'Ka(T)) (6 14)

where the resonance angle shift at the saturatinditton ) is not dependent on the temperature,

Ka can be considered proportionahf® [209] andcsa is temperature-dependent and Eq. (6. 3) can
be re-written as:

10("%/7) (6. 15)
Csat(T) X T

Introducing a parameter C including all the constatine final relation between resonance angle

shift and temperature becomes:

—10(_B/T)-C
Mo(T)=s-[1-e VT (6.16)

It can be linearized and the re-arranged givingadlewing equations.

ln(l—&)=—$jh).c 6. 17)
log1o [ﬁ In (s ° Ae)] - —? +logyo C (6. 18)

In this way the fit of th&T, Ag) data set is reduced to a linear fit from whichcae determine B
and C constants.

6.5 Experimental part

6.3.1 Sensing experiment setup

We performed TNT sensing measurements in a TN Bgasated incubation chambé&idure
6. 4 mounted onto a spectroscopic ellipsometer sahpder. An aluminium box containing the
TNT powders was inserted into the chamber and tdearpnic grating was fixed onto the sample
holder. After sealing the incubation chamber, tysteam was left at room temperature for the time
needed to reach the environment saturation andsgresing measurements were performed.
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Figure 6.4. Woollam HTC-100heat stage and chamber adopted for the TNT seasperiments (a) and
experimental scheme inside the incubation chanter (

Starting from considerations of Section 6.3 andsatering our working temperature of 22 + 1 °C,
the working TNT concentration was estimated torbéhe range 45 + 15 ppb, depending on the

chosen set of Antoine constants.

6.3.11 First approach: SAMs as sensing layers

Sensing layer deposition

6-Mercaptonicotinic acid - 6-MNA Higure 6. 1 (c) was purchased from Sigma Aldrich.

After sinusoidal grating cleaning (10 minutes Bt &1 dd-HO:NH,OH:H-O; solution), the surface
was immersed in an ethanol 6-MNA 6 mM solution #gr hours. After layer deposition, SPR

response was detectdedure 6. 5

1,0 4.

Naked surface
Functionalized with 6-MNA|

i =
@ @
| 1

Reflectivity [a.u.]

o
S
1
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20 25 30 35 40
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Angle of incidence [°]
Figure 6.5. Resonance angle shift detected after 6-MNA deposdito
the plasmonic surface. Thed solid lineis referred to the naked surface,
while thegreen solid linds referred to the presence of 6-MNA layer.

TNT detection

55

SPR TNT detection was performed by mounting anbation chamber onto the ellipsometer,
in which the sensing substrate was fixed and exptusa TNT flux. Measurements were performed
at scheduled times after the TNT flux beginning, (85, 60, 90, 120 min and 1 night) at room
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temperature (i.e. low TNT concentration regime)Figure 6. 6andTable 6. 2the results of the
TNT adsorption kinetics are reported.

The first TNT response was detected after 30 mgamel the wavelength shift continued to increase
until reaching a maximum value after one nightexfsor exposition.
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(b)
Figure 6. 6. Reflectivity dip detected for the TNT adsorption@6tMNA sensing layer. Each exposition
time is highlighted with a different colour, fron® 8ninutes to one night (a) and adsorption kinatigse
fitted using the Langmuir equation (b), wheregheen dashed linenderlines the surface saturation level.

Table 6. 2. Resonance wavelength shifts obtainedtime TNT adsorption kinetics study.

TNT incubation time [min] Resonance wavelength shiffnm]
30 2.3+0.38
45 3.0£0.37
60 4.3+0.38
90 5.6+0.35
120 6.3+0.36
Over night 18.08+0.37

Even if the complete surface saturation by TNT waisreachedHigure 6. 6, we can conclude
that the limit of the detectable concentration banfurther improve as the lowest shift detected
after 30 minutes of exposition to TNT is not nulit kit is 2.3 nm.
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6.3.1ll Second approach: MIP as sensing layer

MIP synthesis

The MIP system has been synthesized by the sotrg¢hod based on the hydrolysis and
condensation reaction of silicon alkoxides.Higure 6. 7 precursors adopted in our work are
reported. The synthesis conditions and the precsitsve been selected in order to obtain different
properties: (1) a cross-linked inorganic Si@twork with pendant amino groups able to interact
with TNT molecules (the sensitive element); (2) pnesence of thiol functionalities to promote the
adhesion of the MIP film to the gold sinusoidaltgra (the plasmonic substrate); (3) the addition
of a TNT templating solution in order to create dihg sites with a specific shape after the
completion of sol-gel reactions and network forimati

CI)CH3 O/\CHg OCHj

: I i—

HsCO-§i-OCH; Hsc/\o—SiW@ T oy

! OCH

OCHjs HaC._O 3
(@) (b) (©

Figure 6. 7. Molecular formulas of the selected sol-gel alkogigeecursors for the synthesis of MIP system:

tetramethoxysilane (TMOS) a), aminopropyltriethoxysilane (APTES)b)( mercaptopropyltrimethoxysilane

(MPTMS) ().

In particular, APTES has been chosen thanks &bity to form Meisenheimer complex between

amino groups and the TNT molecules, through a gtobrarge transfer. This interaction lead to the
appearance of an absorption band in the visibl®megnd to the deep red coloring of the sol just
after the addition of the TNT templating soluticeé the figure 14). Following the absorption band
due to the Meisenheimer complex it is possible tmitor the extraction of the template molecules
from the matrix in the first step and then the prneg of TNT after the exposure to explosive
vapours.
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Figure 6. 8. Meisenheimer complex formation mechanisingnd coloring of the sol after the addition of TRbF
left) and its interation with amino group-(ight).

Sensing layer deposition

The final MIP was deposited onto plasmonic gratiwgh different thicknesses (100 + 50 nm).
The same system was spin coated onto a glasdrstidder to optimize the extraction protocol and
to follow the TNT removing within the matrix throligUV-Visible spectroscopy. The same
procedure was applied to the plasmonic samplestosedeal the presence of TNT in d&igure
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6. 9shows the UV-Vis spectra of MIP after immersiorthie extraction sol increasing incubation
time. An evident reduction of the absorption bané tb Meisenheimer complex, typical of the
interaction between the TNT and amino groups, waseved. In fact, the assembly of TNT
molecules on the pore wall is based on the vemyngtmon-covalent interaction between the
electron-deficient nitroaromatics and the electrich-amino groups of APTES. By this way, it is

possible to detect TNT template molecules ontgtre sites modified with APTES. In particular,

the sol used for the TNT removing was based onl@halic acid solution (Methanol or Ethanol:

Acetic Acid = 9:1).

0,20 after 1min at 80°C
] after 24h at RT
0’18'_ —— after 3h in MeOH
0,16 —— after 2h in MeOH-AcCOOH
—— after 15h in EtOH-ACCOOH|

0,14—-
0,12—-
0,10—-
0,08—-

0,06 4

Absorbance (a.u.)

0,04 1

0,02 1

0,00 — 7T T T T T T T T T T T T
300 350 400 450 500 550 600 650 700

Wavelenght (nm)

Figure 6. 9. UV-Visible spectra of MIP: evolution of the absagut band due to amino groups-TNT intermolecular
interaction for increasing extraction time. Afté&s Aours a good TNT extraction from the MIP matriaswobtained.

TNT detection

The extracted sample was exposed to TNT molecnlsgehdy state conditions for 2 hours. In
Figure 6. 1Q the reflection spectra acquired are reportedhferpristine sample and after the TNT
exposure. There was an evident shift of the restmdeep due to a change of matrix refractive
index, indicating the ability of MIP to detect theesence of TNT molecules in air. The same sample
was also regenerated by immersion, for some hautbe same sol used for the extraction. The
experiment was repeated after some days and tletidnalized substrate showed an even better
response, probably due to a more efficient extvactir desorption of TNT molecules compared
with the first NT extraction.

The resonance angle shifts of 1.4+0.02° and 2.82%#0for the first Figure 6. 10 (a) and for the
secondFigure 6. 10 (b)experiment respectively, highlighting the potéittieof this architecture
to reveal much lower concentrations, considerimgafder of magnitude of the measurement error.
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Figure 6. 10.Resonance angle shift detected after MIP depositido the plasmonic surface and exposure
to TNT vapours in steady-state conditions. Thdiredis referred to the functionalized MIP surfaahijle

the green line is referred to MIP after the TNT @qre. The measurements were performed at firkt wit
the just prepared MIP matria) and after the regeneration of the functionaligaebstrately).

6.6 Conclusions

We were able to detect TNT traces through bothisgnstrategies investigated up to a
concentration of about 45 + 15 ppb. Combining thel4dknown SAM-based method with the
azimuthally-rotated GC-SPR one we were able to tootiie adsorption kinetics of TNT having
an idea of the time required by our system forgesor saturation at room temperature. Starting
from these preliminary results we could furtherioye our TNT sensing platform in future studies.
Also the preliminary application of MIP to TNT sémg could be easily improved as it
demonstrated its feasibility to explosive detectida the whole TNT study was at its early stages,
future studies and experiments are needed to haeeaurate estimation of the sensitivity and to
make our sensing substrates an efficient minisgdrdevice for explosive sensing.
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Chapter 7

/. Sensors for L. pneumophila

Abstract

In this Section the realization of a preliminarynazthally-controlled GC-SPR system for the
detection of_egionella pneumophilé.. pneumophilaFigure 7. 1(a) is described. The aim of the
work was to test the efficiency of our device imteof lowest bacterium detectable concentration
(colony-forming unit — CFU). Furthermore, to verifye system specificity, samples to control the
substrate adsorption and samples contaiBsaherichia col(E. coli, Figure 7. 1(b) cells, used as
unrelated negative control organism for capturéady binding, were run.

3 ¢ o PP Elech A
(a) (b)
Figure 7. 1. (a) Legionella pneumophila TEM image (Centers fae@se Control and Prevention, part of the United
States Department of Health and Human Services{tgrigscherichia coli (Shirley Owens, Center fordiien Optics,
MSU, SEM image). L. pneumophila has a coccobagikduape with variable dimensions from 0.3 to 9 (width)
and 1.5-5um (length). E. coli is significantly smaller: +n (width) and ~2um (length) [210]

7.1  Legionella pneumophila sensing

Legionella pneumophilathe causative agent of Legionnaires’ diseaseRuonttiac fever dn
acute, self-limiting, influenza-like illness without pneumonia [211]), was first recognized in 1977
following an outbreak of acute pneumonia in Philphia. L. pneumophilas responsible for more
than 90% of cases of Legionnaires’ disease [2h2}efore the detection of legionellae by water
sampling is important in epidemiological investigas of Legionnaires’ disease and its prevention.
Actually, “the gold standard” for identificatioof L. pneumophilaemains the culture method, a
method that is known to exhibit a number of proldd&13]. To overcome this issue, new sensing
strategies were recently explored. An optic biosertsased on imaging ellipsometry (IE), has been
developed for the multiple detection of variousheagens such ds. coliO157:H7.S. typhimurium
Y. enterocoliticaandL. pneumophilawith a detection limit of 13-10' CFU/mL. Moreover Oh
[214] demonstrated the use of an optical biosedmmed on SPR for the detection lof
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pneumophilain artificially contaminated waters with a senbipiof 10° cells/mL. Some other
preliminary SPR-based methods recently appearedeirLegionella biosensing scenario, all of
them leading to a minimum concentratior_opneumophilaf 1¢° [213] or 16 CFU [215].

At the present the legal limit @f. pneumophilan a high risk hospital environment in ltaly is
10 CFU/L [216], and methods for the bacterium detectunder this limit are not currently
developed as they are at their preliminary statgetiBg from these considerations we tried to apply
our high sensitive azimuthally-controlled GC-SPRtsyn to the detection &f pneumophildo test
the detection limit of our sensing device in terhdetectable bacterium CFU.

7.2 Materials and methods

7.2.1 Biological elements.
Poly (ethylene oxide)

Carboxyl and thiolated poly (ethylene oxide) (HSGREOOH) Mw 3.4 kDa was used purchased
from Laysan bio (chemical formula irable 4. 3.

Legionella Pneumophila

L. pneumophilestrain was purchased from American Type CultureCoon (ATCC). A rabbit
polyclonal 1gG anti-Legionella antibody, specifiorfantigens of intact microorganism, was
purchased from Virostat.

Escherichia coli

A strain of non-pathogenig. coli DH10-beta was purchased from New England Biolal=R)
to be used as unrelated organism to verify thelagionellaantibody specificity.

7.2.11 Gold surface preparation fbegionelladetection by SPR and fluorescence analyses

Gold-coated substrates were pre-cleaned in a Ipgsimxide solution (5:1:1 double distilled
water (ddHO), 30% HO, and 25% NHOH) for 10 minutes, rinsed in dd-8 and dried under N
flux just prior to use. PEO-COOH depositions weagied leaving the plasmonic surfaces in a 3.4
kDa thiolated PEO-COOHT@ble 4. 3 1mM aqueous (MilliQ water) solution in a wet cHaan
(75%) at 35°C for 24 hours. In the case of samfule$SPR analyses. The polymer solution was
poured onto the plasmonic surface in a limited arfetne available surfacé-igure 7. 2. After
PEO deposition, surfaces were activated by immersiem in an EDC/sulfo-NHS 5 mM solution
in 2-(N-morpholino)ethanesulfonic acid (MES) 1X for 10 oti@s. Surfaces were then immersed
in antiLegionellapolyclonal antibody (Virostat) 1mg/mL in printinffer (NaPQ, 0.1 M, NaCl
0.3 M, Triton X-100 0,01%, pH 7.2) solution for tREO-COOH/antibody binding overnight in
the wet chamber at room temperature. After antibdelyosition surfaces were incubated with a
blocking solution (2% BSA in N®€Q: 50mM a pH 7.2) for one hour at room temperatugktthen
the functionalized part was fixed with absoluteagidi at -20°C for 10 minutes.

The same functionalization protocol was adoptedsdrstrates used for the fluorescence analyses
but the functionalized areas were selected usiRgo®late multi-well mask in order to have the
possibility of making multiple experiments simuléanusly.
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Figure 7.2. PEO and bacteria deposition in the case of Lediafeumophila was performed onto a well defined
area, related to the beam incident area derived fhe detection chamber adopted ((a) and (b) fiiid]) for safety
reasons. The functionalization area was definedrawing an ellipse-like shape with an alcohol tesismarker (c),
considering the exact area available from the detecell features and the incident light spot fosi

7.2.111 Gold surface preparation for E. Coli detection

ForE. Colidetection the same sensing surface preparatidaqmipas folegionella
detection, was followed.

7.2.1IV Bacteria capture

Legionella pneumophila

Bacterium concentrations of 40, 1, 10* CFU of unlabelled or Alexa Fluor-647 labeled
cells were the samples tested for SPR and fluoneésogalyses run in parallel, respectively. A
negative control sample was set usind OFU of L. pneumophilaincubated on substrates
functionalized with non-specific capture antibodyter cleaning and resuspension in PBS/BSA
(1%) the cells were deposited on functionalizedoasmonic surface (7.2.11). After incubation, the
substrates were cleaned with a washing buffer (80Tms , 250 mM NacCl , 0,05% Tween 20, pH
7.0) once and in 1X PBS pH 7.0 twice, rinsed inliQilwater and incubated for 10 minutes in
absolute ethanol (-20 ° C). The slides were théaddand analyzed by SPR measurements or
fluorescence analysis following the characterizatieported in Section 2.2.

E. coli

Bacterium concentration of 4G€CFU was tested through SPR analysis as controlsrft-
Legionellaantibody capturing specificity. After cleaning ardsuspension in PBS/BSA (1%) the
cells were deposited on the plasmonic surfacell) After incubation, the substrates were cleaned
with a washing buffer (50 mM Tris, 250 mM NaCl 08% Tween 20, pH 7.0) once and in 1X PBS
pH 7.0 twice, rinsed in MilliQ water and incubatied 10 minutes in absolute ethanol (-20 ° C).
The slides were then dried analyzed by SPR measmtsm
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7.3 Results

In Figure 7. 3 Figure 7. 4andTable 7. 1SPR and fluorescence detection results are raeporte
Through azimuthally-controlled GC-SPR we were dbldetect a Legionella concentration of 10
CFU, a value under the legal limit of21GFU, while in the case of fluorescence analysisilh
signal was detectable already for’ ITLFU. The shift corresponding to 1GFU (i.e. 2.46+0.04)
gives the possibility to further improve the SPReddon sensitivity.

SPR measurements
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Figure 7. 3.SPR measurements were performed with wavelengthidgition for concentrations of (@), 1¢ (b),

1 (c) and 16 (d) CFU. In the presence bf pneumophilaa wavelength shift was detected for each samptede
from 46.30+0.12 to 2.46+0.04 nm.
10°CFU 10°CFU 10*CFU 10°CFU

Figure 7. 4.Fluorescence images are reported for allLtheneumophilaested samples, from the blank sample to
the lowest detectable concentration used @@BU). Each measurements was repeated five timesheredone
concentration set is reported as example. Fordkmmnce analyses the!XOFU concentration was not tested as a
null signal was already detected foP TTFU.

Fluorescence array
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Table 7. 1. SPRL. pneumophila and E. coli detection results.

For SPR measurements concentration 6f 1¢#, 1% and 16 CFU were tested in the caselofoneumophilaResults
were compared with the negative control.

. Resonance wavelength shift ~ Resonance wavelength
Bacterium

Target Probe concentration [CFU] o aﬁer PEO, antibod.y. and shift afte.r.bacterium
ocking agent deposition [nm] deposition [nm]
L. pneumophila Ab antiLegionella 16 9.68+0.04 46.30+0.12
L. pneumophila Ab antiLegionella 10 6.15+0.12 12.64+0.11
L. pneumophila Ab antiLegionella 17 7.04+0.05 13.6040.05*
L. pneumophila Ab antiLegionella 10 6.65+0.05 2.46+0.04
L. pneumophila no Ab** 10* 4.67+0.16 0.06+0.16
E. coli Ab antiLegionella** 104 6.76+0.04 0.07+0.03

*contrary to what we expected, the shift obtain@d1f® CFU is higher than the one obtained fof OFU and this could be considered an
experimental error that we could be analyzed béittre future after confirming these preliminaegults and improving our sensing device for
L. pneumophila
**negative control sample: surface adsorption colntr
***sensing platform specificity control.

7.4 Conclusions

Although SPR detection experiments will need comditions as they were preliminary tests and
they were performed only once due to the safetgitions needed in the experimental part, we can
conclude that at first that the lowéstpneumophilaoncentration detected was' TTFU is a really
a good result. In fact to our knowledge there ae fvorks in which thel. pneumophila
concentration detected is under the legal limit5[2-and the SPR detection of Legionella is
generally performed with methods different from thes leading to output signals significantly
lower than the ones obtained by us (~ 0.2° in [RIMpreover the lowest shift detected using our
method (i.e. 2.46+0.04 nm) is not comparable vhtherror order of magnitude (about 0.01-0.04),
giving the possibility of further increase the syatsensitivity in term of lowering the bacterium
detectable concentration before reaching a quasigft value as happened with the negative
control (0.06+0.16 nm). Finally the detectable @ntcation ofL. pneumophilashowed by our SPR
system is lower than the concentration detectedutiir the standard fluorescence microarray
method, allowing the overcoming of experimentaiténderiving from standard detection methods.

To the goodness of the preliminary results obtaimitkd SPR detection df. pneumophilawe
also add the experiments conducted in parallel t&E. coli that allowed us to also check the
specificity of our detection method. Following it@tion with bacteria not belonging to the
Legionellagroup, the shift is recorded is of the same oofemagnitude of measurement error
instrumental (0.07 + 0.03), and then close to #1e of the detection system.
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Chapter 8

8. Conclusions

Sinusoidal plasmonic gratings were fabricated caoinigilaser interference lithography and soft
lithography techniques. Thanks to the reproducibdf the fabrication procedure and thanks to the
large areas available, it was possible to applytasmonic surface to different application fields:
the detection oM. tuberculosisDNA using PNA probes; the detection of cystic disis DNA
through DNA probes; the detection of TNT molecwaed ofL. pneumophildacteria. The sensing
surfaces were characterized under azimuthal comtfahe grating orientation (azimuthally-
controlled grating-coupling surface plasmon reseaa®C-SPR) in order to increase the system
sensitivity.

As a general conclusion, plasmonic gratings charaetd under azimuthal control have
demonstrated a high sensitivity and resolutiorhi; detection of different species showing their
applicability to a wide range of sensing field &swn inTable 8. 1 A complete study from the
biological element choice to the sening surfacémipation and then to the real sensing application
was performed foi. tuberculosisand cystic fibrosis DNA sensors, while for theesthensor types

a preliminary working principle demonstration wasfprmed.

The first application (Chapter 4) tested was thiea®sn ofM. tuberculosisDNA using PNA
probes. The objectives of the work were findingrategy to correlate the sensing response with
the amount of molecules adsorbed onto the surdxtajning a complete surface protection from
non-specific adsorptions (antifouling) and obtagnam efficient functionalization strategy in order
to maximize the DNA/PNA interaction. After the sewg surface calibration, the antifouling
behaviour was optimized testing three poly (ethgleride) (PEO) derivatives of different chain
lengths: PEO 0.3, 2 and 5 kDa. The results showadftll surface protection in multiple buffer
conditions could be achieved only by using high MOs deposited at high surface density - as
the 2 and 5 kDa here used. 2 kDa PEO providedekedompromise between fouling protection
and signal detection, in fact it was chosen astftidouling layer for real sensing applications.

Starting from the optimized sensing surface weiagpt to real DNA/PNA sensing. At first we
studied the adsorption kinetics of all the moleswkinterest: PEO-PNA (the probe), HS-PNA (the
probe for comparison) and PEO 2 kDa (the backjiller order to optimized the PNA probe
detection efficiency we realized a co-immobilizatimodel that allowed us to control the surface
composition on term of probe/backifiller ratios. Mparing surfaces covered by different PEO-
PNA:PEO or HS-PNA:PEO, we deduced that the besacsicomposition for DNA sensing was
made by a 10% of PEO-PNA and a 90% of PEO. Usiagehesults we analyzed both oligo and
genomic or PCR-amplified DNA, comparing SPR andffiscence measurements. The optimized
set-up was able to detect a purified, complemerabgpnucleotide DNA at concentrations down
to 3.2 pM by SPR measurements and down to 16 nfMubyescence analyses with a sensitivity of
212 °/RIU (Table 8. 1), and we could expect a reliable detection cajtgbidven at lower
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concentrations with our SPR detection method. Brparts performed using samples containing
fragmented human genomic DNA as a model of a weamplified clinic sample, showed high
levels of interferences, with lowered shifts anttigh nonspecific adsorption value, indicating the
capability of the developed system to efficientlgrivonly in the presence of PCR amplified and
purified samples.

Sensing detection of cystic fibrosis DNA (Chaptgrsbowed the possibility of employing
azimuthally-controlled GC-SPR for the genotypizatiof cystic fibrosis mutations, even if the
discrimination between homozygous and heterozygtaie could be further improved for some of
the tested mutations. A discrimination ratio (DR}-off for wild type (wt) sample genotypization
was set allowing to univocally discriminating beement and mutant samples. These results clearly
showed the possibility of employing azimuthally-trmtied GC-SPR for the genotypization of CF
mutations, even if the discrimination between hoygons and heterozygous state could be
improved by finely controlling and changing the kiog temperature.

It is interesting to note that, as reportedrable 8. 1 the sensitivity obtained with the DNA
sensor is higher than which obtained with the PHAssr. In fact, even if PNA is considered more
efficient in the bio-recognition events (Chaptermpre accurate tests would be needed in order to
perfectly know PNA behaviour and to be able to wamiler the same stringent conditions of DNA-
based sensor working (see PNA advantages and dis@dyes imable 4. J).

TNT sensing (Chapter 6) was developed testing tifferdnt types of sensing surfaces: a
carboxyl-ending self-assembled monolayer (SAM) aneholecularly imprinted polymer (MIP)
matrix. Using both the sensing layers we were &bldetect TNT traces at a concentration of 45
ppb and this result could be considered the prelinyi stage for the realization of a complete
explosive sensor. Combining the well-known SAM-luhseethod with the azimuthally-rotated GC-
SPR one we were able to monitor the adsorptiortikinef TNT having an idea of the time required
by our system for the sensor saturation at roonpéeature. Starting from these preliminary results
we could further improve our TNT sensing platform future studies. Also the preliminary
application of MIP to TNT sensing could be easityproved as it demonstrated its feasibility to
explosive detection. As the whole TNT study waissatarly stages, future studies and experiments
are needed to have an accurate estimation of tisitisgy and to make our sensing substrates an
efficient miniaturized device for explosive sensing

The application of azimuthally-controlled GC SPR_t@neumophildbacteria detection gave a
good starting point for the realization of a minid@ed and engineered biosensor (Chapter 7). In
fact a bacteria concentration of'XOFU, lower than the law limit of #@CFU, was detected, with
a sensitivity of 875 nm/RIU. Moreover the concettradetected using the azimuthally-controlled
GC-SPR system was lower than the concentrationcidetehrough the standard fluorescence
microarray method, allowing the overcoming of expental limits deriving from standard
detection methods. To the goodness of the prelipiresults obtained with SPR detectionLof
pneumophilawe also add the experiments conducted in paraiteltheE. colithat allowed us to
also check the specificity of our detection method.

Starting from previous considerations and resu#ationed, the sinusoidal gratings realized in this
work showed high versatility as they demonstrates gossibility of being applied to different
detection fields only changing the sensing layet e detection conditions with high sensitivity.
Thus the basic studies performed in this work cancbnsidered as the starting point for the
realization of a compact and miniaturized SPR sefosanultiple-applications.
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Table 8. 1. Performances of sensors realized in thivork

Spacer
layer Type of Analyte I .
Type of sensor o Probe Analyte . . ) Sensitivity Resolution Chapter
(antifouling interrogation environment
)
Protein HS-PEG biotin avidin angular liquid 200.65°/RIU 4xtRIU 4
M. tuberculosis  HS-PEO PNA DNA3 angular liquid 212.57°/RIU 9.4xFRIU 4
Cystic Fibrosis HS-PEO DNA DNA angular liquid 604.60°/RIU 9.9xiRIU 5
Explosives - 6-MNA* TNT® Angular gas & S 6
/wavelength
Bacteria HS-PEO antibody L. pneumophila wavelength liquid 874.68 nm/RIU  1.4xiRIU 7

Ipoly (ethylene oxidefpeptide nucleic aciddesoxyribonucleic acid;6-Mercaptonicotinic acictrinitrotoluene;® more experiments would be needed in order to hav@ccurate
estimation of sensitivity and resolution.
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Abbreviations

4-MBA
6-MNA
Ab

AFM
APTES
BSA

CF
CFTR
CFU
Cys
dCTP
DNA
dNTP
DR

EDC
GC %
GC-SPR
GS

LIL

m- or b-PEO/PEG
MES
MIP
MPTMS
mut
(S-)NHS
NOA
PBS-B/GS
PCR
PC-SPR
PDMS
PNA
SAM
SEM

SP

SPP
SPR
SPW
SSC
TBO

Tm
TMOS

4-mercaptobenzoic acid
6-Mercaptonicotinic acid
antibody
atomic force microscopy
Aminopropyltriethoxysilane
bovine serum albumin
cystic fibrosis
cystic fibrosis transmembrane conductance regulator
colony forming unit
cysteine
deoxy-cytosine-tri-phosphate
desoxyribonucleic acid
deoxy-nucleotide-tri-phosphate
discrimination ratio
ethylene dichloride
guanine-citosine content
grating coupling SPR
goat serum
laser interference lithography
methoxy- or biotin- poly (ethylenéde)/poly (ethylene glycol)
2-(N-morpholino)ethanesulfonic acid
molecular imprinted polymer
Mercaptopropyltrimethoxysilane
mutant
(sulfo-)N-hydroxysulfosuccinimide
norland optical adhesive
phosphate sodium chloride (PBS) contaiBifg/GS
polymerase chain reaction
prism coupling SPR
polydimethyl siloxane
peptide nucleic acid
self-assembled monolayer
scanning electron microscopy
surface plasmon
surface plasmon polariton
surface plasmon resonance
surface plasma wave
saline sodium citrate
toluidine blue O
melting temperature
Tetramethoxysilane
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A.1  Spectroscopic ellipsometry

Ellipsometry is a useful technique for the studyopfical and geometrical properties of thin
films [218]. It is based on the analysis of thegpiaation state of light reflected by sample swfac
to obtain information about thickness and refractivdex of thin films.

Ellipsometry measures the two valuggndA. These represent the amplitude ratiand phase
differenceA between light waves known as p- and s-polarizgitt lvaves. The application area of
spectroscopic ellipsometry is quite wide and inekidex situ measurements and real-time
monitoring (or in-situ measurements): substrateis tilms, gate dielectrics, lithography films
(semiconductor field), polymer films, self-assenabheonolayers, proteins, DNA (chemical field),
TFT films, transparent conductive oxides, organkEDL (display application), high and low
dielectrics for anti-reflection coating (opticalating area), phase change media for CD and DVD,
magneto-optic layers (data storage field, chemuzgdour deposition (CVD), molecular beam
epitaxy (MBE),etching, oxidation, thermal annealidigluid phase processing etc. (real time
monitoring).

The advantages of this characterization technique #he high precision (thickness
sensitivity~0.1A), the nondestructive measurements, fast meamnt, wide application area,
various characterizations including optical conttaand film thicknesses are possible, real-time
monitoring (feedback control) is possible. On thiheo end, some disadvantages can be
summarized: necessity of an optical model in datdyais (indirect characterization), data analysis
tends to be complicated, low spatial resolutiono(spize: several mm), difficulty in the
characterization of low absorption coefficienis100cn?).

Spectroscopic ellipsometry has been applied tauat@loptical constants,(k or «) and thin-film
thicknesses of samples. However, the applicatiea a&f spectroscopic ellipsometry has been
expanded recently, as it allows process diagnasth@atomic scale from real-time observation.

In Figure A.1. 1the scheme of the measurement principle of spsaxipic ellipsometry is reported.

In ellipsometry, p- and s-polarized light waves iaradiated onto a sample at the Brewster angle,
and the optical constants and film thickness of gample is measured from the change in the
polarization state by light reflection or transnoss
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Sample

(nk)
/eﬂ\ Lo

E o

Figure A.1. 1. Measurement principle of spectroscopic ellipsoyetr

The typical result of an ellipsometric analysiexpressed in term of the ellipsometric anglesd
A which are defined from the ratio of the amplituddlection coefficients [219] (Fresnel's
coefficients) for p- and s-polarization:

=" tang (A.1.1)

S

wherer, andrs are the reflection coefficients with p- and s-goations.

Thereforel represents the angle between reflected p- andasipations, whileA expresses the
phase difference:

Al 2
tany = rr—p ( )
AN=6, -6, (A.1.3)

Thus common ranges for ellipsometric angles are @< 90° and 0%X A < 360° .

Ellipsometry allows to know the complex refractimelex n = n+ik , or the complex dielectric
permittivity £ = £, +ig, equivalently, starting from a knowitnfi thickness, owriceversa

In this work we used the spectroscopic ellipsomstemed in the following figure.

-

Figure A.1. 2. Picture of the spectroscopic ellipsometer used ig #ork. (1) Optical
bench for focusing and polarization control of theput light (monochromatized by a
gating monochromator, located in sequence to a e-’6 W lamp), (2) sample holder,
(3) rotating goniometer for incidence angle scdhDetector.
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A.2  Scanning Electron Microscopy (SEM)

Scanning electron microscope images the samplacuidy scanning it with a high energy
electron beam [220]. Electrons interact with tread that compose the sample and produce signals
that yield information about target surface toppdsa composition and physical properties such
as electrical conductivity. Primary electrons angiteed by thermionic emission from a metallic
filament cathode (usually tungsten or lanthanumabexide) or by a thermal field emission tip
(Schottky emitter) and are accelerated towardshadexr The electron beam, with energy typically
from a few hundred eV up to 30 keV, is focused Isystem of condenser lenses into a beam with
a very fine local spot sized 0.4 nm to 5 mm. Theted® beam passes through pairs of scanning
coils or pairs of deflector plates in the electcmiumn which deflect the beam horizontally and
vertically so that it scans in a raster fashionr@/eectangular area of the sample surface. Bath th
column and the target chamber are under high va€aarh-10" mbar) in order to avoid electron
scattering by air molecules. When primary electriobsracts with the target, they loss energy by
repeated scattering and adsorption within a teprdh@pe volume (interaction volume) which
extends from less than 100 nm to arownd into the surface. The size of the interaction rau
depends on the electron energy and atomic numierdensity of the target. The interaction
between primary electrons and sample results irb#tek-reflection of high-energy electrons by
elastic scattering, production of secondary eledtrby inelastic scattering and emission of
electromagnetic radiation. The most common imageauipnique consists in collecting the low-
energy secondary electroris € 50 eV). These electrons originate within a fewametres from
the surface and are usually detected by an Evefinanaley detector which is a type of scintillator-
photomultiplier device. The resulting signal isgd#s/ed as a two-dimensional intensity distribution.
The brightness of the signal depends on the nupftmrcondary electrons reaching the detector: if
the beam enters the sample perpendicularly toutface, the activated region is uniform around
the axis of the beam and a certain number of elestare emitted. As incidence angle increases,
the escape distance of one side of the beam willedse and more secondary electrons will be
emitted. In this way steep surfaces and edgesttebd brighter than flat zones, which results in
images with a well-defined, three-dimensional apgpeee. The spatial resolution depends on the
size of the electron spot, which is related todleetron energy and the focusing system and it can
be also limited by the size of the interaction wodu In our case, resolutions down to few
nanometres can be achieved.
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A.3  Atomic Force Microscopy (AFM)

Atomic Force Microscopy (AFM) consists in a scamntechnique that produces very high
resolution 3D images of sample surfaces [220,ZP1is technique can be used either in a static or
dynamic mode. In the static mode, the sharp tthexend of a cantilever is bought in contact with
the sample surface. During initial contact, atornsha end of the tip experience a very weak
repulsive force due to orbital overlap with atonrs the sample surface. This force causes a
cantilever deflection which is measured by optaetiectors. Deflection can be measured to within
0.02 nm, so for typical cantilever spring constzritON/m, a force as low as 0.2 nN can be detected.
In the dynamic operation mode instead, the tipoisght in close proximity (within a few nms) to
and not in contact with the sample. The cantilegedéliberately vibrated either in amplitude
modulation (AM) or in frequency modulation (FM) meadvery weak Van Der Waals attractive
forces are present at the tip-sample interfacthdriwo modes, surface topography is measured by
laterally scanning the sample under the tip whiteitaneously measuring the cantilever deflection
or the shift in resonant frequency/amplitude of¢hatilever. Piezo-translators are used to scan the
sample or alternatively to scan the tip. A canglewith extremely slow spring constant is required
for high vertical and lateral resolutions at snfalices, but at the same time a high resonance
frequency is desirable (from 10 to 100 kHz) in orbeminimize the ratio to vibration noise. This
requires a tip with extremely low vertical springnstant (typically from 0.05 to 1 N/m) as well as
a low mass (in the order of 1 ng). Common cantilg\se fabricated in silicon, silicon oxide or
silicon nitride and lateral dimensions are in theep of 100um with thickness of aboutdm. Tip
is required to be robust and have a small curvatdieis ¢ 10 nm). The cantilever deflection is
measured by means of an optical laser system. Tdra [sedirected onto the back of the cantilever
very close to its free end, while the reflectedrbéa directed onto a quad-photodetector, i.e. two
pairs of photodiodes. The differential signal frtime different photodiodes provides information
on the cantilever deflection. In the dynamic matie, cantilever is driven into oscillations near its
resonance frequency. When the tip approaches thiglsathe oscillation is damped, frequency and
phase change. The variation is the feedback sagrthlopography is given by varying the z-position
of the sample in order to keep amplitude osciltadioonstant or the resonance frequency fixed.
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A.4  Optimization of functionalization and sensing protaols for CF sensors.

Table A.4. 1. Selected primers characteristics

) o Tm Self dimer AG Heterodimer AG Aplicon length

Name Sequence 5'-3 Nt GC% oy max[kcal/mol]  max [keal/mol] p(Wt/mut)g
1ExIOF  ATGATGGGTTTTATTTCCAGAC 22 36.4 50.9 5.02 50 971/268
2ExIOR  ATTGGGTAGTGTGAAGGGTTC 21 476 54.6 -3.52 :
3ExI3F AGCTGTGTCTGTAAACTGATGG 22 455 54.8 -6.34 513 465/464
4Ex13R CTCAGAATCTGGTACTAAGGACA 23 435 53.3 -5.13 :
5Ex1I9F GCCCGACAAATAACCAAGTGA 21 47.6 55.5 -3.61 621 A54/454
6ExI9R  GCTAACACATTGCTTCAGGCT 21 476 55.8 -3.14 :
7Ex21F AATGTTCACAAGGGACTCCA 20 450 53.9 -4.64 67 473/473
8 Ex21 R CAAAAGTACCTGTTGCTCCA 20 45.0 52.9 -3.9 ’

Table A.4. 2. CFTR wilde type and mutant probes chareteristics

Length ™m Hairpin AG  Hairpin Bond  Self Dimer AG Seg Dlgqer
Sequence Quality Rating Probe Sequence GC% on
[nt] [°C] (Internal) (Internal) (Internal) (Internal)
AATATCATCTTT
10 Good 74,2 GGTGTTTCCT 22 49,5 31,8 0 0 -0,4 4
ATATCATTGGT
10 mut Good 71,5 GTTTCCTATGT 22 49 31,8 -0,5 3 -0,5 3
CAGAAACAAAA
* - -
13 Poor 45,5 AAACAATCTTT 22 46,8 22,7 0,6 3 0,6 3
ACAGAAACAAA
* - -
13 mut Poor 41,1 AGACAATCTTT 22 48,8 27,3 2,8 5 2,8 5
TCTGTGAGCCG
Best 77,2 AGTCTTT 18 50,5 50 0 0 0 0
ATCTGTGAGCT
Good 67,6 GAGTCTTTA 20 49 40 0 0 -2,9 4
TTTAGAAAAAA
* - -
21 Poor 43,5 CTTGGATCCCT 22 49,6 31,8 0,1 3 5,7 6
TTTAGAAAAAA
* - -
21 mut Poor 43,5 GTTGGATCCCT 22 49,6 31,8 0,1 3 57 6
MEAN 21,25 49,1 33,4 -0,51 2,12 -2,32 3,87
SD 1,48 1,07 8,29 0,95 1,88 2,35 1,96

*poor because of the RUN and dimers, due to seguenmposition.
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Table A.4. 3. CFTR wilde type and mutant hairpin probes — stem and loop - characteristics

. AG h"’?”p‘“ ha;li-rrSin AH hairpin portion AS he}irpin
Name Sequence 5'-3’ Chemical structure nt GC% Tmf] portion : portion
portion [kecal/mol]
[kecal/mol] °Cl [kcal/mol]
TTTg A
n{r
¢ I
-l‘
CL% CAATCGAATATCATCTTTGGTGTTTCCTCGATTG ”itn%n_ e 34 382 592 3,2 44,7 515 162,02
s —30
5* :3'4’
E;JJU
1
:EZOF;EI CAATCGATATCATTGGTGTTTCCTATGICGATTG g 34 38,2 59,0 -4.87 436 83 -262,07
]
57 F !
nﬁﬂﬂ";};u
C'::L-I.’;R CACTCG CAGAAACAAAAAAACAATCTTT CGAGTG ﬂr}. 34 38,2 60,2 3,69 41,9 68,7 218,04
]
sl o
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CFTR
13 mut

CFTR
21

CATCGACAGAAACAAAAGACAATCTTT CGATG

32

37,5

58,3

-3,69

44,5

-60,2

-189,53

CCATCATCTGTGAGCCGAGTCTTTGATGG

30

50,0

62,1

-2,24

41,5

-42,8

-136,02

CCATCAATCTGTGAGCTGAGTCTTTAIGATGG

32

43,8

60,1

-2,47

42,9

-43,6

-137,96

CAAGCATTTAGAAAAAACTTGGATCCCTIGCTTG

34

38,2

60,2

-2,52

42,7

-44,9

-142,15
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RfH'G-quzﬂ

CRIRES CAAGCATTTAGAAMAAAGTTGGATCCCTIGCTIG. 15}‘7 o 34 382 602 2,52 42,7 -44.9 -142,15
21 mut .
d-é—su
¥
%
T
57 3

MEAN 334029 59,1 3,15 43,06 54,95 173,74

SD 151 441 113 0,90 1,14 14,61 46,06
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Table A.4. 4. Primers characteristics for exon 10,3, 19 and 21 products.

T Self dimer Heterodimer A
Name Sequence 5’-3' nt GC% AGmax AGmax
[°C]
[kcal/mol] [kcal/mol] (

1EX1I0F ATGATGGGTTTTATTTCCAGAC 22 36.4 50.9 -5.02 5.02 ,
2 ExX10R ATTGGGTAGTGTGAAGGGTTC 21 47.6 54.6 -3.52 ' ‘
3 Ex13F AGCTGTGTCTGTAAACTGATGG 22 455 54.8 -6.34 513 )
4Ex13R CTCAGAATCTGGTACTAAGGACA 23 43.5 53.3 -5.13 '
5ExX19F GCCCGACAAATAACCAAGTGA 21 47.6 555 -3.61 6.21 ,
6 Ex19R GCTAACACATTGCTTCAGGCT 21 47.6 55.8 -3.14
7Ex21F AATGTTCACAAGGGACTCCA 20 45.0 53.9 -4.64 467 )
8 Ex21 R CAAAAGTACCTGTTGCTCCA 20 450 529 -3.9
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