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Abstract

Medical diagnostics is in constant search of new tools and devices able to provide in short
time, accurate and versatile tests performed on patients. Nanotechnology has contributed
largely in developing biosensors of smaller size at a lower cost by using a minimal amount of
sample. Biosensors aim to monitor and diagnosticate “in situ” the patient status and the
diseases caused by alteration of the body metabolism by, for example, the detection of gene

mutations, alteration of gene expression or alteration of proteins.

The aim of this work is the development of biosensors that satisfy the requirements which are
critical for applications. A biosensor must be 1) easy to use, ii) economically convenient, and
therefore preferentially label free, iii) highly sensitive, iv) reversible, v) and suitable for Point

of Care Testing, that is to be used ”in situ” on the patient.

We have focused on biosensors based on the optical properties of nanostructured metals as Au

or Ag, in particular by using on Localized Surface Plasmon Resonance (LSPR) spectroscopy.

Nanostructured metals under irradiation of electromagnetic wave (as light) exhibit intense
absorption bands as results of the localized electronic charges of the metal surface coming
into resonance with the incident energy. According to the Mie’s theory, the LSPR absorption
band feature changes when the refractive index of the media surrounding the metal

nanostructures is varied.

Of particular interest for our purpose are the possible changes of the LSPR band features
taking place under molecular interactions occurring at the nanostructures surfaces: the shift of
LSPR bands is the “transducer” of molecular interactions. These changes can be easily

detected by conventional UV-Vis spectroscopy, in transmittance mode.

While a large number of studies have been carried out on monodisperse nanoparticles
suspended in solution, gold nanoparticles (NPs) deposited on a transparent surface open the
possibility to fabricate biosensor based on multiplex array platforms. Nonetheless, one of the
major problems in using these plasmonic materials for biosensing purpose is related to the

stability of the metal NPs in different solvents and in particular in aqueous solutions.

In this study we demonstrate 1) the possibility to achieve highly stable NPs by simple thermal

evaporation of Au on a substrate commercially available, the Fluorine Tin Oxide (FTO)



(Chapter 2); ii) a reproducible variation of the LSPR bands under formation of organic self-
assembled monolayers (SAMs), iii) reversible changes in the features of the LSPR bands,
(Chapter 3), iv) a specific and reproducible LSPR band changes under molecular interactions
occurring at NPs surfaces, as DNA hybridization (Chapter 4).

This work demonstrates that the plasmonic material based on Au NPs deposited on FTO
surfaces represents a convenient platform for biosensors because of 1) inexpensive fabrication,
i1) stability of this material in various solvent, including water, of, iii) the easy way to detect

the molecular interaction, and iv) the good sensitivity to molecular interactions.



Chapter 1

1.1 Biosensors

A biosensor is an analytical device that uses a biodetector (enzymes, antibodies, nucleic acids,
microorganisms, or tissues) to perceive a target analyte directly without the need for complex
specimen processing. It is assembled by attaching the biodetector to a suitable transducer
(solid-state integrated circuit, metal electrode, or optical fiber) that converts the biochemical
reaction occurring between the biodetector and target analyte into a quantifiable and
processible electrical signal proportional to the concentration of the analyte. The signal is then

displayed in a conventional format (Figure 1).
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Figure 1. Illustrative scheme of different kind of biosensors.

Biosensor nomenclature is based on the type of transduction used. Systems that use metal
electrodes, solid-state integrated circuits, or ion-selective electrodes with or without a
biodetector (usually an enzyme) are called electrochemical biosensors. Those that use optical
fibers or waveguide devices are called optical biosensors. Units that employ thermistors or

diodes are called calorimetric or thermal biosensors.



The first biosensor device was developed by Leland C. Clark in 1962 (1). This glucose
biosensor relied on a thin layer of Glucose Oxidase (GOx) entrapped over an oxygen
electrode (via a semi permeable dialysis membrane), and was monitoring the oxygen
consumed by the enzyme-catalyzed reaction. A decrease in the measured oxygen
concentration was proportional to the glucose concentration (Figure 1). Updike and Hicks
significantly simplified the electrochemical glucose assay by immobilizing and thereby
stabilizing GOx in 1967 (2). They immobilized GOx in a polyacrylamide gel on an oxygen
electrode for the first time and measured glucose concentration in biological fluids. The first
commercially glucose biosensor (1975) using Clark’s technology was the Yellow Springs
Instrument Company analyzer was based on the amperometric detection of hydrogen peroxide

(3-4).
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Figure 1. Schematic illustration of Clark’s glucose sensor working and Leland C. Clark

photo.

Later on, was necessary to develop new tools, such as devices and assays, enabling to give a
rapid response, highly sensitive and specific. The most known and efficient techniques are the

Enzyme-Linked ImmunoSorbent Assay (ELISA) and the Microarray of DNA.

The Enzyme-Linked ImmunoSorbent Assay (ELISA) has been developed at the same time
and in independently way by Engvall and Perlmann (5) at Stockholm University in Sweden,
and van Weemen and Schuurs (6) in the Netherlands in 1971. The ELISA is a biochemical

technique used mainly in immunology (but also as a diagnostic tool in medicine and plant
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pathology) to detect the presence of an antibody or an antigen in the sample to analyze.

ELISA is typically performed in 96-well polystyrene plates, where an unknown amount of

antigen is affixed to a surface, and then a specific antibody is applied over the surface so that

it can bind to the antigen. The antibody is linked to an enzyme, which converts the added

substance in some detectable signal, most commonly a color change of the chemical substrate

(Figure 2).
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Figure 2. Illustration of the different steps in the ELISA assay.



Sixteen years ago it has been invented the first DNA sensor, as a tool for the rapid sequencing
of DNA (7). The DNA microarray consists of an arrayed series of thousands of microscopic
spots of DNA oligonucleotides, each containing picomoles (10 "2 moles) of a specific DNA
sequence, the probes. The probes can be a short section of a gene or other DNA element that
are used to hybridize a cDNA (complementary DNA), the farget. The target is fluorescently
labeled so that a successful hybridization event with the probe results in an increase of
fluorescence intensity over a background level. The fluorescent intensity is measured using a

fluorescent scanner (13,16). A detailed example is given in Figure 3.

This DNA microarray device has been exploited since the beginning as high capacity
technology for analyzing viral or cellular functions, ranging from analysis gene expression to
analysis of the contents and composition of proteins, carbohydrates, lipids and pro-metabolic
products (8-15). Microarray technology is a very powerful tool: it allows the simultaneous

examination of tens of thousands of genes through the use of slides or chips.

The advancement in micro-fabrications, robotics, and bioinformatics, has continued to
improve efficiency, discriminatory power, reproducibility, sensitivity, and specificity the
microarray technology. These improvements have allowed the transition of microarrays from

strictly research settings to clinical diagnostic applications (17-18).
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Figure 3. Schematic illustration of the relative gene expression measured with a DNA
Microarray. RNA 1is prepared from the two samples to be compared, and labeled cDNA is
prepared by reverse transcription, incorporating either Cy3 (green) or Cy5 (red). The two
labeled cDNA mixtures are mixed and hybridized to the microarray, and the slide is scanned.
In the resulting pseudo-color image, the green Cy3 and red Cy5 signals are overlaid (yellow
spots indicate equal intensity for the dyes). With the use of image analysis software, signal

intensities are determined for each dye at each element of the array, and the logarithm of the
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ratio of Cy5 intensity to Cy3 intensity is calculated (center). Positive log(Cy5/Cy3) ratios
indicate relative excess of the transcript in the CyS5-labeled sample, and negative
log(Cy5/Cy3) ratios indicate relative excess of the transcript in the Cy3-labeled sample.
Values near zero indicate equal abundance in the two samples. In this display, red boxes
indicate positive log(Cy5/Cy3) values, and green boxes indicate negative log(Cy5/Cy3)
values, with intensity representing magnitude of the value. Black boxes indicate
log(Cy5/Cy3) values near zero. Hierarchical clustering of genes (vertical axis) and
experiments (horizontal axis) has identified a group of co regulated genes and has divided the
experiments into distinct classes. (Illustration by J. Boldrick, Stanford University). Copyright
2000 by Genomics.

The progress of the nanotechnology opened the door to the development of new and different
kind of biosensors. Thanks to the miniaturization processes, the sensors are characterized by
nanometer length scale. The size of a nanomaterial can be an advantage over a bulk structure,
because a target binding event involving the nanomaterial can have a significant effect on its
physical and chemical properties, thereby providing a new mode of signal transduction not

necessarily available with a bulk structure made of the same material.

Today several techniques permit to generate the nanobioarray made from biomaterials as:Dip-
Pen Nanolithography (DPN) (19), Electron-Beam Lithography (EBL) (20), Nanolmprinting
Lithography (NIL) (21), nano-ContactPrinting (nCP) (22), Supramolecular Nano-Stamping
(SuNS) (23-24).

The optical nanobiosensors are sensors that can be devised using nanostructured metals,
which are expected to cover unmet needs for label-free and high-throughput analysis in
diagnostics. The home pregnancy test is an excellent example of how nano-properties of
metal nanostructures can be used to provide practical solutions to real-world problems. The
story behind some of the color change urine dipstick tests is related to the presence in
pregnant women’s urine of a significant excess of HcG, human gonadotropic hormone, which
has a certain protein structure that binds to a complementary DNA base pair sequence. That
very specific complementary lock for the HcG key is attached to gold nanoparticles which
reflect red light. If HeG is detected, the spot or line of the dipstick reflects red; if there is not

excess of HcG, the line results to be blue or clear (25).



The signal of biosensors based on optical properties of the nanostructured metals can be
detected by a change in color as in the pregnancy test or by Localized Surface Plasmon
Resonance (LSPR) spectroscopy. The use of these optical properties allows the development
of nanobiosensors, able to detect the biological interactions for the clinical diagnostic in a
label free way, this is one of most important goals that can be obtained. Indeed, biosensors
that use the fluorescent molecules are very expensive as the technology necessary to their
detection that moreover is not friendly to use. In addition the development of optical
biosensors of nanometer scale with an easy instrumentation allowed have point of care testing

(POCT), that’s a medical testing at or near the site of patient care.



1.2 Surface Plasmon Spectroscopy
1.2.1 Surface Plasmons (SPs)

The existence of surface plasmons was first predicted in 1957 by R.H. Ritchie (26); he also
suggested how they might be observed experimentally, and made many contributions related

to this topic.

The plasmons are charge-density oscillations of free electrons of a metal. Plasma oscillations
that can propagate at the interface of a metal and a dielectric medium are called Surface

Plasmons (SPs) (Figure 4).

For SPs to exist at an interface the two media must have dielectric permittivity constants (&)
of opposite signs. The dielectric constant of the material is a function of the wavelength of the

light and therefore, the excitation of SP is possible only at determinate wavelengths (27).
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Figure 4. Schematic diagram of surface plasmons propagating in x- and y- directions between

the two different dielectric surfaces. Copyright 2007 by Annual Reviews.
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The charge density wave is associated with an electromagnetic wave which reaches its
maxima at the interface and decay evanescently into both media. This surface plasma wave is
a transverse magnetic (TM)-polarized wave (magnetic vector is perpendicular to the direction

of propagation of the surface plasmon wave and parallel to the plane of interface) (28).

The surface plasmons propagate in the x- and y-directions along the metal-dielectric interface,
for distances on the order of tens to hundreds of microns, and decay evanescently in the z-

direction with 1/e decay lengths / on the order of 200 nm (29) (Figure 5).

Figure 5. Schematic of the evanescent character of a surface plasmon mode excited at a
metal/dielectric interface in the x-, y-plane propagating as a damped oscillatory wave in the x-
direction. The electric field components along the z-direction, normal to the interface, decay
exponentially, here shown for the Ez component. Copyright 1998 by The Annual Review of
Physical Chemistry.
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The term “evanescent wave optics” summarizes a number of optical phenomena associated
with the total internal reflection of light at the boundary between two media of different
optical properties described by their different dielectric functions ¢. The optical E-field along
the propagation direction, Ex, has the usual oscillatory character of an electromagnetic mode.
The component perpendicular to the interface, Ez, does not fall to zero abruptly, but decays

exponentially with a decay length / which is a function of the angle of incidence 0 (30):

s

[ =

24/ (n -sind)? — 1 (1.1)

where / is the decay length, /1 is the wavelength and 7 is the refractive index.

The surface plasmon cannot be excited directly by an incident optical wave at a planar metal—
dielectric interface. Therefore the momentum of the incident optical wave has to be enhanced
to match that of the surface plasmon wave. This momentum change is commonly achieved
using attenuated total reflection (ATR) in prism couplers and optical waveguides, and
diffraction at the surface of diffraction gratings. As the excitation of surface plasmons by
optical wave results in resonant transfer of energy into the surface plasmon wave, Surface
Plasmon Resonance manifests itself by resonant absorption of the energy of the optical wave

(28).

1.2.2 Surface Plasmon Resonance (SPR)

As the propagation length of SP wave is very limited in space (28), the sensing action is
performed directly in the area where the SP is excited by an optical wave. The optical system
used to excite the SP is simultaneously used for the interrogation of Surface Plasmon

Resonance.

The first SPR system commercially available was under the name of BIAcore™ (Pharmacia
Biosensor, Uppsala, Sweden) (31). This optical biosensor represents the most advanced and
developed optical label-free biosensor technology. In the last three decades numerous
progresses have been made in the SPR instrument and data processing for achieve the best

performance (32).

SPR technology relies on the covalent immobilization of one of the interacting species (the

ligand) onto a solid phase and the observation of the interaction binding of the soluble ligate.
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Because the interaction is observed in real time, the data obtained contains information on the

kinetics of interaction of the macromolecules.

Many macromolecular interactions in biology occur between solid and liquid phases, and in
dynamic flow, such as is the case in BIAcore™, this technology may be a reasonable mimic

of many important interactions in vivo (33).

The SPR sensor has been applied in many chemical and biological processes: gas detection
(34), determination of affinity constants (35), study of binding kinetic (33), screening of new
ligands (36), cell-cell interaction (37), antibody-antigen interaction (38), study of protein-
protein interaction (39), DNA hybridization (40), DNA-protein binding (41), genetic

mutations analysis (42).

The SPR is an optical phenomenon in which light is focused through a prism onto a thin gold
film on a glass support, where at a particular angle of incidence, the intensity of the reflected
light is decreased due to the energy transfer from the light beam to the surface electrons on the
film (Figure 6). The angle of the reflected light is dependent on the refractive index near the
surface of the thin gold film. Such changes are proportional to changes in the adsorbed
molecule layer present on the surface: a ligand is immobilized on the surface of the sensor and
interactions between it and a target molecule can be monitored in real time via changes

occurring in the refractive index expressed in resonance units (RU) (34).

The monitoring of molecular process in the SPR can be observed in three modes: angle
resolved, wavelength shift, and imaging. In the first two modes, one measures the reflectivity
of light from the metal surface as a function of either angle of incidence (at constant
wavelength) or wavelength (at constant angle of incidence). The third method uses light of
both constant wavelength and incident angle to interrogate a two-dimensional region of the

sample, mapping the reflectivity of the surface as a function of position (43).
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Figure 6. Surface plasmon resonance (SPR) detects changes in the refractive index in the
immediate vicinity of the surface layer of a sensor chip. The SPR angle shifts (from I to II in
the lower left-hand diagram) when biomolecules bind to the surface and change the mass of
the surface layer. This change in resonant angle can be monitored non-invasively in real time
as a plot of resonance signal (proportional to mass change) versus time. Copyright 2002 by

Nature Reviews Drug Discovery.
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The response (R) of SPR as the shift in wavelength (A) or angle (6) associated with changes in
the refraction index of the medium of solution in contact with the metal surface, without

adsorption on the surface, can be measured by the equation (29):

R =m An = (#final — Minitia1) (1.2)

where m is the sensitivity factor (nm/RIU(refractive index unit)), Ay is the difference of
refraction index of metal and medium. Plotting the refractive index of several solutions in
contact with a metallic surface respect to the relative wavelength shift (AL) we obtain the
sensitivity factor of the sensor analyzed. This parameter permits to compare the sensitivity of
different sensors, and it’s a ‘universal’ value for comparing different kind of sensors based on

surface plasmons.

Chemosensors and biosensors based on SPR spectroscopy possess many desirable
characteristics including: (a) capacity to detect changing in bulk index of refraction of 2x107°
RIU (29); (b) large sensitivity factor about 2x10° nm/RIU, ~15-25% of the light’s wavelength
(29); (c) the average thickness of an adsorbed layer is typically ~ 10* nm. The dynamic range
is therefore rather large, from ~107 to 200 nm in average film thickness (29); (d) a long range
sensing length scale determined by the exponential decay of the evanescent electromagnetic
field, / ~ 200 nm (29); (e) multiple instrumental modes of detection (43); (f) real-time
detection on the 10 10’ s time scale for measurement of binding kinetics (30); (g) lateral
spatial resolution on the order of 10 um enabling multiplexing and miniaturization (43); (h)
it’s a label free sensor; (i) capable of probing complex mixtures, such as clinical material,

without prior purification.

1.2.3 Localized Surface Plasmon Resonance (LSPR)

Noble metals of nanometric dimensions, that are metal nanoparticles (NPs), exhibit a strong

UV-Vis absorption bands that is not present in the spectrum of the bulk metal.

These absorption bands result when the incident photon frequency is resonant with the
collective oscillation of the conduction electrons and is known as Localized Surface Plasmon

Resonance (LSPR) (44-45) (Figure 7). What happen exactly?

When the electron cloud is displaced relative to the nuclei, net charge separation appears at

the surface of the nanostructure, which produces a restoring force arises from Coulomb

15



attraction between electrons and nuclei that results in oscillation of the electron cloud (Figure
7). The oscillating electron cloud has its own resonance frequency that depends by the density
of electrons, the effective electron mass, and the shape and size of the charge distribution
(46). When the frequency of the irradiated light matches the frequency of the electron cloud,
its energy is completely absorbed by the electrons, and the incident light is completely
extinguished. The amount of extinguished light determines the optical extinction of the
nanostructure. The electron cloud oscillation produces an oscillating dipole which emits a
dipolar radiation said to be scattered. Any energy from the incident light which does not

contribute to scattering is said to be absorbed.

BHectric field

Metal sphere - sl

Y

Figure 7.. Schematic illustration of the Localized Surface Plasmon Resonance (LSPR) of a
metal sphere showing the displacement of the electron charge cloud relative to the nuclei.

Copyright 2007 by Annual Reviews.

In 1908 Gustav Mie (47) explained the phenomena by solving Maxwell’s equations for the
absorption and scattering of electromagnetic radiation by spherical metallic particles. This
theory has been used to calculate the spectra of particles smaller than the wavelength of light,
whose metallic dielectric function is known and which are embedded in an environment of

known dielectric constant (44).
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In Mie’s formulation, the extinction E(A) (scattering + absorption) of a sphere metal

nanoparticle is related to the properties of the system by the equation:

.. 24aN _\u"E_% £
EI:‘ A J — L m 1 — -
l'rEr +"?EI:'I-}- +E!-

(1.3)
whereN, is the areal density of nanoparticles, a is the radius of the metallic nanosphere, &, is
the dielectric constant of the medium surrounding the metallic nanosphere (assumed to be a
positive, real number and wavelength independent), A is the wavelength of the absorbing
radiation, ¢; is the imaginary portion of the metallic nanoparticle's dielectric function, ¢, is the
real portion of the metallic nanoparticle's dielectric function, and y is the term that describes
the aspect ratio of the nanoparticle (equal to 2 for a sphere). It is evident from Eq. (1.3) that
the LSPR spectrum of a metallic nanosphere depends on the nanoparticle radius a, the
nanoparticle material (¢; and ¢,), the environment's dielectric constant (e,), and the shape of

the nanoparticle (y).

The Mie’s theory has provided a deep understanding of the interactions of light with metal
nanoparticles, but it has been developed for ideal systems and results to be inadequate for
most practical uses. A less rigorous approach is based on the assumption that the equations
describing the extinction of the SPR of large metal surfaces (29) hold also for the
nanoparticles (48). In this case, in analogy with the SPR, the LSPR bands are expected to
show a spectral shift (AA) qualitatively described by:

-2d/1
)

AN = m(r/ads - nmedium) (1 —¢ (1~4)

where m is the sensitivity factor (nm/RIU (refractive index unit)) 7,45 and #medium are
respectively the refractive index of the adsorbed layer and of the medium, d is the thickness of
the adsorbed layer, and / is the characteristic electromagnetic decay length of the evanescent

electromagnetic field (49-52).

According to Eq. (1.4), the binding of organic molecules to nanoparticles induces an increase
of the local refractive index and, in turn, a red shift of the extinction spectrum, as
experimentally observed (53-54). It is thus evident, that LSPR response of plasmonic
nanoparticles (NPs) acts as transducer of changes in the refractive index occurring at the
surfaces. When the Eq. (1.4) is applied to the LSPR, the equation approximates the response

for adsorbate layers but does not provide a fully quantitative explanation of its response (48).
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Though the SPR spectroscopy possesses many desirable characteristics, as listed before, the
LSPR spectroscopy can be competitive with to SPR. The LSPR sensor shows modest
refractive index sensitivity of ~ 2x10*> nm/RIU (29). A reduction of refractive index
sensitivity of four orders of magnitude respect to the SPR sensor, could lead to think that the
LSPR sensor can be less sensitive than the SPR sensor. But this is not the case. The
characteristic short electromagnetic field decay length, / is ~5-25 nm (~1-3% of the light’s
wavelength), provides to LSPR sensors an enhanced sensitivity (48). This implies that the
space surrounding the nanoparticles can be probed with electromagnetic field 20-50 times
more intense than that of SPR. Therefore, for LSPR sensing, the spot size can be reduced
from to a large number of individual sensing nanoparticles down to a single nanoparticle (55).
Thanks to the lower refractive index sensitivity, the LSPR sensors do not require temperature
control as the SPR sensor. Therefore, the LSPR and SPR sensors are very competitive in

sensitivity.

The final and strong difference between the two sensors is the cost. Commercialized SPR
instruments can vary between $150K-$300K (plus supplies), whereas the prototype and
portable LSPR system costs less than $5K (plus supplies).

Hence, LSPR based sensors can provide an effective and easy route for monitoring in real
time the binding of molecules or molecular interactions occurring at the nanoparticles surface.
However, it is important to underline that the LSPR (in analogy with the SPR) is a non-
specific technique because the signal is only dependent on the refractive index around the

metal particle, and the specificity is only achieved through biomolecular recognition elements.
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1.3 Fabrication of Metal Nanoparticles

For fabrication of metal nanostructures both botfom up and top down approaches can be used.
While the latter involves the use of lithographic and related techniques, bottom up methods
are based on chemical reactions giving rise to nanomaterials with composition, size and shape

determined by the reaction conditions.

Typical materials for plasmonic applications are noble metals, especially silver or gold.
Despite silver displays sharper and more intense LSPR bands than gold (56), the gold metal
has a number of favorable properties. It has an higher chemical stability (57), is does not
oxidize at temperature below its melting point, it does not react with atmospheric O,, it does
not react with most chemicals, it is compatible with biological element like the cells (58); all

that has favored its preferential application for biosensing.

1.3.1 Bottom Up: Colloidal Nanoparticles

Nanoparticles are generally defined as discrete particles between 1 and 50 nm in size. They
can be dispersed in water (“hydrosols™) or organic solvents (“organosols”), depending on the

preparation conditions and capping agents surrounding the particles (59).

The colloidal nanoparticles derive from chemical reduction of a metal salt in the presence of a
stabilizer, which limits the growth of the particles, directs their shape, and provides colloidal
stability (60). The stabilizers commonly ligands, surfactants, ions, organic acids, or polymers
adsorbs or coordinates to the surface of the NPs and inhibits aggregation by Coulombic
repulsion (61-62) and/or steric hindrance (60). The specific choice of reductant, stabilizer,
temperature, and relative concentrations of the reagents can all affect the size and shape of the
NPs. In review of Stewart et al. (63), we can find an exhaustive and detailed list of the broadly

methods used for synthesizing the NPs (64,59).

The most frequently used procedure for making spherical Au NPs is the citrate reduction of
HAuCy4 in an aqueous solution reported by Turkevitch et al. in 1951 (65). In this protocol the
citrate acts as both a reducing agent and an electrostatic stabilizer, and the size of the NPs can
be tuned by controlling the citrate to HAuCy4 ratio. Another largely used method, that yields
highly stable particles monodisperse and protected them by thiol, is the Brust-Schiffrin

method (66). This approach uses a biphasic synthesis (an aqueous and organic phase) and
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tetraoctylammonium bromide as a phase-transfer agent to reduce the [AuCy]" anion with
NaBH. in the presence of alkanethiols to yield thiol-stabilized particles that are one to several
nanometers in size. The thiols that protect the Au NPs can be easily replaced by thiolated

oligonucleotides (67) or proteins (68), through simple place-exchange reactions (64).

Localized Surface Plasmon Resonance of colloidal NPs dispersed in a solution has been
exploited in a variety of applications for sensing and monitoring of molecular interaction (69-
78). However, the use of metal nanoparticles in solution requires a careful synthetic procedure
to obtain monodisperse NPs, a fine control of ionic strength, pH, temperature in order to avoid
the flocculation, and a stabilization of the synthesized nanoparticles with a proper molecular

shell which can limit a further functionalization for sensing purpose (59,66).

1.3.2 Top Down: Nanoparticles Deposited on Substrate

As an alternative to colloidal dispersions, metal nanoparticles deposited on a transparent

support result to be a promising plasmonic material.

For generate this kind of nanoparticles advanced lithographic techniques as Electron-Beam
Lithography (EBL) (79) or Focused-lon Beam (FIB) (80) allows for the fabrication of metal
nanostructures with perfect control of size, shape and spatial distribution. However, these
techniques are expensive and inappropriate to handle the large variety of organic and

biological systems available in nanotechnology.

An alternative, inexpensive and large scale lithographic method is the so-called NanoSphere
Lithography (NLS) (81-82,51) (Figure 8). This is a powerful fabrication technique that
inexpensively produces arrays of nanoparticles with controlled shape, size, and interparticle
spacing. The methodology consists in the self assembly of monodisperse nanospheres of
latex, silica or polystyrene, to form a two-dimensional colloidal mask. A substrate is prepared
so that the nanospheres freely diffuse until they reach their lowest energy configuration. This
is achieved by chemically modifying the nanosphere surface with a negative charge that is
electrostatically repelled by the negatively charged substrate such as mica or chemically
treated glass. As the solvent, normally water evaporates, capillary forces draw the
nanospheres together, and the nanospheres crystallize in a hexagonally close-packed pattern
on the substrate. Sometimes nanosphere masks include a variety of defects that arise as a

result of nanosphere polydispersity, site randomness, point defects, line defects, and
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polycrystalline domains. Following self-assembly of the nanosphere mask, a metal or other
material is then deposited by thermal evaporation or electron beam deposition to the substrate
through the nanosphere mask. Then, the nanosphere mask is removed, typically by sonicating
the entire sample in a solvent, leaving behind surface-confined nanoparticles that have a
triangular footprint (Figure 8). The optical properties of these nanoparticles can be easily
tuned throughout the visible region of the spectrum by changing the size or shape of the
nanoparticles (51).
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Figure 8. Illustration of the process of NanoSphere Lithography (NSL) in which nanospheres
are drop coated onto a surface and allowed to self-assemble into a hexagonally close-packed
array (steps 1-3), followed by metal deposition (step 4), and removal of the nanosphere mask.

Copyright 2007 by Annual Review of Physical Chemistry.

An alternative, easier and inexpensive method is the classical deposition through thermal

evaporation of a metallic layer on substrate, followed by thermal annealing (83-89).

The evaporation deposition techniques, called physical vapor depositions (PVD) (90), are

atomistic deposition processes in which material is vaporized from a solid or liquid source in
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the form of atoms or molecules, transported in the form of vapor through a vacuum or low

pressure gaseous environment to the substrate where it condenses.

The Vacuum Deposition is a PVD process in which material from a thermal vaporization
source reaches the substrate with little or no collision with gas molecules. Usually the
deposition process occurs in high vacuum: from 10~ to 10” Torr. At low pressures, the mean
free path of vapor atoms is the same order as the vacuum chamber dimensions, so these
particles travel in straight lines from the evaporation source towards the substrate. In thermal
evaporation the average energy of vapor atoms reaching the substrate surface is generally low
(tenths of eV). This process affects seriously the morphology of the films, often resulting in a
porous and poorly adherent material. Thermal evaporation is generally done by using
thermally heated source such a tungsten wire coils. This technique has the advantage to be
easy to use, and to allow for a rapid evaporation of low melting point metals like gold and

silver.

The electron beam evaporation is another thermal evaporation technique that allows using

metal more hard to evaporate like titanium and tungsten (91).

We believe that the use of a thermal evaporation as deposition technique is a surface-based
approach that it allows the development of chip-based sensors, and gives the opportunity to

design arrays of plasmonic material which can be used in multiplex bio-recognition (92-95).

A series of recent studies have shown that monodisperse nanoparticles (NPs) of Ag and Au
deposited on transparent substrates can provide a convenient approach to detect metal-

surface/molecule interaction (96-113).
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1.4 Self-Assembled Monolayers (SAMs)

The biosensors, as mentioned before, are based generally on a transducer system
functionalized by a chemical interface layer. Since this chemical layer constitutes the interface
with the analyte sample, this component strongly determines the stability, the specificity, and
the reproducibility of the sensor. In particular, nonspecific signals are the major problem in
diagnostic applications, where an analyte at low concentration must be detected in the
presence of an excess of nonspecific molecules. Then, the construction of a specific and stable

interface layer is therefore mandatory for the final biosensor application.

The adsorbate layers 1) act as a physical or electrostatic barrier against aggregation or as an
electrically insulating film, ii) decrease the reactivity of the surface atoms, and iii) alter

interfacial properties of metal surface.

An excellent method for building the interface layer is based on the properties of self-
Assembled Monolayers (SAMs). Self-assembled monolayers are ordered molecular
assemblies that form spontaneously by adsorption of organic molecules via a specific affinity
of the headgroup to the substrate. The most studied and used molecules for building the

SAMs are the alkanethiols (58). The molecules that form SAMs can be divided in three parts.

The headgroup, that has a chemical function, provides to adsorption of the molecule to the
metal surface (Figure 9). In this case the headgroup is the thiol group that has high affinity for
gold (114). When the thiol group comes into contact with the gold surface it lost a hydrogen
atom and it changes in thiolate group. Then, the thiolate group reacts with a surface gold atom

forming covalent bond and developing hydrogen.
R-S-H + Au,’ — R-S-Au"Au,’ + % H,

The spacer, that’s the alkane chain, is responsible of the strong lateral interaction, arising from
the van der Waals forces (Figure 9). In fact, to minimize the free energy of the organic layer,
the molecules adopt conformations that allow high degrees of van der Waals interactions with
the neighboring molecules; these arrangements yield a secondary level of organization in the
monolayer. This lateral interaction can be controlled by changing the length of the

hydrocarbon (58).
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The terminal functional group makes possible to generate well-defined organic surfaces with
different functional chemical group exposed at the interface. These terminal functional groups

determine the surface properties.

Organic Intarface:

— Determines surface properties
- Presents chemical functional groups

Terminal | ' |
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Group -

Crganic Interphase (1-3 nm):
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Figure 9. Schematic diagram of an ideal single-crystalline SAM of alkanethiolates supported
on a gold surface with a (111) texture. The anatomy and characteristics of the SAM are

highlighted. Copyright 2005 by Chemical Reviews.

The most common protocol for preparing SAMs on gold and other metals is immersion of a
freshly prepared or clean substrate into a dilute 1-10 mM ethanolic solution of thiols for ~ 12-
18 h at room temperature. Dense coverages of adsorbates are obtained quickly from
millimolar solutions (milliseconds to minutes), but a slow reorganization process requires
times on the order of hours to maximize the density of molecules and minimize the defects in
the SAM (58). There are, however, a number of experimental factors that can affect the
structure of the resulting SAM and the rate of formation: solvent, temperature, concentration
of adsorbate, immersion time, purity of the adsorbate, concentration of oxygen in solution,

cleanliness of the substrate, and chain length.

In the SAM formation, the molecules tend to adopt structural arrangements that are similar to
simple adlayer structures formed by elemental sulfur on that metal. The SAMs formed from

n-alkanethiols on gold adopt a quasi-crystalline structure where the chains are fully extended
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in a nearly all-trans conformation. The tilts angle a, defined with respect to the surface normal
direction, of these chains on gold surface is 30°. The metal sulfur interaction drives the
assembly to the limiting case where the gold surface is covered by a (V3 x V3)-R30°
(R=rotated) overlayer of thiolates, but the attractive lateral interactions promote the secondary
organization of the alkane chains that defines the fine details of the c¢(4 x 2) superlattice
structure (115-117). This configuration gives the idea of the competition between the SAM
ordering, driven by the lateral van der Waals interaction between alkyl chains, and disordering
of interfacial Au atoms, driven by the sulfur-gold interaction. The Scoles’s group found that
the sulfur atoms of the short alkanethiol molecules bind at two distinct surface sites, and that
the first gold surface layer contains gold atom vacancies (which are partially redistributed

over different sites) as well as gold adatoms that are laterally bound to two sulfur atoms (118).

The SAMs formed on the metal nanoparticle surface can have different properties respect to
the SAM formed on the bulk metal surface. The first difference derive from the percentage of
the total number of metal atoms present at nanoparticles interface, in fact, the nanoparticles
have higher percentage of metal atoms available to bind (58). In addition, the SAM’s structure
will depend on the curvature and atom defects of the nanoparticles surface. A consequence of
the surface curvature is a decrease in the chain density that translates into enhanced mobility

of the molecule (119).

Self-assembly is a general principle in nature, as seen in the formation of, e.g., membranes
from lipid molecules, or the living cell as probably the most important paradigm. For their
property to reproduce a like biological environment, the SAMs are also used to study the
biologic element as cells, proteins, DNA, and other many biological components. Therefore
SAMs should have the follows characteristics: 1) they should be able to prevent nonspecific
adsorption of proteins or other biomolecules on the surface, that is, they should only allow for
interactions between the molecules and the ligands of interest; ii) they should allow for
modifications of the composition and density of the immobilized ligands or biomolecules;
and iii) they should incorporate ligands in a structurally well-defined manner in order to that

minimizes the interaction with surface (58).

The best protein-resistant surfaces presently known are those formed by oligo- or poly-
(ethylene glycol) (OEG or PEG) (120-123). Alkanethiols terminated with ethylene glycol
groups are standard components of SAMs often used to study biological and biochemical

interactions (124-128). On gold, the alkane chains of the oligo (ethylene glycol) form a dense,
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ordered monolayer with the same molecular conformation found for n-alkanethiols, i.e., all-
trans chains with a 30° tilt; the ethylene glycol terminal group adopts either a helical
conformation aligned perpendicular to the surface or an amorphous conformation (58). The
combination of several factors, that is the hydrophilicity of the terminal group, the
hydrophilicity of the internal units, and the lateral packing density, allows the formation of a
SAM which is fully protein resistant. If the ability of a polyether SAM to coordinate water
both in its interior and on its surface is reduced when one of these factors is unfavorable or
absent, the overall protein resistance decreases (121). This suggests that protein resistance of
OEG-terminated self-assembled monolayers is a consequence of the stability of the interfacial

water layer, which prevents direct contact between the surface and the protein (129).
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Chapter 2

Plasmonic Materials based on Au Nanoparticles

2.1 Introduction

With the aim of fabricating label-free, easy to use, and economically convenient biosensors for
bio/organic molecular interactions, we have focused our attention on plasmonic materials and

their optical properties.

The recently highly improved ability to fabricate and to study the properties of nanometer size
metal particles provided an efficient and inexpensive approach to the fabrication of sensing
devises. Nano-sized clusters of noble metals such gold and silver, exhibit unique optical
properties: absorption and scattering of incident light, occurring when the photon frequency is
resonant with collective oscillations of conduction electrons, results in strong UV-Vis bands.
This effect is known as non-propagating or Localized Surface Plasmon Resonance (LSPR) (1).
In particular, the energy of the peak extinction, the Amax, the intensity, and the linewidth of the
LSPR spectra are strongly dependent on their size, shape, interparticle spacing, and local

dielectric environment (2-4), as described by the Mie theory.

In accord to the Mie’s theory (equation (1.3)), the changes of the local dielectric environment
lead to changes in the refractive index at the nanoparticles (NPs) surfaces. Therefore, the LSPR
is the transducer of a chemical binding and interaction event into on optical signal. Hence, the
sensitivity of the LSPR to the presence of adsorbates can provide an effective and easy route
for monitoring in real time the binding of molecules or molecular interactions occurring at the

nanoparticles surface.

Metal nanoparticles deposited on a transparent support results to be a promising plasmonic
material, under the condition that their morphology is stable so that the LSPR band features are

well set.

The main problem in using metal nanoparticles deposited on a transparent support as
plasmonic material for biorecognition purposes is related to the degree of adhesion of the metal

nanoparticles on the transparent surfaces (mainly quartz and glass), and the stability of the
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metal nanoparticles (5-6). These problems are particularly severs for fabricating a sensor of

biological interest, since the biochemical processes occurs in aqueous solutions.

The stability is related both to the adhesion properties of the NPs to solid surfaces and to the
restructuration processes of the metal surface. These phenomena are responsible for large and
difficult-to-control variations of their optical properties, and specifically of the LSPR bands
feature (7).

The widely used approach for increasing the adhesion of Au based on pre-deposition of Ti and
Ni layers would requires expensive apparatuses like electron beam evaporator. On the other
hand, the more accessible deposition of Cr inter-layers (8) can affect and attenuate the response
because of Cr diffusion into the Au NPs (9-11). In addition, the adhesion layers are known to

block the plasmon resonance phenomena and to broaden the plasmon resonance band (12).

The relevance of the NPs stability problem is well represented by the large number of studies
suggesting different approaches to reach “stable” metal NPs. A useful approach to increase the
adhesion of the NPs to the surface is based on precoating the glass or quartz surfaces with an
organic adhesive monolayer terminating with a thiol group, such as 3-mercaptopropyl-tri-
methoxysilane (MPTS). Layers of mercapto-silane have been used for improving the adhesion
of NPs to glass (13-14). Van Duyne reported structural changes of Ag NPs in organic solvents,
and faced the restructuration problem by solvent preconditioning prior to the NPs
functionalization (15). This procedure could be suitable for certain studies, but inappropriate
for most biological applications. Rubinstein has proposed two different approaches: i) to coat
Au NPs by a robust and transparent layer of ultra thin films of silica (16), or ii) to sink Au NPs
into the glass by a controlled thermal treatment (17). This last method is a simple, one-step
procedure for achieving stable and strongly-bonded Au particles film on glass substrates,
consisting in high-temperature annealing close to the glass transition temperature 7, This
method allows for the preparation of a plasmonic material by using glass substrates, but is not
easily applicable on quartz substrate, which is well known to enable a large range of optical
monitoring. Stable Au nanorods and Au NPs were obtained by embedding them respectively

into glass (18), and into an Al,O3; matrix (19).

An enhanced adhesion of Au NPs at rough surfaces has been reported when ITO (indium-
doped tin oxide) is used as support (20). We stress that, besides the high cost of ITO substrates,
the diffusion of indium at the interface could preclude the right functioning of ITO-based
sensor (21-23).
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In this chapter we describe a number of approaches we have adopted in order to obtain stable

NPs.

The first approach was based on using, as transparent surfaces, glass and quartz slides. To
improve the adhesion of the deposited NPs we have anchored the NPs to the surfaces by using

an organic adhesion layer of 3-mercaptopropyl-tri-methoxysilane, on quartz surface.

In the second approach we have used a procedure reported by Rubistein’s (17) based on
embedding gold NPs onto glass surfaces. We performed the tests in different media, in

particular in aqueous buffer solution used normally in biology.

The third approach is based on the use as transparent substrate commercially available surfaces
of Fluorine Tin Oxide (FTO). The rational of this choice is based on the porosity of SnO;
where gold can penetrate during thermal annealing and enhance the adhesion of Au onto FTO
substrates (24-26). We report a study on the stability of these NPs evaporated on FTO when
immersed in different media, in particular: water aqueous buffers solutions as sodium chloride-
Tris-EDTA (STE) and phosphate-buffered saline (PBS) solutions; ethanol, as one of the most

common solvent used for self assembled monolayers (SAMs) formation (27).
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2.2 Materials and Methods

Materials

3-mercaptopropyl-tri-methoxysilane (MPTS) (Sigma Aldrich), 1-dodecanthiol (DT) (Fluka),
and 6-mercapto-1-hexanol (MCH) (Sigma Aldrich). Dimethyl sulfoxide (DMSO) (Sigma
Aldrich), sulfuric acid, hydrogen peroxide, chloridric acid, nitric acid and ethanol (Fluka),
acetone and 2-propanol (Sigma Aldrich). STE buffer (10 mM Tris-HCI pH 8.00, | mM EDTA
pH 8.00, 1 M NaCl) was purchased from Sigma Aldrich, and phosphate-buffered saline (PBS)
solutions from Lonza Walkersville Inc. (Walkersville, MD). The glass microscope slides D 263
T were purchased from Schott AG (Mainz, Germany), the quartz slides were purchased from
Chemglass (Vineland, NJ), and the Fluorine Tin Oxide (FTO) (TEC 8) surfaces were
purchased from Pilkington North America Inc. (Toledo, OH).

Au NPs fabrication

First approach. On clean glass microscope slides, 5 nm of nominal thickness of gold was
evaporated by a thermal evaporator at deposition rate of 0.008 nm s”'. The NPs were thermal

annealed at 350°C for 2 hours.

The clean quartz slides were treated according to the description reported in literature (13) for
the silanization process. In this case, the gold nanoparticles were formed by using a thermal

evaporator, at a pressure of 10° mB and at deposition rate of 0.0017 nm s™.

The nominal thickness was controlled by a built-in system consisting of a quartz crystal
mechanically oscillating at its natural resonance frequency (6 MHz). Finally, the samples were

annealed in oven for 2 hours to 200°C of temperature.

Second approach. The glass microscope slides were treated with Piranha solution (sulphuric
acid and hydrogen peroxide 30% in ratio of 3:1) for 30 minutes, and then, rinsed copiously
with MilliQ water. The Au NPs were formed by thermal evaporation of a nominal thickness of
5 nm of gold with a rate deposition of 0.005 nm s'. The samples were immediately placed in
the oven for the annealing treatment at 562°C of temperature for 10 hours. Some samples, were

subsequently cleaned with aqua regia (nitric acid and chloride acid in ratio 1:3).

Third approach. The FTO surfaces were cleaned by a solution 1:1 of acetone and 2-propanol in
ultrasounds bath for 15 minutes, then repeatedly rinsed with copious amounts of water MilliQ

and lastly dried with a pure nitrogen stream. The gold nanoparticles were deposited on the FTO
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surfaces by thermal evaporation at deposition rate of 0.0016 nm s™'. The deposition process of
NPs is controlled by measuring a nominal thickness of 5Snm with a built-in quartz balance. The

samples were then annealed for 10 hours at to 200°C.
Characterization methods

The UV-Vis measurements were carried out by using a Jasco V-570 UV-Vis-NIR
spectrophotometer in transmittance mode by placing the samples into the spectrophotometer
cavity (scan speed 200 nm/min, band width 1 nm). All the spectra were recorded in air and by
using air as reference. A series of measurements performed by repetitive removing and
replacing the same sample into the spectrophotometer cavity showed an error in Amax values of

1 nm.

Atomic Force Microscope (AFM) measurements were performed in non contact mode using a

Nanoscope Illa - Digital Instruments.

The Au NPs/FTO images were obtained using a Scanning Electron Microscopy (SEM FEI
XLF30-SFEG of FEI Company Eindhoven) equipped with ultra high resolution lens and in-

lens SE (secondary-electron) detector.
Stabilization of Au NPs

Incubation of Au NPs on glass surface was carried in the MilliQ water, while incubation of the
Au NPs on quartz surface were carried in both water and STE buffer solution for several hours.
Incubation of Au NPs on FTO surface performed by immersion in different media: H20, STE
buffer, PBS buffer and ethanol, for 24 hours. Then the samples were rinsed with water MilliQ
or ethanol and dried with pure nitrogen. LSPR spectra were recorded before and after

immersion in the various media.
Functionalization with organic molecules

Self-assembled monolayer (SAM) of 1-dodecanthiol (DT) was prepared by incubating the
samples into a 10 mM solution of DT in ethanol for 24 hours. The 6-mercapto-1-hexanol
(MCH) SAM was obtained incubating the samples into a 10 mM solution of MCH in MilliQ
water for 24 hours. All SAMs was rinsed with ethanol or MilliQ water and drying under

nitrogen stream.
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2.3 Results and Discussion

2.3.1 Au NPs onto glass and quartz surfaces

Deposition and Adhesion of Au NPs on glass surface

To test the degree of adhesion of Au NPs on glass surface, we have incubated the samples in
water for 1 hour. After incubation, we have washed and dried the samples. In Figure 1 are
reported the spectra UV-Vis in transmittance mode of gold nanoparticles taken in air before

and after incubation.
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Figure 1. Spectra of Au NPs (short dot) and the Au NPs after incubation with water (solid)

The LSPR band of Au NPs shows large changes after incubation in water: the absorbance
value has decreased dramatically and the maximum wavelength is shifted toward the blue. This
result, in agreement with the literature, indicates that the Au NPs deposited by thermal

evaporation on glass are poorly adhesive (8,14,28).
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Deposition and Adhesion of Au NPs on quartg surface

A further attempt was based on using quartz slides as different substrate; the use of this

substrate is reported in literature to be convenient for the preparation of plasmonic material
(29-31).

In Figure 2 are reported the AFM images of the Au NPs deposited on quartz surface before
(Figure 2A) and after (Figure 2B) over night incubation of the sample in STE buffer solutions,
a medium typically used in biology. The Au NPs show a different morphology before and after

STE incubation. The STE buffer seems to induce a reorganization of the gold atoms of NPs.

c‘*\ "-~
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Figure 2. AFM images of not annealed Au NPs deposited on quartz surfaces, before (A) and

after (B) incubation in aqueous buffer solution STE.

Figure 3 shows the spectra of Au NPs on quartz, incubated both in water and in STE buffer for
several hours. After each incubation, the absorbance value decreases, and the SP band widens.
The dramatic changes of the features of the SP band indicate a poor adhesion of the Au NPs

when deposited on quartz.
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Figure 3. Spectra of Au NPs deposited on quartz and after incubation with water and STE
buffer.

Despite positive examples reported in literature on the good adhesion of Au NPs deposited on
quartz surface, we obtain negative results similar to those obtained on glass. The poor adhesion

of Au NPs causes changes in the SP bands.
Deposition of Au NPs on silanized quartz surface

For increasing the adhesion, we have functionalized the quartz surface with 3-mercaptopropyl-
tri-methoxysilane (MPTS) (13). This approach involves a chemical modification of the quartz
surface by a covalent bond of the silane moieties of the MPTS, while the terminal thiol groups

can provide a strong binding to the evaporated gold atoms.

Figure 4 shows the AFM topographic images of gold NPs under deposition of nominal
thickness of 3 nm onto (A) not silanized and (B) silanized quartz slides, while (C) shows

corresponding UV-Vis absorption spectra.
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Figure 4. AFM image (10 nm z-scale) of 3 nm Au thin film deposited onto (A) not silanized
and (B) silanized quartz slides and (C) the corresponding UV-Vis spectra detected in air.

Even if it is difficult to estimate the difference in particles separation, due to AFM tip
convolution (14), the comparison of Figures 4A and 4B shows that gold nanoparticles

evaporated onto MPTS-treated surfaces have a more rounded shape.
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Interestingly, the presence of the MPTS on the quartz surface, has a great influence on the
morphology of the Au NPs (Figures 4A and 4B), as reflected by the respective optical
properties (Figure 4C).

Figure 5 reports the SP band absorption of NPs prepared by evaporating on silanized quartz

three different nominal thicknesses, 1.5, 2, 3 nm.
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Figure 5. Detection of SP bands absorption of samples, measured in transmittance mode after

evaporation, of different nominal thickness (1.5, 2, 3 nm) of Au deposited on silanized quartz.

The spectra show well defined peaks with maximum shifting from ~ 630 to 730 nm for
increasing size, accompanied by a constant increase in peak intensity (Figure 5). For greater
thickness values, the plasmon band become very broad, making difficult the identification of
the peak maximum (not shown). It is well known that the energy position of the SP band
depends on the size, shape and kind of metal of the NPs (3) and the interparticle distance (2,4).
The progressive red-shift of the absorption maximum of the plasmon band to longer

wavelength, is the result of increasing the aspect ratio (a/b where a is height and b is width)
(2).
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Stabilization of Au NPs on silanized quart; surface by Solvent Annealing

Measurements of the LSPR bands show marked changes of in energy and features, as function
of the environment in which the sample is kept. We have found that, even the air humidity has
an important effect on the optical properties of the samples. SP bands of 3 nm thick samples
(chosen as representative ones), show a blue-shift when kept in air and a red-shift when kept

overnight under vacuum (not shown).

The annealing solvent effects have been studied on 3 nm of nominal thickness Au NPs under
overnight immersion in STE buffer. In particular, Figures 6A and 6B show AFM
measurements respectively before and after the incubation. The red and blue curves of Figure
6C are the corresponding spectra of these samples. We observe that, after incubation process,
the average particle height slightly increase, and the size of NPs decreases. The SP band of the

incubated sample, exhibits a blue shift of 30 nm accompanied by an intensity decrease.

Figures 6 demonstrate the effects on the LSPR induced by STE solvent annealing. These
solvent effects have been reported in literature (15,32): the dominant factor in solvent-induced
nanoparticles reconstruction is likely to be related to the strong decrease in surface tension at to

interface between the hydrophilic surface and the solvent.

We have also tested a possible correlation between the NPs stability (A max shift) and their
sizes (Amax value). Figure 7 reports the A max shift as function of Ayax: the results indicate a

larger blue shift measured for larger A of the maximum SP band, with a qualitative trend.

The results reported in Figure 7 suggest that morphological changes induced by STE are larger

for larger particles average diameter.

The solvent annealing process is a methodology used by Van Duyne’s group for stabilizing the
NPs evaporated on glass surface and for facing the restructuration problem by solvent
preconditioning prior to the NPs functionalization (15). In our case, under further immersion in
the solvent, we have observed additional changes of the LSPR band (not shown). Therefore,
this approach shows certainly an improved adhesion, but the optical response of the Au NPs
remains too sensitive to further solvent immersion, even after solvent stabilization/annealing

process.
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Figure 6. AFM topographic images (10 nm z-scale) of 3 nm Au thin film deposited onto

silanized quartz slides (A) before and (B) after STE buffer incubation and (C) corresponding

UV-Vis absorption spectra registered in air.
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Figure 7. Qualitative dependence of the blue-shift induced by STE stabilization for silanized
quartz samples of different Ay.x of the SP band initial position (different size). The line is a
guide to the eye.

53



Stabilization of Au NPs on silanized quart; surface by Thermal Annealing
Could the thermal annealing improve the NPs stability?

To answer this question we have evaporated 3 nm of gold on silanized quartz surface,

annealed, and then incubated the annealed sample in STE buffer.

Figure 8 reports the optical properties of Au NPs 1) just evaporated, ii) thermally annealed, and
1i1) annealed and exposed to STE buffer.
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Figure 8. UV-Vis absorption spectra of 3 nm Au NP deposited onto silanized quartz slides in
air (black), annealed at 200°C for 2 hours (red) and after STE incubation (green).

We observe a large LSPR Ay« blue shift (258 nm) of the NPs under thermal annealing. This
LSPR shift is in agreement with that observed by Van Duyne’s group for annealed silver NPs
on glass surface (2). The blue shift of the thermal annealing process has been well studied

(2,6,31,33-34) and it is caused by a structural transition of Au NPs. It has reported that that
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changes in the aspect ratio (height/diameter) results in a change in the LSPR oscillation
frequency. When the aspect ratio of NPs decrease or increase respectively a blue shift or a red
shift of SP band can be observed. The interparticle spacing is an additional factor that can
contribute to SP band blue shift. In fact, the annealing process leads the coalescence of small
particles into larger ones, increasing then the space between the NPs and therefore decoupling
of surface plamons. In spatially closer NPs, the oscillation of conduction electrons of each NP
is affected by a coupling with the nearest neighbour (2,4). A description of the process
occurring during the thermal annealing can be the following: a few nanometers thick gold film
deposited on glass substrate is polycrystalline in nature with deformed grainy structures. This
film under the first annealing step nucleates to form discontinuous and irregular NPs; under
prolonged annealing, the NPs grow in shape to give a more ordered structure. This

transformation is governed by the surface energies at each interface (33).

Figure 8 shows also the SP band difference between the sample before and after incubation in
STE buffer. The LSPR Ay, is red shifted of 6 nm, and the shape of SP band has slightly
changed.

Functionalization of thermal annealed Au NPs on silanized quartg surfaces

In order to test if these NPs are suitable as plasmonic materials for a biosensor, we tested the
response under functionalization of the samples with organic SAMs. We have functionalized

the thermal annealed sample with a self-assembled monolayer of 1-dodecanethiol (DT).

Figure 9 shows the SP bands measured in air before and after functionalization with DT SAMs.
For a convenient comparison of the SP band features, we have reported the results obtained for

different steps (annealed, STE incubation and SAMs).

Figure 9 reports a Almax of 26 nm toward the red region and an increase of the absorbance
value under functionalization of Au NPs. In this case, the red shift of SP band is in agreement
with literature data. The result indicates that the Au NPs annealed on silanized quartz surface
are sensitivity to organic molecular layer. Nonetheless the SP band shape of the Au NPs
functionalized with DT SAMs shows a too large increase in width, respect to the original. This
result indicates that the modification of the SP band cannot be attributed exclusively to the

SAMs formation.
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Figure 9. UV-Vis absorption spectra registered in air of Au NPs thermal annealed onto

silanized quartz (black), after STE stabilization (red) and after DT SAM formation (green).

On the basis of these results, the Au NPs obtained according to this procedure cannot be
considered a good plasmonic material for a biosensor. In fact, the biosensors require the use of
aqueous solutions and the plasmonic material must be stable after several hours in these media.
In conclusion, the organic adhesion layers do not provides to the Au NPs the necessary

stability.

Other groups (17) have abandoned this approach for embracing new methods to obtain stable

Au NPs.
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2.3.2 Au NPs embedded on glass surface

It is clear that the changes in the optical properties of Au NPs resulting from morphological
changes induced by exposure to solvents and analytes, drying, etc., introduce uncertainty in

interpreting the experimental data based on refractive index changes.

Rubinstein’s group has presented a new procedure for obtaining morphologically stable Au
NPs strongly bonded to glass substrates (17). We have followed the Rubistein’s approach (see
Materials and Methods), which is based on a thermal annealing treatment at temperature near
the transition glass temperature, 7g. In our case the transition glass temperature of the glass

slides was 567°C, and various tests have indicated that the optimal annealing occurs at 562°C.

In Figure 10 are represented the AFM images in plane and in 3D of Au NPs samples before
and after the thermal annealing process. Figure 11 reports the respective LSPR optical
properties. We observe that for a large number of NPs their height move from ~ 1 nm to 6-11
nm, and their width from 50-55 nm to 100-115 under annealing. The effect of the annealing
process on Au NP morphology is evident: there is a coalescence process of many, small NPs in
some larger ones. The image also show some bigger NPs (10 nm) as evidence of an

inhomogeneous gold film.

From Figure 11 is evident a Ana blue shift of 188 nm related to the increase of the aspect ratio.
It is know that the drastic film reshaping is practically complete in the first few minutes of
annealing, while the embedding process (possibly accompanied by subtle morphological

changes) takes hours (17).
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Figure 10. AFM topographic images in planes (x-y axis 1um and z axis 30 nm) and in 3D (x-y
axis 500 nm and z axis 20 nm) of 10 nm Au thin film deposited onto glass slides (A) before

and (B) after thermal annealing treatment to 562°C for 10 hours.
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Figure 11. UV-Vis absorption spectra registered in air of Au NPs evaporated on glass slide

(blue navy), and after Au NPs thermal annealed to (magenta).
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Figure 12. AFM topographic images in planes (x-y axis 2um and z axis 30; x-y axis nm500
nm and 20 nm) and in 3D (x-y axis 350 nm and z axis 20 nm) of glass slides cleaned from the

Au NPs after its thermal annealing treatment to 562°C for 10 hours.
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The detailed morphology of the glass surface after the embedding treatment was studied by

dissolution of the metal NPs in aqua regia.

In Figure 12 are reported the AFM images of a glass substrate after removal of the metal
nanoparticles; numerous holes of different dimensions (from 100 nm to few nanometer of
width and from 25 nm to few nanometer of depth) are evident on the surface. In the 3D figure,
we note an increase of the glass thickness on the hole outline. On these bases, we can define
the process as thermal embedding of Au NPs into the glass substrate. This procedure leads to a

drastic enhancement of adhesion between Au NPs and the glass substrate.

The Rubistein’s group has demonstrated that Au NPs on cover-glass annealed 10 h at 550 °C
showed the same embedding pattern. Although the driving force and mechanism of the partial
thermal embedding of Au particles into glass are not entirely clear, the experimental evidence
suggests that 1) the embedding process occurs in the vicinity of the glass transition of the
substrate, ii) there is no gravitational effect, and iii) the presence of an oxidative atmosphere

(oxygen) is required (17).

After the fabrication of the partially embedded Au nanoparticles, we have tested their stability

towards aqueous solutions and solvents, as previously done with the Au NPs on quartz.

In Figure 13 are reported the UV-Vis spectra of the samples before and after incubation in
different media for several hours as indicated on graphs: STE buffer (Figure 13A), MiliQ water
(Figure 13B) and ethanol (Figure 13C).

From Figure 13A it is evident a Ay, blue shift and an absorbance decrease already after 2
hours and thirty minutes incubation, while the Figures 13B and 13C show unchanged SP
bands. The results show a good stability of Au NPs when immersed on MilliQ water and
ethanol, but non-stability in STE buffer.
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Figure 13. UV-Vis absorption spectra registered in air of (A) silanized Au NPs quartz (black),
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after 1 h (yellow), 2 h 30 minutes (red), and 66 h (green) of STE. (B) silanized Au NPs (black),
after 1 h (yellow), 2 h 30 minutes (red), and 66 h (green) of MilliQ water incubation. (C)
silanized Au NPs (black), after 1 (red), and 3 h 30 minutes (green) of Ethanol incubation.

Functionalization of Au NPs

The stability of the embedded Au NPs both in water and ethanol has encouraged a test of their
plasmonic response under functionalization. The samples are incubated for 24 hours in two
different solutions: the 1-dodecanethiol (DT) in ethanol and the 6-mercapto-1-hexanol (MCH)

in MilliQ water. In Figure 14 are reported the spectra of the respective samples taken in air.

The results of both organic incubations were surprising. The Figure 14A shows that the SP
band after the DT SAM formation shifts towards the red region of 1 nm only. An analogous
result is shown in Figure 14B, where after the MCH SAM formation the SP band does not shift
in any direction. Both results have been confirmed by repeated experiments, with new products
and different organic molecules. The results are in disagreement with both the literature (15)
and the theory; in fact, when the molecules binding the NPs surface is expected to change the
refractive index of the surrounding media and therefore the LSPR band features. In conclusion,

these stable Au NPs seem to be unresponsive to functionalization.

This failure addressed our attention in a different direction as a search of a different substrate.
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Figure 14. UV-Vis absorption spectra registered in air of (A) naked Au NPs (black) and Au
NPs with 1-dodecanethiol (DT) SAM (green), and (B) naked Au NPs (black), and Au NPs with

6-mercapto-1-hexanol (MCH) SAM (green).
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2.3.3 Au NPs deposited on FTO surface

In search of a new substrate, we selected commercially available FTO. Figure 15 reports the

SEM image of FTO surfaces.
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Figure 15. SEM image of naked FTO substrate.

Figures 16A and 16B report the SEM images of the Au NPs obtained by depositing Au
respectively before and after the annealing process. Figure 17 shows the respective LSPR
bands. The annealing process of NPs deposited on quartz or glass leads to a sharper LSPR
band, with a Ama shift towards the blue, according to literature data, indicating that the aspect
ratio (a/b, where a is height and b is width) decreases (35). Therefore the annealing process

results to be a key step also for the fabrication of the plasmonic material on FTO.
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Figure 16. SEM images and respective T-LSPR bands of the Au NPs deposited on FTO with
nominal thickness 5 nm; (A) and (B) images of the morphology of the Au NPs respectively

immediately after the thermal evaporation and after annealing process for 10 hours at 200 °C.
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Figure 17. LSPR spectra of Au NPs deposited on FTO, with nominal thickness 5 nm,

immediately after the thermal evaporation (blue navy), and after annealing process for 10 hours

at 200°C (magenta).
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Figure 18 shows a number of LSPR bands recorded for different samples of annealed Au NPs.
The spectra show a relatively large bell shape, as expected for NPs of different aspect ratio,
with OD ¢ values that span from 0.39 to 0.42 and the Ay values that span between 555 to

585 nm. These data indicate that the samples resulting from such a simple fabrication differ in

average morphology.
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Figure 18. LSPR spectra measured in transmission mode of a number of different Au NPs

samples of 5 nm nominal thickness and after annealing at 200°C for 10 hours.
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Figures 19. (A) shift of Anax (AAmax) of the LSPR spectra measured for different samples of Au
NPs versus Amax values. Different A, indicate that the samples have different average

morphology. The shift is measured after immersion of 24 hours in water (o), STE (V) and PBS
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(). (B) Amax shift measured for different samples of Au NPs versus Amax after immersion in

ethanol for 24 hours.

Stability of the Au NPs

The stability of a large number of Au NPs/FTO samples (showing different values of Amax) has
been tested both in organic and aqueous solvents, in particular by incubation for 24 hours in
pure H,O, STE and PBS aqueous buffers and in ethanol. Importantly, the LSPR spectra
measured before and after incubation do not show significant decrease in OD, indicating a
good adhesion of the NPs to FTO surfaces. Figures 19A and 19B report the AAmax of samples
with different morphology (different values of Ay.x) after incubation respectively in aqueous

media and in ethanol. The results indicate that the shift of Ay« 1S very small.

In particular, the incubation yields in pure water a Almaxwate= 1 £ 2.6 and PBS buffer a
Ahmaxpas= 1.8 = 1.8, while a bigger shift was detected for STE, Akmaxste = 6.75 £ 1.5, as

shown in Figure 19A.

The reported Amax shifts could be related both to gold atom restructuration processes of the NPs
or to contamination of gold by some impurity of the media (solvents/buffers). Possibly the
larger shift measured for incubation in STE, consisting of concentrated salt solutions, could be

related to impurity effects of the buffer salts.

Significantly, the data of Figure 19 show that the Ak, shifts are randomly distributed respect
to the relative values of Amay, that is the adhesion/restructuration process is small regardless the

morphology of the samples.

In Figure 19 we observe a trend in the LSPR feature toward red shift. The small value suggests
that a possible restructuration process confined to the surface occurs upon immersion in a
solvent. It is well known that under thermal treatment Au surfaces reconstruct to denser,
contracted structures (36). The contact with solvents stabilizes the unreconstructed surface
which relaxes to the bulk lattice leading to a red shift of the LSPR maximum. When using
PBS, which is a buffer and not a pure solvent, the interaction of the dissolved ions with the Au

surface can be the reason for the observed slightly different behavior.
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2.4 Conclusions

After using different protocols for fabricating stable plasmonic materials, it is possible to draw

the following conclusions.

The use of glass and quartz as substrate for the Au NPs deposition has showed a poor adhesion
of the Au NPs to the surface and their unsuitability for a biosensor development. The use of an
organic adhesion layer improved the Au NPs adhesion to the surface but did not help to over
pass the main problem of metal nanoparticles on aqueous solution, their instability. The
Rubinstein’s methodology based on embedding the Au NPs into glass slides, provides NPs

which are stable but not sensitive to the binding of organic molecules.

Very positive results have been obtained using fluorine tin oxide (FTO) as substrate. The Au
NPs evaporated on FTO are highly stable in different organic and more importantly in aqueous
solvents. We believe that the high stability of the gold deposits is related to the roughness of
commercially available FTO and the annealing on this surface. The fabrication of Au
nanoparticles is very simple: it consists on a simple standard thermal evaporation of gold on
commercial FTO surfaces followed by a mild annealing process. The simple protocol of
fabrication yields samples of Au NPs of different morphology which is reflected by LSPR
bands with maximum energy Am.x spanning of 30 nm. Significantly, all the fabricated samples,

formed by polydisperse NPs, exhibit the same stability.

In conclusion we have shown that 1) the best approach to fabricated a stable plasmonic material
is based on the use of FTO as substrate, ii) deposition of Au NPs on FTO surfaces is easy and

inexpensive, and ii) the Au NPs are stable in several media.
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Chapter 3

Sensitivity and Reversibility of Au Nanoparticles

3.1 Introduction

In Chapter 2 we have reported about i) the fabrication of Au NPs by simple thermal
evaporation on fluorine tin oxide surfaces followed by a mild annealing process, and ii) the
stability of this plasmonic material under exposure to different media (MilliQ water, STE and
PBS buffers, and ethanol). This protocol of fabrication yields samples of polydisperse Au NPs
of different morphology which exhibit the same stability. These successful results led us to
focus on this material to understand its properties. It is this plasmonic material suitable to

develop a molecular biosensor?

To answer this question, we have focused on two main issues: i) the response of the Au NPs
LSPR to the formation SAMs of organic molecules of the different structures, and ii) the
reversibility of the LSPR based sensor.

As discussed in the Chapter 1, the LSPR of noble metal nanoparticles arises when
electromagnetic radiation induces a collective oscillation of the conduction electrons of the
individual nanoparticles there are two primary consequences: i) a selective photon absorption
which allows the optical properties of these nanoparticles to be monitored with UV-Vis
spectroscopy and ii) an enhancement of the electromagnetic fields surrounding the
nanoparticles which is responsible for all surface-enhanced spectroscopies.

In general, the sensitivity of a sensor is a critical parameter which determines the system
performance. In particular, for sensors based on localized surface plasmon resonance (LSPR)
the sensitivity is related to the response of the optical properties of the Au NPs to the changes
of the refractive index of the surrounding medium. In a typical LSPR sensor, an analyte binds

to a recognition layer on the LSPR transducer, effecting a local change of the refractive index.

According to equation (1.3) a change in the refractive index of the medium surrounding the
NPs will induce a Ay shift of the LSPR band easily detectable with conventional UV-Vis

spectroscopy.
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A not much rigorous but valid equation for a qualitatively description of the LSPR band shift is

the following:

AN = m(Nads — Mmedium) (1 — e ) (1.4)

where m is the sensitivity factor (nm/RIU (refractive index unit)) #,4s and #Zmedium are
respectively the refractive index of the adsorbed layer and of the medium, d is the thickness of
the adsorbed layer, and / is the characteristic electromagnetic decay length of the evanescent
electromagnetic field (1-4). The equation therefore provides the sensor sensibility, and the

properties of the layers formed on the NPs surface.

According to equation (1.4) the binding of organic molecules to nanoparticles induces an
increase of the local refractive index and, in turn, a red shift of the extinction spectrum, as
experimentally observed (5-6). It is thus evident, that the LSPR response of plasmonic
nanoparticles acts as transducer of changes in the refractive index occurring at the surfaces.
The equation approximates the response for adsorbate layers but does not provide a fully

quantitative explanation of its response (2).

The m factor is a basic parameter determining the effectiveness of an LSPR system of an
optical transducer. This factor is commonly determined by measuring the optical extinction of
the LSPR transducer upon immersion in a uniform bulk medium of variable refractive index.
Refractive index sensitive measurements have been reported for a variety of systems, including
metal nanoparticles in solution and immobilized on substrates (7-9), and metal nanoparticles
arrays evaporated through a mask (10-12). Data for random Au nanoparticles films are rather
limited (13-16). Finally, it is known that in the presence of the thickest SAM the sensitive
factor m diminishes approximately of 20% (11); this behavior is a consequence of the spatial
distribution of the electromagnetic field surrounding the Au NPs. In fact, when the LSPR is
excited, the strength of the generated electromagnetic fields decays over the length scale of ~
50 nm (17). Thus, the strongest sensing capabilities are in the near surface region of the

nanoparticle.

In Chapter 3 we study the refractive index sensitivity, m, of the Au NPs deposited on FTO in
solvent media and under functionalization by SAMs. To calculate the sensitivity factor m of the
plasmonic material we have measured the A A, of the LSPR band under exposition of the Au
NPs to media of different dielectric constant, as air (n = 1.00), H,O (n =1.3325), C;HsN (n =
1.344), C,HsOH (n = 1.36168), C3H3O (n = 1.3776), (CH3),SO (n = 1.479).
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To test the sensing capability of the LSPR bands of Au NP to the formation of organic self
assembled monolayers (SAMs), we have measured and compared the spectral shift of Amax Of
the LSPR bands under formation of 1-dodecanethiol (C12), 1-hexadecanethiol (C16), and 4-
terphenylthiol (SAMs) in order to i) compare the response of the Au NPs system to those
reported in literature, i1) to compare the shift induced by SAMs with same refractive index and
different thickness, iii) to compare the shift induced by SAMs of the same thickness and

different electronic structure.

We also measured the response of the LSPR band to the formation of SAMs of 6-mercapto-1-

hexanol (MCH), a compound widely used to intercalate DNA strands on a metal surface (18).

For testing the reversibility of the LSPR response, we have recorded the LSPR bands when
SAMs formed on the NPs surfaces by alkane-thiols are replaced by SAMs formed by aromatic

molecules, and vice versa.
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3.2 Materials and Methods

Materials

I-hexadecanethiol, 1-dodecanethiol and 6-mercapto-1-hexanol, ethanol, acetonitrile, 2-
propanol, dimethyl sulfoxide (DMSO) and STE buffer were purchased from Sigma Aldrich
(Germany), 4-terphenylthiol from Frinton Laboratories Inc (Vineland, NJ) and phosphate-
buffered saline (PBS) solutions from Lonza Walkersville Inc. (Walkersville, MD). The
Fluorine Tin Oxide (FTO) (TEC 8) surfaces were purchased from Pilkington North America
Inc. (Toledo, OH).

Au NPs fabrication

The fluorine tin oxide surfaces was cleaned by a solution 1:1 of acetone and 2-propanol in
ultrasounds bath for 15 minutes, then repeatedly rinsed with copious amounts of water MilliQ
and lastly gently dried with a pure nitrogen stream. The gold nanoparticles were deposited on
the FTO surfaces by thermal evaporation at a pressure of 10° mB and at deposition rate of
0.0016 nm s™. The deposition process of NPs is controlled by measuring a nominal thickness
of 5Snm with a built-in quartz balance. The samples were then annealed for 10 hours at to

200°C.
Characterizations

The UV-Vis measurements were carried out by using a Jasco V-570 UV-Vis-NIR
spectrophotometer in transmittance mode by placing the samples into the spectrophotometer
cavity (scan speed 200 nm/min, band width 1 nm). All the spectra were recorded in air and by
using air as reference. A series of measurements performed by repetitive removing and
replacing the same sample into the spectrophotometer cavity showed an error in Ama values of

1 nm.

The Au NPs/FTO images were obtained using a Scanning Electron Microscopy (SEM FEI
XLF30-SFEG of FEI Company Eindhoven) equipped with ultra high resolution lens and in-

lens SE (secondary-electron) detector.
Sensitive factor m

The LSPR absorption band of the Au NPs deposited on FTO was measured in air (n = 1.00)
and under immersion in H,O (n =1.3325), C;HsN (n = 1.344), C,HsOH (n = 1.36168), CsHsO
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(n=1.3776), (CH3),SO (n = 1.479). The samples were washed accurately before immersion in

a different solvent.
Functionalization of Au NPs

Self-assembled monolayers (SAMs) of 1-dodecanethiol (C12), 1-hexadecanethiol (C16), 4-
terphenylthiol and 6-mercapto-1-hexanol (MCH), were formed by incubating the Au NPs

samples into respectively 1 mM ethanol and 1 mM water solutions for 16 hours.
Reversibility

The C12 SAM formed on Au NPs has been replaced by a 4-terphenylthiol SAM upon
immersion of the sample carrying the C12 SAM in 1mM ethanolic solution of 4-terphenylthiol
for 16 hours. The 4-terphenylthiol SAM has been thus replaced by a new C12 SAM, by
incubating the sample in 1mM ethanol solution of 1-dodecanethiol SAM for 16 hours. T-LSPR

spectra have been recorded after the formation of each SAM.
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3.3 Results and Discussion

Sensitivity to various media

The sensitivity of the new plasmonic material, based on Au NPs deposited on FTO, was
determined by measuring the change of its optical properties, that is, the size of the Ayax shift

by changing the surrounding dielectric medium.
In Figure 1 is reported the Ayax shift (Ahmax) versus the refractive index, », of various solvents.

Figures 1A and 1B report the measurements performed on two samples of Au NPs annealed in
a different annealing condition that differ for the amount of oxygen inside the oven chamber.
Figure 1A reports the results obtained for samples annealed an “open” oven, under a constant
circulation of oxygen, while Figure 1B shows the data collected on samples annealed in a

“closed” oven , where the amount of oxygen decreases during the process.

Both figures show that the measured LSPR A values shift toward longer wavelengths as the
solvent refractive index increases. This trend is in agreement with that reported in literature

3,11).

The plot of the solvent refractive index versus the LSPR Ay« shift showed to be linear for both
cases; the slope of the linear fit shows that the LSPR spectral sensitivity is 74 nm RIU™" (Figure
1A) and 63 nm RIU" (Figure 1B). The difference between the two values, even if it is quite
small, shows that the annealing step is one of the factors responsible for the substrate optical
characteristics. We could say that, in our case, the presence continuous of new oxygen is more
important for the preparation a more sensitive plasmonic material (19). Therefore, we have

performed all the annealing processes in “open” oven.
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Figure 1. LSPR Ay, of Au NPs on FTO surface versus refractive index of the medium solvent.
The Figures 1A and 1B represent the results obtained on samples annealed at two different

conditions (see text) that have a sensitive factor of 74 nm RIU™ and 63 nm RIU™ respectively.
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The m factor obtained in our experiment (Figure 1A) is in agreement with the sensitivity
factors reported in literature. The Chilcoti’s group reports a sensitivity factor of 76.4 nm RIU™
for using colloid gold nanoparticles bind to glass substrate (8); the Rubinstein’s group, by
using a similar fabrication methodology and NPs of similar dimension, calculates a m factor of
80 nm RIU™ (13); a study of Szunerits et al. (16), on Au NPs thermally evaporated on indium
tin oxide (ITO), reports a m factor of 65 nm RIU" (16). It has been also reported that
nanoparticles fabricated by metal thermal evaporation through a mask (3) show higher m factor

of 200 nm RIU™, and that the same NPs when annealed show a m factor of 100 nm RIU™.

The Van Duyne’s group has demonstrated that, by using substrates of different refractive index
the sensitivity of the Au NPs does not change, that is that the m factor was not affected by the
kind of substrate used (3).

If the sensitivity of a plasmonic material is not affected by the refractive index of the substrate,
it can be affected by others properties, as for example the surface morphology. The substrate
surface shows always some degree roughness, caused by inherent imperfections of fabrication
processes. Thus, surface roughness could be a parameter that influences the LSPR sensitivity.
It has been found (20) that when a surface has a roughness smaller than 2 nm in height
deviation (0, quantitatively defined as the root-mean-square (rms) deviation from a mean
plane), the sensitivity of a LSPR biosensor is not significantly influenced regardless of
correlation length (CL), a characteristic size of surface regions. However, the extinction peak
amplitude and curve width are affected substantially by a decrease in correlation length. At a
less than 100 nm of CL, surface roughness can induce interference in the localized surface

plasmon resonance.

On the basis of these results, the m factor obtained for our plasmonic material, which at first
sight seems too low, is well explained. It is understandable that our m value 1) is slightly lower
than that obtained by Rubinstein’s group for NPs deposited on glass surfaces, certainly less
rough than FTO and 1i) is slightly higher than that reported by Szunerits for NPs deposited on

ITO surfaces: these surfaces are well known to present a roughness higher than FTO.

We stress here that the roughness of the FTO surfaces slightly lower the sensitivity of the
deposited NPs, but on the other side provide and outstanding stability to the plasmonic
material. The strong adhesion of Au onto FTO substrates is enhanced by the porosity of SnO,

where gold can penetrate during thermal annealing (21-23).
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Sensitivity of the Au NPs LSPR to SAMs formation

In search of plasmonic materials suitable to detect molecular interactions, the first and simplest
step is to test its sensitivity toward the formation of organic SAMs at the surface. The Apyax
shifts of SP bands of the Au NP deposited on FTO was measured under functionalization with
self assembled monolayers (SAMs) of 1-dodecanethiol (C12), 1-hexadecanethiol (C16), 4-
terphenylthiol and 6-mercapto-1-hexanol (MCH).

Figure 2 shows a SEM image of Au NPs annealed on FTO before (Figure 2A) and after
functionalization with C16 SAM (Figure 2B). The morphology comparison shows that there
are no evidences of gold depletion or restructuration of the Au NPs morphology. This result

indicates that we can consider the Au NPs stable under functionalization.

Figures 3.1A, 3.1B, 3.2C and 3.2D show respectively T-LSPR spectra of representative Au
NPs samples, before and after incubation in ethanol solution of C12, C16, terphenyl, and in
aqueous solution of MCH. All the spectra show a red shift of the Ay, and an increase of

extinction. It is evident that each kind of SAMs leads a different shift and value of absorbance.

The values reported in Figures 3 were obtained in one of the 100 experiments of sensitivity
tests. The average Amax shifts, calculated over more than 100 samples, are respectively Ahmax.ci2
= 9.8 £ 2.7 for C12, Ahmaxcis =11.7 £ 2.2 nm for C16, and Ahmaxmcu =10.2 £ 2 nm for MCH
(Figure 4). In the present case the reported standard deviations represent the distribution of AL
over samples with different average morphology, and not, as usually, the error distribution of
experimental measurement. In all experiments, always a higher shift was recorded after

functionalization with C16 than after binding C12.
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Figure 2. SEM images of annealed Au NPs on FTO surface, before (A) and after formation of
a hexadecanethiol SAM (B).
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Figure 3.1. Surface Plasmon bands after formation of organic SAMs on Au NPs: (A) 1-

dodecanethiol (C12), (B) 1-hexadecanethiol (C16).
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Figure 4 reports the Adyax shift of the LSPR bands after each functionalization of the Au NPs
with MCH, C12 and C16 SAMs versus the Anax. The results indicate that the LSPR bands of
the Au NPs on FTO show a good sensitivity to the presence of organic SAMs and that we do
not observe any correlation of the AAmax With the A,y that is, there is no correlation of the

AAmax With the morphology of the nanoparticles.

The difference between the Akmaxci2 = 9.8 £ 2.7 for C12 SAM and Ahmay erph= 21 nm+ 2.1 for
terphenyl SAM, are related to two SAMs having the same thickness (24-25) but different
refractive index. Considering these shift values, we can affirm that the results allow of

disentangle between aliphatic and aromatic electronic structure.

We have reported the data obtained from the Au NPs stabilizations and Au NPs
functionalizations in Table 1. By comparing the data of Table 1, we observe that the Almax
measured after stabilization is in the error of the AA,.x measured after SAM formation. These

data indicate that the Au NPs samples do not need to undergo any stabilization process.

Table 1. A .. shifts (AL) of the LSPR band of Au NPs-
FTO samples after stabilization and functionalization with
different SAMs in the same solvents (water and ethanol)

stabilization functionalization
solvent AR/ N SAM AAyyy/ 1M °
water 126 MCH 102+ 2.8
12 08+26
ethanol 1.8+ 1.8 C16 11.7£ 2.2
TerPh 21421

2The Ax values report the standard deviation related to 100 samples
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In order to confirm this conclusion we have compared the spectral shift measured after direct
immersion in the thiol solution (Alm.xg), With that obtained after two processes, that is I)
stabilization in pure solvents (Almaxs), and II) subsequent incubation in the thiol solutions
(AAmax sam)- The results show that Ahmaxd = Ahmaxs T Almax sam for a large number of samples
(>70) with different initial A,x. These data represent a further confirmation that the Au
NPs/FTO samples do not need to undergo any stabilization process in contrast to other

plasmonic Au or Ag NPs reported in literature (11).

The plasmonic material based on Au nanoparticles deposited on FTO surfaces indicate that
their LSPR are sensitive to the formation of organic SAM, showing a different response for
SAMs formed by I) the same molecules of different lengths, IT) molecules of different structure
but same length. The slightly different morphology of the NPs does not affect the sensitivity of

this material.

Reversibility of the LSPR system

Figure 5 reports the LSPR spectra recorded for a sample i)of bare Au NPs, ii1) after formation
of a C12 SAM, iii) after replacement of the C12 SAM by 4-terphenylthiol SAMs, and iv) after
a second replacement of the 4-terphenylthiol SAM with the original C12 SAM.

These results show that the formation of 1-dodecanethiol SAM yields a red shift of 10 nm of
Almax, 1In agreement with the results reported in Figure 4A and the Table 1. By replacing the
C12 SAM with a terphenyl SAM, a further red shift of 11 nm is observed. Under restoration of
C12 SAM, the value of Ayax goes back exactly to the original value by a blue shift of 11 nm.

These results indicate a complete reversibility of the Au NPs plasmonic response under SAMs
exchange and demonstrate that there is neither loss nor restructuration of the NPs gold atoms
during the formation of different SAMs and their replacement. The completely reversibility
indicate that the nanoparticles can be regenerated after a sensing episode, crucial event for a

biosensor.
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Figure 5. SP bands of bare Au NPs (black); after formation of dodecanthiol SAM (turquoise);
after replacement of the dodecanthiol SAM by a terphenylthiol SAM (pink): after replacement
of the terphenylthiol SAM by the original dodecanethiol SAM (blue).

By using the shift values measured for C12 and terphenyl SAMs, the refractive indices of the
respective organic molecules (C12 (n=1.5), terphenyl (n=1.55) (26; 27)) found in literature for
a bulk, the thickness values of these molecules for a bulk (dc12=1.62 nm, drerpheny=1.76 nm)
(24-25), and by calculating the electromagnetic field decay length, / (the decay length for a
LSPR system is 1-3% of the light’s wavelength(2,28), /=17 nm in our case), we can obtain the
from equation (1.4) a sensitivity factor m of 115 nm RIU™ for C12 and of 204 nm RIU™ for
terphenyl.

We observe that the order of magnitude of these values of m are not similar of that reported in
literature for LSPR (2,28). The order of magnitude of our m values are 50% higher than the m
values calculated by the Van Duyne’s group (11) that he predicted a m value decrease of 20%
when on the Au NPs surface is present a SAM. The difference in m cannot be attributed to a

change in morphology, as indicated by the complete reversibility of the system; it can be rather
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related to the fact that the refractive index of SAMs formed by these compounds are certainly
different from the bulk, given the well know different architectures, organization and the

packing of these molecules in the SAMs are very different.
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3.4 Conclusions

The LSPR spectroscopy performed with Au NPs supported on transparent substrates is a
convenient technique to monitor molecular interactions, provided two mandatory conditions:
high stability of the Au NPs in different media, and a good sensitivity of their LSPR to

molecular interactions occurring at the surface.

The Au NPs deposited on FTO, which are stable in different organic and more importantly in
aqueous solvents (Chapter 2), show LSPR bands which results to be sensitive to absorption of
organic SAMs and to the electronic structure of the molecules forming the SAMs (aliphatic

versus aromatic).

The simple protocol of fabrication yields samples of Au NPs of different morphology.
Significantly, all the fabricated samples, formed by polydisperse NPs, exhibit the same stability
and sensitivity. Therefore the samples can been used directly after the fabrication, without
stabilization processes and the recorded shift in Ama.x is related exclusively to the change in

refractive index of the SAMs, without any contribution to restructuration processes.

Interestingly, the LSPR of the samples Au NPs/FTO recovers the same values after multiple
SAM replacements, indicating high stability of the metal nanoparticles and the reversibility of
this plasmonic material as molecular sensors. For a commercially practical LSPR biosensor
means that it can be completely reusable. Reusability has a large impact on cost effectiveness

and the simplicity of use of biosensors.
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Chapter 4

Localized Surface Plasmon Resonance Biosensing

4.1 Introduction

With the aim of developing a biosensor which is 1) easy and inexpensive to fabricate, ii) simple
to be used, and iii) reversible, we have focused on those based on plasmonic materials. Among
the large number of approaches (1-13) used to develop biomedical sensor, those based on the
Localized Surface Plasmon Resonance spectroscopy can be very convenient. For example, in
the run towards miniaturization the sensors based on LSPR spectroscopy, could, in theory, use

the single nanoparticle as transducer (14).

In particular, as described in the previous Chapters, we have fabricated plasmonic materials,
based on metal nanoparticles, in order to detect changes in local refractive index by monitoring
the LSPR Amax extinction maximum by UV-Vis spectroscopy (15). It is well established that the
peak extinction wavelength, An.y, of the LSPR spectrum is dependent upon the size, shape, and
interparticle spacing of the nanoparticle as well as its own dielectric properties and those of its

local environment including substrate, solvent, and adsorbates (16-20).

In Chapter 2 and 3 we have shown that our approach to fabricate a plasmonic material towards
the development of biosensors is very promising. Thermal evaporation of Au on a FTO
surfaces yield nanoparticles which show good adhesion, good stability toward restructuration,
and reversibility. In addition, we have demonstrated that the LSPR spectrum of these metal

nanoparticles shows a high sensitivity to the changes of local dielectric constant.

A number of studies are reported in literature based on the optical response of colloidal metal
NPs dispersed in solution. The main part of these studies is based on color changes, visible by
naked eye, arising from aggregation of the NPs, caused by molecular interaction between DNA
(21-23), protein (24-25), and small molecules (26-27). However, biosensors based on colloidal
metal nanoparticles requires a careful synthetic procedure in order to obtain monodisperse
material: 1) a fine control of ionic strength, pH, temperature (to avoid flocculation), and ii) a
stabilization procedure with a proper molecular shell which can limit a further functionalization

(28-29).
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Alternatively, the use of nanoparticles deposited on surfaces present several advantages: they 1)
allow for the fabrication of “point of care testing” (POCT) to perform the patient diagnose “in
situ” and in short time, ii) can be easily handled in the measurement processes: the sample to
test is located in directly contact with the NPs surface, allowing for using a small probe

volume.

In the present study, after the demonstration of the stability and sensitivity of the plasmonic
material based on Au NPs deposited on a FTO surface, we focused on the response of this

material to biomolecular interaction occurring at their surfaces.

As first approach, we are interested in detecting, by LSPR spectroscopy, the interaction
between two complementary DNA single strands. In literature a large number of studies have
been dedicated to fabricate sensors suitable for detecting DNA hybridization events, the major
part focuses on label-based microarrays. These studies are very important in the biomedical
field since they aim to identify genetic mutations caused by presence of even one base
mismatch in the DNA sequence. In fact, the genetic mutations lead to several and enough bad

genetic diseases.

At our knowledge, the hybridization process of DNA has been detected by using Au NPs
deposited on quartz surfaces only in one case (30), while has been widely studied by using

colloid NPs in solution (35-37) or immobilized (not deposited) on surfaces (31-34).

The DNA hybridization process occurring at surfaces requires a number of delicate procedures:
1) formation of single strand ssDNA SAM, ii) lateral spacing between the ssDNA in order to
allow the hybridization process, iii) hybridization process by exposing the NPs surfaces
functionalized by a ssDNA to the complementary strand to form the double strand DNA
(dsDNA).

The formation of ssDNA SAMs requires a careful procedure to obtain a controlled architecture.
Single strands of the DNA are much longer and more flexible than typical organic molecules
forming SAMs; therefore, lateral spacing is length-dependent, and long-range lateral ordering

is not observed in ssDNA monolayers (38).

The ssDNA functionalized by -SH group to form monolayers on the Au NPs does not presents
neither a rigid backbone, nor strong lateral interactions, so that the SAMs results to be

disordered by molecular fluctuation. In addition, the presence of bases containing nitrogen in
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the nucleotides of the DNA, can lied to interaction with the metal surfaces and therefore to

ssDNA laying on the surface (39).

Several studies have been done to optimize ssDNA SAMs architecture suitable for
hybridization (40-49). A widely accepted procedure consists in forming a mixed SAMs of
incorporating a ssDNA modified in 5 with an alkane chain of six carbons terminating thiol
group (HS(CH;)¢ -) and a spacer, the 6-mercapto-1-hexanol (MCH) (39). The spacer has
several fundamental functions: minimize nonspecific adsorption of single stranded DNA (50),
control the DNA up-right organization, and create a free space between the ssDNA allowing

for nearly 100% hybridization activity (51).

In the present study, to test the sensitivity of the new plasmonic material to biorecognition, in
particular to DNA hybridization processes, we have selected a DNA sequence of 19 base pair.
The particular length has been selected by considering that: 1) a longer DNA strand could
generate a very disordered SAMs, ii) the number of bases is large enough to allow for stable
hybridization, and iii) will allow for detect a basis mismatch test. We have used the modified
oligonucleotide (5’-HS(CH,)s-CAG TGA GGC GTG GCC AGG G-3°), called probe, and the
complementary strand (5’-CCC TGG CCA CGC CTC ACT G-3’), called target. A non
complementary (5’-AAG TGC ATC GTG ATT CAT A-3’) sequence was used to test the
specificity of the sensor. In addition, in order to optimize the performance of our sensor, we

have repeated the experiment by using shorter times for each incubation step.
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4.2 Materials and Methods

Materials

6-mercapto-1-hexanol was purchased from Sigma Aldrich (Germany) and phosphate-buffered
saline (PBS) solutions from Lonza Walkersville Inc. (Walkersville, MD). The Bovine Serum
Albumin (BSA) was kindly provided by Professor Roberto Gambari (Department of
Biochemistry and Molecular Biology, University of Ferrara). The Fluorine Tin Oxide (FTO)
(TEC 8) surfaces were purchased from Pilkington North America Inc. (Toledo, OH). The
modified oligonucleotide (5’-HS(CH,)s-CAG TGA GGC GTG GCC AGG G-3°), the
complementary (5’-CCC TGG CCA CGC CTC ACT G-3’), and the non complementary (5°-
AAG TGC ATC GTG ATT CAT A-3’) sequences were purchased from Eurofines MWG
Operon (Ebersberg, Germany).

Au NPs fabrication

The fluorine tin oxide surfaces was cleaned by a solution 1:1 of acetone and 2-propanol in
ultrasounds bath for 15 minutes, then repeatedly rinsed with copious amounts of water MilliQ
and lastly gently dried with a pure nitrogen stream. The gold nanoparticles were deposited on
the FTO surfaces by thermal evaporation at a pressure of 10° mB and at deposition rate of
0.0016 nm s™. The deposition process of NPs is controlled by measuring a nominal thickness
of 5Snm with a built-in quartz balance. The samples were then annealed for 10 hours at to

200°C.
Characterization

The UV-Vis measurements were carried out by using a Jasco V-570 UV-Vis-NIR
spectrophotometer in transmittance mode by placing the samples into the spectrophotometer
cavity (scan speed 200 nm/min, band width 1 nm). All the spectra were recorded in air and by
using air as reference. A series of measurements performed by repetitive removing and
replacing the same sample into the spectrophotometer cavity showed an error in Ayax values of

1 nm.
Bio-functionalization of Au NPs

The DNA hybridization was performed according to the literature protocols (39,40,50-51). In
the present case, the samples have been incubated with a PBS buffer solution containing the 5°-

HS(CH3)e-CAG TGA GGC GTG GCC AGG G-3’-oligonucleotide (ssDNA) for 16 hours at
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room temperature. After incubation, the sample was rinsed with PBS buffer and MilliQ water,
in order to take away residual thioled ssDNA sequences. Thus, the samples have been
incubated for 1 hour in an aqueous solution of 6-mercapto-1-hexanol (MCH) according to the
protocol (39). MCH is used as spacer between the ssDNA in order to minimize nonspecific
adsorption of the ssDNA and to facilitate the hybridization (39). To perform the hybridization
of the ssDNA, the samples have immersed into a PBS solution of the complementary sequence
for 16 hours a room temperature. After incubation, the samples were rinsed with PBS buffer
and MilliQ water, and dried with nitrogen stream. After each step, the T-LSPR spectra of the

samples were recorded.

A control experiment was done by incubating for 16 hours the mixed SAM of ssDNA-MCH
carrying samples in a PBS solution containing the not complementary strand 5’-AAG TGC
ATC GTG ATT CAT A-3’. After incubation, the samples were rinsed with PBS and MilliQ

water, and then dried with nitrogen.

The experiment performed to test a protein aspecific binding was done by incubation of the
mixed SAM of dsDNA-MCH with the BSA protein for 1 hour in 10 mM PBS buffer. After

incubation, the samples were rinsed with PBS and MilliQ water, and then dried with nitrogen.
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4.3 Results and Discussion

The sensitivity of the Au NPs LSPR to biorecognition reactions occurring at their surfaces has
been tested by measuring AAmax upon DNA hybridization. In the present case, we have
exploited the hybridization of 19 oligonucleotides bases in particular, a modified
oligonucleotide (5’-HS(CH;)s-CAG TGA GGC GTG GCC AGG G-3’) and the complementary
strand (5’-CCC TGG CCA CGC CTC ACT G-3°).

The NPs were functionalized following a standard procedure (50-51) which consists of several

steps (see Materials and Methods). Figure 1 reports the LSPR bands recorded for each step.
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Figure 1. LSPR spectra recorded for Au NPs (black), after absorption of the thiolated ssDNA
(magenta), after immersion in a water solution of MCH (green), and after hybridization with

the complementary strand (turquoise).

We can observe that the A, LSPR band recorded for bare Au NPs shifts of 11 nm after
absorption of the ssDNA, remains almost constant under insertion of MCH, and shifts of

further 11 nm upon hybridization. The results indicate that the Au NPs LSPR is sensitive to the
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presence of monolayers of ssDNA and more significantly, that the hybridization process
induces a shift towards the red region. Considering that this shift is the result of the
hybridization of an ssDNA, which is diluted into a MCH SAMs, we can conclude that the
LSPR of these NPs shows a good sensitivity toward the hybridization DNA.

We have also performed in parallel a blank experiment where we have incubated the sample
with a non complementary DNA sequence (5’-AAG TGC ATC GTG ATT CAT A-3’), instead
of the complementary strand of DNA.
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Figure 2. LSPR spectra recorded for Au NPs (black), after absorption of the thiolated ssDNA
(magenta), after immersion in a water solution of MCH (green), and after incubation with the

non complementary strand (b/ue navy).

Figure 2 reports the LSPR bands after the different steps of functionalization. The binding of
ssDNA on the Au NPs surface generates a red shift of 14 nm. As shown in Figure 1, the
insertion of MCH into the ssDNA SAM does not lead to any shift of the plasmon band. When
the sample is incubated with a non complementary strand, the LSPR band exhibits a red shift

of only 1 nanometer. These data show clearly that the biosensor could discern between a
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complementary and not complementary strand of DNA, and prove the specificity of the sensor
to the binding of complementary DNA strand. The results indicate that the sensor is suitable

for the detection of DNA mismatches in the analysis of genetic mutations.

Herne and Tarlov (39) found by XPS analysis that the maximum coverage surface with ssDNA
take place after 4 hours of incubation. In analogy, we exposed the Au NPs to the same time of
incubation; in particular we have tested the sensor by the following procedure: 4 hours of
incubation with the modified oligonucleotide (5’-HS(CH,)s-CAG TGA GGC GTG GCC AGG
G-3’), thirty minutes of incubation with the spacer MCH and 1 hour and thirty minutes with the
complementary strand (5’-CCC TGG CCA CGC CTC ACT G-3’). The results are reported in
Figure 3.

Figure 3 shows a red shift of the SP band for every step; in particular the shift value for the
hybridization process is of 10 nm, in agreement with the previous results reported in Figure 1.
Summarizing, we can obtain the same performances of the sensor by reducing the analysis

time; this is an important goal in the field of biosensors.

The DNA test requires a complicated and expensive procedure of DNA extraction from the cell
nucleus, of DNA amplification and purification. In the cell nuclear extract, a large number of
biological components, as proteins of different nature, are present. It is possible to avoid the

DNA amplification and purification processes and to use directly cell nuclear extract?

A first step for answer to this question is to test the response of the sensor to an aspecific
binding of a protein, the ubiquitous Bovine Serum Albumin (BSA) protein. The BSA protein
has been selected for its stability, its lack of effect in many biochemical reactions, and its low
cost. Figure 4 shows that the LSPR band shifts towards the red only of 1 nm, after incubation
with BSA. Significantly, these results indicate that most probably, the protein does not interact
with the mixed SAM present on the Au NPs surface and then, the present sensor could be

suitable for a genetic test by using directly the cell nuclear extracts.
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Figure 3. LSPR spectra recorded for Au NPs (black), after absorption of the thiolated ssDNA
(magenta), after immersion in a water solution of MCH (green), after hybridization with the

complementary strand (blue navy), and after incubation with BSA protein (turquoise).
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4.4 Conclusions

In this part of our study we have proved that the new plasmonic material characterized as

described in Chapter 2 and 3, is able to detect biorecognition processes as DNA hybridization.

The red shift of Ayn.x of the LSPR band recorded under hybridization of DNA single strand
anchored to Au NPs surface indicates that this plasmonic material is very sensitive to
biomolecular interactions occurring at their surface. In addition, the sensor shows the same

sensitivity even by reducing the preparation and analysis time.

The result of the blank experiment with the non complementary strand indicates that the LSPR
biosensor shows good specificity. In addition the sensor functionalized with mixed SAMs of
DNA and MCH does not show interaction with the aspecific protein BSA. This means that this

sensor could be a start point for several kinds of medical and biological diagnostic.

Further experiments will be required to verify whether this approach is suitable to determine
hybridization of single DNA strand of gene sequences generated by polymerase-chain reaction.
These results encourage further studies aimed at determining whether this strategy is important
to detect point mutations. Both these issues are relevant to possible application of this novel

strategy to biomedicine.
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