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Introduction

In recent years nanoplasmonics has attracted increasing scientific interest arising
from the possibility of manipulating the optical phenomena at the interface of
nanostructured materials [1, 2]. Indeed, advances in nanofabrication techniques
enabled for tailoring and enhancing electromagnetic fields at the sub-wavelength
scale, opening to a wide range of applications in different scientific contexts, spreading
from electronics to biomedicine [3].

Among the different nanoarchitectures available, a relevant position is occupied
by systems made of nanoparticles (NPs) of noble metals such as gold and silver.
Their optical properties are determined by the excitation of the collective oscillations
of the free electron plasma of the metal, namely the localised surface plasmons,
that results in the resonant absorption of the electromagnetic radiation and in the
confinement of intense electromagnetic fields at the NPs surface. The peculiarity of
metallic NPs stems from the wide opportunity of tailoring the resonance frequency
of the charge density oscillations, the localised surface plasmon resonance (LSPR),
by acting on a series of factors such as the NPs size, shape and material, the
nature of the surrounding medium and the spatial organisation of neighboring
NPs. This latter aspect probably provides the most versatile degree of freedom in
modulating the LSPR. In fact, from dimers to more complex architectures, when
NPs are few nanometres distant, the single localised modes interfere giving rise to
new interparticle absorption modes at lower frequencies that considerably expand
the accessible spectral range [4, 5]. Since for noble metals this spectral window
can spread from visible to near- and mid- infrared, these plasmonic materials are
particularly employed in the study of biosystems. In addition, even more intense
electromagnetic fields result confined in the interstices between adjacent NPs, which
are usually defined as “hot spots” [6].

In this view, particular interest has been devoted to the broad possibilities offered
by plasmonics in the field of biosensing. Benefiting of the high sensitivity of LSPR
to changes in the refractive index at the metal-dielectric interface, plasmonic NPs
have been employed for realising optical sensors for the recognition of biomolecular
interactions including adhesion of small molecules, ligand–receptor binding, protein
adsorption and DNA hybridisation [7, 8, 9].
The nanoscale localisation of intense fields has been extensively harnessed for the
spectroscopic investigation of the NPs environment, boosting the sensitivity limits
of traditional spectroscopies [10, 11]. Indeed, the focusing of strong electromagnetic
fields at the NPs surface results in the enhancement of the optical cross section of
analytes located in proximity of the metallic surface, providing a sort of nanoantenna
effect. Depending on the spectral region of interest and on the LSPR of the plasmonic
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substrate, the most prominent surface enhanced spectroscopies are those based on
infrared and Raman vibrational spectroscopies defined as Surface Enhanced InfRared
Absorption (SEIRA) and Surface Enhanced Raman Scattering (SERS), respectively.
In these fields, the merging of the molecular specificity of vibrational fingerprints and
the enhanced sensitivity provided by the plasmonic scaffold paved the way for the
development of novel ultrasensitive detection methodologies. Specifically, SEIRA is
particularly suitable for studying proteins, lipid bilayers and single cells [12, 13, 14];
while SERS, which experiences the highest signal enhancement, proved is worth
as powerful analytical tool early as the late nineties, achieving the single molecule
detection [15, 16]. SERS is currently widely employed in biomolecular sensing, being
at the basis of devices and sensors capable to actively and selectively interact with
complex biological systems, including cells and tissues [17, 18, 19].
Further advances in enhanced spectroscopies have been achieved by the imple-
mentation of Tip Enhanced Raman Spectroscopy (TERS), which combines SERS
spectroscopy with the high spatial resolution of scanning probe microscopies [20].
The key component of TERS is a plasmonic active tip that simultaneously acts as
Raman signal amplifier and topography scanner. The exceptional spatial resolution
of this technique led to unique results in mapping protein fibrils with a single amino
acid resolution [21] and even in DNA sequencing [22, 23].

Another aspect that makes metallic NPs extremely versatile is the possibility
of conjugating their surface with functional groups, that allows for regulating the
overall chemical reactivity and dispersibility in various solvents [24]. In this way it
has been possible to develop several systems for nanomedicine application, both in
diagnosis and in drug delivery. Along with the strongly enhanced scattering cross
sections, the conjugation of NPs with molecular labels allowed for the spatial tracing
within biological systems, thus providing highly contrasted optical imaging [25, 26].
The possibility for tuning the LSPR in the near infrared spectral range, where the
transmission of biological tissues is the highest, by the guided assembly of properly
functionalised NPs paved the way for the development of novel therapeutic strategies
[27]. In this sense, photothermal cancer therapy exploits the local heating due to
the strong absorption of irradiated NPs for inducing cancer cell death [28, 29, 30].
Hybrid plasmonic nanovectors have been employed as invaluable carriers in targeting
cancer cells, exhibiting promising loading efficiency of chemotherapeutics as well
as selectivity towards different tumours, even in synergistic photothermal and gene
combined approaches [31, 19, 32].

My Ph.D. Thesis fits within the above scientific context and it is aimed at
addressing the design of plasmonic nanostructures with the desired optical and
biological properties. The general idea is to reach a strict control on the spatial
organisation and surface properties of gold NP assemblies for mastering the plasmon
coupling and the interaction with the external environment. Efforts have been made
in quantitatively framing the presented studies in the context of nanoplasmonics
theory, and in developing interpretative models for the specific phenomena studied.
The results were supported by biological investigation with the purpose of providing
a strong scientific background in transferring the obtained findings towards the
development of novel biophysical strategies. The broad experimental activity required
to this work provided me the opportunity of acquiring a deep knowledge on the
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sample synthesis as well as on several experimental techniques such as vibrational
and absorption spectroscopies, dynamic light scattering, near field microscopies and
small angle scattering.

The research activity was conducted in the Physics Department of Sapienza
University of Rome, focusing on three main topics. The first one is the fine tuning of
the optical and biofunctional properties of a plasmonic system realised by interfacing
gold NPs with a functional protein. The active interplay with the biological compo-
nent was exploited for modulating the structural organisation of the NPs and thus
the optical response of the system. This allowed at the same time for preserving the
functional aspect of the protein and for handling its biological activity.

The second research topic involves the application of surface enhanced spectro-
scopies in biosensing. The surface derivatisation versatility of gold NPs was harnessed
by employing molecules with ad hoc properties for designing nanodevices showing
controllable interaction with the environment or with complex system such as cells,
hence enabling their application as local probes for identifying specific features of
interest. Specifically, a pH-sensitive Raman reporter was used for developing a
SERS-active substrate suitable as pH nanosensor capable for monitoring both the
cellular microenvironment and for distinguish the extracellular pH of different type of
cells. The ultrasound induced transient poration of the cell membrane was exploited
for internalising SEIRA-labelled probes into fibroblast cells and for studying the
related bioeffects at the single cell scale. In the perspective of addressing more
refined clinical issues, plasmonic nanvectors were synthesised with biofunctional
interfaces that allowed for managing the interaction with different cell lines. Folic
acid was chosen to this aim, because of its key role in cellular metabolism and
reproduction, and due to the overexpression of folic acid receptors on cancer cell
membrane that allowed for highly selective targeting.

The last part of this Thesis concerns a research work carried out in the framework
of Ph.D. students mobility project pERSON: Enhanced Raman Spectroscopy fOr
Nanomedicine, funded by Sapienza University. Experiments were performed in col-
laboration with the Nanospectroscopy research group at Friedrich Schiller University
of Jena (Germany), under the supervision of Prof. V. Deckert. The main objective
of this project was the investigation of the gold NPs interaction with biological
molecules. It is in fact known that structural destabilisation of biomacromolecules
can be induced by NPs. In particular, this phenomenon was studied in the case of a
pathological species, namely the amyloid fibrils, recognising their degradation after
interaction with NPs. In the perspective of determining potential mechanisms that
could lead to the elimination of toxic species, amyloid fibrils were analysed at the
single amino acid level by exploiting the peculiar high spatial resolution of TERS.
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Thesis outline

In Chapter 1, the theoretical bases of plasmonics from nanostructured materials
are presented. The plasmonic response of a single metallic spherical NP is firstly
described and discussed with respect to the intrinsic features of the NP and to the
dielectric properties of the dispersing medium. The collective optical response of
NP assemblies is analysed in the near-field coupling regime, discussing examples
of general interest. Afterwards the surface enhanced spectroscopies are presented.
Specifically, in the case of SEIRA and SERS, the corresponding optical spectroscopies
are introduced in the framework of the radiation-matter interaction and the signal
amplification is discussed in terms of the chemical and electromagnetic mechanism
contributions. In the final Section a brief overview of the state of the art in plasmonic-
based biosensing is provided.

In Chapter 2, the realisation of a bioplasmonic system based on the self-limited
assembly in solution of gold NPs decorated by a functional protein, lysozyme, is
described. The electrostatic driven assembly process, described by the charge patch
interaction theory was exploited in order to obtain stable aggregates with selected
size. The overall properties of the system were thoroughly analysed, allowing for
obtaining a strict control on its structure, optical response and biological function.
The theoretical principles of the Velegol and Thwar theory for colloids with non-
uniform surface charge are briefly introduced. The experimental results are then
presented, focusing at first on the issue of the colloidal stability and subsequently
on the modulation of the plasmonic response in the spectral region of interest.
Finally, the biological functionality as antibacterial system was tested, highlighting
a significant catalytic activity depending on the surface charge of the aggregates.

In Chapter 3, the development of a SERS-active pH nanosensor, based on the
conjugation of gold NPs with the pH-sensitive molecular probe 4-mercaptobenzoic
acid is discussed. All the aspects of the synthesis procedure and of the operating
conditions were optimised in order to preserve the sensor stability and to provide
the highest responsiveness to pH variations. Exploiting the dependence of the SERS
spectrum on the protonation degree of the carboxylic group at the edge of the
molecule, the nanosensor was successfully employed for measuring the extracellular
pH of two clinically relevant normal and tumorigenic human skin cell lines.

In Chapter 4, a study aimed at employing SEIRA-active gold nanoprobes as
biorecognition tool is presented. The nanoprobes were realised by conjugating gold
NPs with 4-aminothiophenol, an efficient infrared reporter molecule. A careful
analysis of the infrared signal amplification induced by the SEIRA effect was pro-
vided at varying the NPs size. As a proof of concept application, the nanoprobes
internalisation within fibroblast cells was obtained by exploiting ultrasound induced
transient poration of the cell membrane, a phenomenon widely studied for drug
delivery purposes. The bioeffects induced by the combined nanoprobe-ultrasound
treatment were analysed at the single cell level by coupling synchrotron radiation
and SEIRA microspectroscopy. The information inferred by the spectra analysis
were compared to biological viability assays.

In Chapter 5, an application of plasmonic nanovectors in single cell cancer
theranostics is presented. A step further was implemented in the NPs conjugation, by
exploiting 4-aminothiophenol as both a spectroscopic label and as a molecular bridge
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for adding a biofunctional layer around NPs. Antifolate SERS-active nanovectors
were synthesised by conjugating 4-aminothiophenol functionalised gold NPs with
the folic acid competitors aminopterin and methotrexate. A detailed analysis of
the nanovector SERS spectra was performed for precisely quantifying the amount
of drug loaded on each NP. An efficient SERS screening protocol was developed
by taking advantage of the different expression of folate binding proteins on the
membrane of normal and cancer cells. A comparative cytotoxicity study is presented,
highlighting the greater efficacy of the drug-loaded NPs in comparison with the
molecular form of the drug. Finally, the optimisation of the nanovector selectivity is
proposed and tested by designing a hybrid folate/antifolate coloaded nanovector.

In Chapter 6, the TERS based analyses, coupled with atomic force microscopy
and SERS, performed in the context of the project pERSON at Friedrich Schiller
University of Jena are described. After presenting the main working principles
and experimental details of a TERS setup, a thorough morphological and spectro-
scopic characterisation of the amyloidogensis process is described. Afterwards, the
interaction with gold NPs is carefully analysed and discussed, hypotesising possible
mechanisms involved in the observed fibril rupture.

In the Conclusions, the final remarks summarise the obtained results and point
out the open issues and the future perspectives of this work.

In Appendix A the details on the apparatus and measurement protocols of
the several experimental techniques employed in this work are described. The
materials and protocols employed for samples preparation and for the treatment of
the biological samples are also reported.
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Chapter 1

Plasmonics from nanostructured
materials: fundamentals and
applications in biosensing

Plasmonics studies the optical phenomena occurring at metallic interfaces or in
metallic nanostructures. It is based on interaction processes between electromagnetic
radiation and conduction electrons, leading to enhanced optical near field confined
in the sub-wavelength scale [1]. These phenomena are due to elementary excitations
called surface plasmons, i.e. coherent collective oscillations of electrons with respect
to the lattice. There are two main types of surface plasmons: propagating surface
waves called surface plasmon polaritons and non-propagating, standing excitations
called localised surface plasmons (LSPs).
Metallic nanostructures, and in particular noble metal nanoparticles (NPs), are
characterised by the non-propagating LSPs, that remain confined at their surface
and experience a strong coupling with the electromagnetic radiation. LSPs arise
naturally from the scattering problem of a small, sub-wavelength conductive NP in
an oscillating electromagnetic field. The curved surface of the particle excerts an
effective restoring force on the driven electrons, so that a resonance can arise, leading
to field amplification both inside and in the near-field zone outside the particle. This
resonance is called the Localised Surface Plasmon Resonance (LSPR), and depends
on the shape of the NP, which determines how the charge accumulates at different
positions on the surface, and on the electron density, which determines the amount
of charge that accumulates.

The physics of LSPs is herein explored following S. A. Maier [1]. The interaction
of a single metal NP with an electromagnetic wave is firstly considered, in order
to get the resonance condition. Subsequently the effects of plasmon coupling in
NPs assemblies are discussed in terms of near-field interactions. Surface enhanced
spectroscopies are presented, in the framework of the light-matter interaction theory.
The two main mechanisms of signal enhancement, chemical and electromagnetic,
are analysed, enlightening the role of plasmon coupling. Finally, current trends in
plasmon-based biosensing are briefly reviewed.
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1. Plasmonics from nanostructured materials: fundamentals and applications

in biosensing

1.1 Localised surface plasmons

Starting with with bulk metals that allow for introducing the concept of plasmon
excitations, by means of the simple Drude model for the free electron gas, we
will move to metal NPs, where plasmons are confined in all three dimensions,
leading to strong resonances at specific frequencies. The interaction of a single
sub-wavelength NP with the electromagnetic radiation is analysed within the simple
quasi-static approximation, in which the NP acts as an electric dipole, resonantly
absorbing and scattering electromagnetic fields, while the generation of multipolar
modes is neglected. This approximation provides a good description for spherical
particles with dimensions smaller than about 20 nm [33], illuminated with visible
or near-infrared radiation. When particles are of larger dimensions a rigorous
electrodynamic approach is required. A complete theory of the scattering and
absorption of electromagnetic radiation by a sphere was developed by Mie in 1908,
to describe the colors of colloidal gold NPs [34].

The dielectric function of a free electron gas

The simplest model for the dielectric response of a metal is the Drude free-electron
model. In the Drude model, the conduction electrons are modeled as a plasma of
free, non-interacting electrons, which relax through collisions with the lattice or
other scatterers. The details of the lattice potential and of the electron-electron
interactions are not considered in the model, and the effects of the band structure
are incorporated into the effective optical mass me of each electron.
When an external electromagnetic field E = E0 e−iωt with frequency ω is applied,
the electrons oscillate and their motion is damped with a characteristic collision
frequency ν = 1

τ , where τ is the relaxation time of the free electron gas. Under these
assumptions, the motion x(t) of a single electron of the plasma can be described by
the equation:

me
d2x
dt2

+ me

τ

dx
dt

= −eE (1.1)

where e is the elementary electron charge.
A particular solution of this equation, describing the oscillation of the electron

with the same frequency ω of the electric field, is given by:

x(t) = e

me(ω2 + i ω/τ)E(t) (1.2)

where the complex amplitude incorporates any phase-shift between driving field and
response.
Hence, the induced macroscopic polarisation P and the dielectric displacement D
can be calculated:

P = −nex = − ne2

me(ω2 + i ω/τ)E (1.3)

D = ε0 E + P = ε0

(
1 +

ω2
p

ω2 + i ω/τ

)
E (1.4)
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where ε0 is the electric permittivity of vacuum, n is the density of the conduction
electrons and the plasma frequency of the free electron gas has been defined as

ωp =

√
ne2

ε0me
(1.5)

The constitutive relation, D = ε0 ε(ω)E, yields the expression of the dielectric
function of the free electron gas:

ε(ω) = 1 +
ω2
p

ω2 + i ω/τ
(1.6)

whose real and imaginary components, Re[ε(ω)] and Im[ε(ω)], are

Re[ε(ω)] = 1−
ω2
p τ

2

1 + ω2 τ2 (1.7)

Im[ε(ω)] =
ω2
p τ

ω(1 + ω2 τ2) (1.8)

For ω <
√
ω2
p + 1/τ2, the real part of the dielectric function is negative, therefore in

this frequency range the electromagnetic radiation cannot penetrate the material,
leading to the formation of surface excitation as the surface plasmons. In the case
of noble metal, such as gold and silver, this happens for frequencies in the UV
and visible spectral range. The imaginary part describes the energy dissipation
associated with the motion of the electrons in the metal. The tabulated dielectric
functions for gold, silver and copper are reported in Figure 1.1.
The dielectric function of the free electron gas (1.6) provided by the Drude model
adequately describes the optical response of metals for photon energies below the
threshold of transitions between electronic bands.

Figure 1.1. Comparison of tabulated empirical dielectric functions for gold (Au), silver
(Ag) and copper (Cu). Real (left panel) and imaginary (right panel) part of the dielectric
function. Image adapted from ref. [2].
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in biosensing

Quasi-static approximation for a sub-wavelength metal sphere

The quasi-static approximation describes the interaction of a NP with the
electromagnetic radiation, assuming that the particle size 2a is much smaller than
the wavelength λ of incident radiation (a � λ). In this case, the phase of the
harmonically oscillating electromagnetic field can be considered constant over the
particle volume and retardation effects can be neglected. The spatial field distribution

Figure 1.2. Sketch of a homogeneous sphere of radius a and dielectric function ε(ω) placed
into an electrostatic field. Adapted from ref. [1].

is therefore calculated assuming an electrostatic field and then including in the
solution the harmonic time dependence.
The NP is represented by a homogeneous, isotropic sphere of radius a located at the
origin in a uniform, static electric field E0 = E0ẑ (Figure 1.2). At sufficient distance
from the sphere, the field lines are parallel to the z direction. The surrounding
medium is considered isotropic and non-absorbing with dielectric constant εout, while
the dielectric response of the sphere is described by the dielectric function ε(ω) of a
free electron gas (equation 1.6).

In the electrostatic approach, the electric field can be expressed in terms of
the scalar potential Φ, defined by: E0 = −∇Φ. The solution of the Maxwell’s
equations in the absence of external sources can be therefore calculated by solving
the Laplace equation ∇2Φ = 0. The boundary conditions of the problem are given
by the equality, at the NP interface, of the tangential components of the electric field
and of the normal components of the displacement field. Moreover, the requirement
that Φout → −E0z = −E0 r cos θ as r →∞, where r is the position vector and θ the
angle it forms with the z-axis, has to be taken into account.
Under these assumptions, the solution for the scalar potentials Φin inside and Φout

outside the sphere are given by [35]:

Φin = − 3 εout
ε(ω) + 2 εout

E0 r cos θ (1.9)

Φout = −E0 r cos θ + ε(ω)− εout
ε(ω) + 2 εout

E0 a
3 cos θ
r2 (1.10)

Interesting, equation (1.10) describes the superposition of the applied electric field
and that of a dipole located at the particle center. Introducing the dipole moment
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p:
p = 4π ε0 εout a

3 ε(ω)− εout
ε(ω) + 2 εout

E0 (1.11)

it is possible to write the scalar potential in the surrounding medium as:

Φout = −E0r cos θ + p · r
4π ε0 εout r3 (1.12)

The (complex) polarisability α of a small sphere of sub-wavelength diameter in the
electrostatic approximation, defined by p = ε0 εout αE0, is finally obtained:

α = 4π a3 ε(ω)− εout
ε(ω) + 2 εout

(1.13)

The polarisability experiences a resonant enhancement under the Fröhlich condition:

Re[ε(ω)] = −2 εout (1.14)

The frequency for which the condition is satisfied is called the dipole surface
plasmon resonance of the metal particle. The resonance condition holds only if the
real part of the dielectric function is negative, therefore it is satisfied only for specific
materials and for frequencies below ωp. For silver and gold, the resonance condition
1.14 is satisfied in the near ultraviolet and visible spectral ranges. The incomplete
vanishing of the denominator of equation (1.13), due to Im[ε(ω)] 6= 0, limits the
magnitude of α at resonance.

By combining the Drude model and the Fröhlich condition it is possible to express
the frequency of the plasmon resonance as a function of εout:

ωres(εout) =

√
ω2
p

1 + 2 εout
− 1
τ2 (1.15)

Noteworthy, equation (1.15) explicitly points out the strong dependence of the
resonance frequency on the dielectric environment surrounding the NP. Specifically,
the resonance redshifts with increasing εout, as shown in Figure 1.3. This relation
between the LSPR and the dielectric properties of the environment surrounding
the plasmonic materials is widely exploited in developing NP-based sensor and in
monitoring the chemical environment at the interface of NPs.

The distribution of the electric fields Ein inside and Eout outside the sphere can
be evaluated from the potentials (1.9) and (1.10), respectively:

Ein = 3 εout
ε(ω) + 2 εout

E0 (1.16)

Eout = E0 + 3 n̂ (n̂ · p )− p
4π ε0 εout

1
r3 (1.17)

where n̂ is the radial unit vector. As expected, as a consequence of the resonance
in α, a resonant enhancement of both the internal and dipolar fields also occurs.
Many prominent applications of metal NPs in optical devices and sensors rely on
this field-enhancement at the plasmon resonance.
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in biosensing

The representation of a small sphere, with radius a� λ, as an ideal dipole is valid
in the quasi-static regime, i.e. allowing for time-varying fields but neglecting spatial
retardation effects over the particle volume. The harmonic time dependence can be
therefore added to the solutions of equations (1.16) and (1.17), accounting for the
electromagnetic fields radiated by a small particle excited at its plasmon resonance.
Under plane-wave illumination with E(r, t) = E0 e−iωt, the field induce an oscillating
dipole moment p(t) = ε0 εout αE0 e−iωt, with α given by the electrostatic result
(1.13). The radiation of this dipole leads to the scattering of the plane wave by the
sphere, which can be represented as radiation by a point dipole.
Another consequence of the resonantly enhanced polarisation α is a concomitant
enhancement in the light scattering and absorption efficiency of a metal NP. The
corresponding cross sections, σsca and σabs, for scattering and absorption can be
calculated via the Poynting vector [36]:

σsca = k4

6π |α|
2 = 8π

3 k4a6
∣∣∣∣ ε(ω)− εout
ε(ω) + 2 εout

∣∣∣∣2 (1.18)

σabs = k Im[α] = 4π ka3 Im
[
ε(ω)− εout
ε(ω) + 2 εout

]
(1.19)

where k = 2π
λ . Notably, the absorption cross section scales as a3, while the scattering

cross section scales as a6. Hence, for small particles with a � λ the efficiency of
absorption dominates on the scattering efficiency. Moreover, for metal NPs, both
absorption and scattering (and thus extinction) are resonantly enhanced at the
dipole particle plasmon resonance, i.e. when the Frölich condition is met. The
explicit expression for the extinction cross section σext of a sphere of volume V is:

σext = σsca + σabs = 9 ω
c
ε

3/2
out V

Im[ε(ω)]
(Re[ε(ω)] + 2 εout)2 + (Im[ε(ω)])2 (1.20)

where c is the speed of light in vacuum.

Figure 1.3. Scattering cross section, for gold and silver NPs surrounded by different
dielectric media with increasing refractive index. The spectra are normalised to a6, to
eliminate the dependence on the NP radius. Solid line: vacuum, dashed line: water,
dashed-dotted line: glass. Reproduced from ref. [2].



1.1 Localised surface plasmons 7

Mie theory

The Mie theory solves Maxwell’s equations for the scattering of electromagnetic
radiation by spherical NPs [34]. Its rigorous electrodynamic approach accounts for
phase-changes of the driving field over the particle volume, explaining the optical
properties of NPs larger than 20 nm.

The approach is to expand the internal and scattered fields into a set of normal
modes described by vector sperical harmonics Ml and Nl. The scattered electro-
magnetic field is therefore given by a linear superposition of spherical waves, each
generated by an electric and a magnetic multipole [36]:

Esca =
∞∑
l=1

ilE0
2 l + 1
l(l + 1)

(
ialN

(e)
l − blM

(o)
l

)
(1.21)

Hsca = k

ω

∞∑
l=1

ilE0
2 l + 1
l(l + 1)

(
iblN

(o)
l − alM

(e)
l

)
(1.22)

where the superscripts o and e specify the odd and even parity, respectively, of the
vector spherical harmonics. Here the magnetic permeability of the particle and the
surrounding medium were assumed to be the same. The amplitudes al and bl are
given by:

al = nΨl(nx)Ψ′l(x)−Ψl(x)Ψ′l(nx)
nΨl(nx)ξ′l(x)− ξl(x)Ψ′l(nx) (1.23)

bl = Ψl(nx)Ψ′l(x)− nΨl(x)Ψ′l(nx)
Ψl(nx)ξ′l(x)− nξl(x)Ψ′l(nx) (1.24)

where Ψl and ξl are the Riccati-Bessel functions, x = ka is the size parameter, and
n = nin

nout
, with nin and nout the relative refractive indices of the particle and the

medium, respectively. As expected, al and bl vanish as n approaches unity: when the
particle disappears, so does the scattered field. The scattering and extinction cross
sections can be finally expressed as the sum of the contributions of single multipoles:

σsca = 2π
k2

∞∑
l=1

(2l + 1)(|al|2 + |bl|2) (1.25)

σext = 2π
k2

∞∑
l=1

(2l + 1)Re[al + bl] (1.26)

A resonance for a particular l occurs if the frequency or the radius are such that
one of the denominators of equations (1.23) and (1.24) is very small. The resonant
conditions for the al and the bl modes are, respectively:

ξ′l(x)
ξl(x) = 1

n

Ψ′l(nx)
Ψl(nx) (1.27)

ξ′l(x)
ξl(x) = n

Ψ′l(nx)
Ψl(nx) (1.28)
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By a power series expansion of the first mode of the Mie theory [37] it is possible to
obtain an expression for the polarisability of a sphere of volume V :

αsphere =
1− ( 1

10)(ε(ω)− εout)x2 +O(x3)
(1

3 + εout
ε(ω)−εout

)− 1
30(ε(ω) + 10εout)x2 +O(x3)

V (1.29)

The first order of this expansion yields the expression of the polarisability in
the quasi-static approximation of equation 1.13. The additional, quadratic terms of
equation 1.29 depend on the size parameter x, thus accounting for the retardation
effect of the exciting field over the volume of the sphere, leading to a shift in the
plasmon resonance. For Drude and the noble metals, the overall shift is towards
lower energies: the spectral position of the dipole resonance redshifts with increasing
particle size, as shown in Figure 1.4. Intuitively, this can be understood by recognising
that the distance between the charges at opposite interfaces of the particle increases
with its size, thus leading to a smaller restoring force and therefore a lowering of the
resonance frequency. For the same reason, also the shape of the NP affect the LSPR
frequency.

Figure 1.4. Optical dark-field image of scattered light from gold NPs with different size and
shape, together with SEM images of the corresponding particles (top). Scattering spectra
from gold nanorods with incident light polarised parallel to the long axis. Reproduced
from ref. [37].
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1.2 Near-field coupling between localised surface plas-
mons

As seen in the previous Section, the LSPR of a single metallic NP can be shifted
in frequency depending on particle shape, size and on modification of the dielectric
medium. In particle ensembles, additional frequency shifts of the plasmon resonance
occur due to electromagnetic interactions between the localised modes. Coupling
effects between plasmon resonances can occur in the far-field and near-field regime,
depending on the distance d between NPs, compared with the wavelength λ of the
incident radiation. Far-field coupling occurs when d ∼ λ and the plasmon modes
interact through fields scattered off the particles [1, 38]. Here, we focus on near-field
coupling of NPs, which occurs when d� λ and results from the Coulomb interaction
between the surface charges on the different particles.

The coupling intensity increases with the decrease of the distance between NPs,
leading to the formation of large charge dipoles across the gap between the particles.
This results in a intense local field that can be much greater than the sum of the
local fields that would be produced by the isolated particles. This so-called “hot
spot” of intense local field provides strong coupling to analytes trapped in the gap, so
that NP pairs are excellent nanoantennas for coupling light into and out of localised
emitters [39]. Materials in the gap will also affect the strength of the coupling,
producing shifts in plasmon resonance frequencies that can be used for sensitive
chemical detection [40].

The coupling between localised plasmon modes can be described by means a
intuitive, semianalytical picture in the quasistatic limit by treating the metals using
a Drude model without damping [41, 42, 43]. The model, known as the “plasmon
hybridisation” model, provides a formal analogy between plasmon coupling and
the hybridisation of atomic orbitals in molecules. The plasmon modes of a particle
ensamble are expressed in terms of interactions between the plasmon resonances
of its elementary components. In the same way that individual atomic orbitals in
a diatomic molecule hybridise to form bonding and antibonding states, individual
plasmon resonances in NP assembles couple to form higher energy and lower energy
collective modes.

1.2.1 Plasmon hybridisation theory

In the plasmon hybridisation model the conduction electrons are depicted as a
charged, incompressible fluid placed in a rigid, uniform positive background with
the same charge density ρ0, which represents the ion cores [42]. The entire system is
assumed to be neutrally charged. The plasmon modes are self-sustained deformations
of the electron fluid, described by the field velocity v(r) and in turn by the current
j(r) = n0 ev(r), where n0 = ρ0/e is the electron number density. Incompressible
deformations are taken into account by j = n0 e∇φ, where the scalar potential
φ satisfies the Laplace equation ∇2φ = 0. Since the liquid is incompressible, in
the linear response limit the only effect of such (infinitely small) deformations is
the appearance of a surface charge density σ(Ω), where Ω is the solid angle. The
continuity equation at the NP surface, assuming the electron fluid confined within
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the volume of the particle, relates j and σ:
∂σ

∂t
= n̂ · j = n0 e n̂ ·∇φ (1.30)

where n̂ denotes the surface normal unit vector.
Expanding the solution of the Laplace equation as a function of a complete sets

of scalar potentials φµ(r), where µ is an index for the individual basis functions in
any given NP geometry, yields:

φ(r, t) =
∑
µ

dAµ(t)
dt

φµ(r) (1.31)

where the time dependent coefficients Aµ(t) represent the fluid deformation ampli-
tudes of each primitive plasmon |µ〉. Under these assumptions, the dynamics of the
small deformations of the fluid is described by the following Lagrangian:

L = 1
2

∫
S
n0meφ∇φdS− 1

2

∫∫
S

σ(r)σ(r ′)
|r− r ′| dSdS

′ (1.32)

where the two integrals represents the kinetic and the potential energy of the system
and are calculated over all the boundaries of the particle surface.

In the case of a solid metallic sphere of radius a, the scalar potential can
be expanded by the spherical harmonics Ylm(Ω), where l and m are the angular
momentum and the azimuthal number, respectively:

φ(r, t) =
∑
l,m

dAlm(t)
dt

√
1

la2l+1 r
l Ylm(Ω) (1.33)

and the Lagrangian of the system can be written as:

L = 1
2n0me

∑
l,m

[(
dAlm
dt

)2
− ω2

l A
2
lm

]
(1.34)

where ωl = ωp
√
l/(2l + 1).

The Lagrangian of equation 1.34 represents the normal-mode dynamical equation
of a harmonic oscillator with frequency ωl. Notably, ωl is exactly equal to the
plasmonic frequencies predicted by the resonance conditions of the Mie theory,
reported in equations (1.27) and (1.28). In a complex geometry, the primitive
plasmon modes interact via the Coulomb potential and are therefore no longer the
eigenmodes of the system. The normal modes of the coupled system are obtained
assuming harmonic motion for all modes and searching self-sustained solutions of the
new Lagrangian. The resulting hybridised modes will therefore be superpositions of
the individual primitive plasmon modes. From the equations of motion, the optical
absorption of the complex coupled nanostructure can be finally calculated.

This method provides a simple and conceptually straightforward understanding
of how plasmon resonances in a complex or multicomponent structure arise from
the plasmon modes of their individual components. Since its initial demonstration,
this approach has been utilised for the analysis of an increasing variety of plasmonic
systems [5, 44]. In the following the coupling among plasmon modes of some notable
structures is briefly discussed.



1.2 Near-field coupling between localised surface plasmons 11

Plasmonic dimers

Proceeding from the theory previously discussed, here we consider hybridisation
between the plasmons in a pair of spherical NPs with center-to-center distance D.
Inside each sphere, φ is written in terms of the normal modes of that sphere, with the
angular-momentum axis taken to be the line that joins the centers of the particles.
When the overall size of the system is significantly much smaller than the plasmon
wavelength, retardation effects can be neglected and the dynamics of the plasmons
is determined by the instantaneous Coulomb interaction between the surface charges
[43]. The Lagrangian of the system is given by the sum of the Lagrangian L1 and
L2 of the single non-interacting particles, plus an interaction term:

L = L1 + L2 − V12(D) (1.35)

where

V12(D) = (n0e)2

a3
∑
l1,m1
l2,m2

√
l1l2Al1,m1(t)Al2,m2(t)

∫∫
Yl1,m1(Ω1)Yl2,m2(Ω2)

|r1 − r2|
dS1dS2

(1.36)
Given the geometry of the problem, the interaction is diagonal in the azimuthal
quantum number m. Consequently, the plasmon modes corresponding to different
values of m decouple and the Euler-Lagrange equations result in an eigenvalue
problem of the form:

det
[
Λ(m)
ij − ω

]
= 0 (1.37)

where the matrix Λ is defined by:

Λ(m)
ij = ω2

i δij +
ω2
p

8π V
(m)
ij (1.38)

Here the subscripts i and j denote the non-interacting plasmon modes. In this
notation, i refers to a plasmon mode of energy ωi and the matrix elements Vij = Vji
describe the coupling between the modes i and j (Vij = 0 if the indices refer to
modes of the same particle), resulting in separation dependent shifts of the dimer
plasmon levels.

Hence, the dimer plasmons can be viewed as bonding and antibonding combina-
tions of the individual NP plasmons, closely resembling a homogeneous diatomic
molecule, and its molecular orbital diagram. Based on this parallelism, coupled
metallic NP pairs are referred to as plasmonic “dimers”.

The energy diagram of the plasmonic dimer, together with an example of the
optical response in the case of gold NPs is shown in Figure 1.5. The dipolar plasmon
mode of each individual nanoparticle splits into two distinct collective modes, known
as the low-energy “bonding” mode and the higher-energy “antibonding” mode. The
bonding mode has mutually aligned longitudinal dipoles, resulting in a large induced
dipole and a strong coupling to an incident plane wave polarised along the axis
connecting the particles. It is therefore referred also to as a “bright” plasmon mode.
The antibonding mode has anti-aligned dipoles, resulting in no net dipole moment
and the inability of this mode to couple to the far field, so it is called as a “dark”
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Figure 1.5. (A) Scheme of the plasmon hybridisation in a NP dimer. The individual
nanosphere plasmons on the two particles interact and form bonding and anti-bonding
dimer plasmons, depending on the polarisation. When the dipoles are arranged end
to end, the two dipoles are in phase, and the coupled dipole resonance is shifted to
lower frequencies. When the the dipoles are arranged side by side, the dipoles are out
of phase, leading to couple modes at higher frequencies. Image inspired by [45]. (B)
Extinction spectra of an array of gold NP with different interparticle distances at varying
the polarisation of the exciting field, parallel (top) and orthogonal (bottom) to the
interparticle axis. Reproduced from [46].

plasmon mode. For both longitudinal and transverse coupled dipoles, the bright and
dark modes are shifted from the single-particle frequencies by the same amount.

As the interparticle separation is reduced, the magnitude of the coupling in-
creases, scaling as 1/D. In the limit where the NP are nearly touching, mixing
between the l = 1 states and all higher order modes of the neighboring nanoparticle
will occur [47]. The resulting hybridisation produces an increased redshift of the
bonding mode with decreasing dimer separation. This behavior is characteristic of
a dimer excited by light polarised along its interparticle axis. For light polarised
orthogonal to this axis, interparticle coupling is minimal, and a small blue shift of
the individual NP plasmon is observed (see Figure 1.5B).

The plasmon hybridisation theory herein described can be generalised to multi-
nanoparticle systems, allowing to express the fundamental plasmon modes as linear
combinations of plasmons of individual NPs, in a manner analogous to molecular
orbital theory. The sums over particles should be extended to include all particles
present in the structure and the interaction integral I should be evaluated:

Ii,il,m,l′,m′(a) = 1
a2

∫
Yl,m(Ωi)Yl′,m′(Ωj)

rl
′+1
j

dSi (1.39)

where the integration is centred on particle i and made over a spherical surface of
radius a.
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In case of non-extended structures with definite geometries such as trimers,
quadrumers and NP oligomers, this method provides a good analytical description
of the optical properties [48, 44]. In the more general case of plasmonic systems
composed by a large number of particles with complex geometries, computational
methods such as Discrete Dipole Approximation or Finite Difference Time Do-
main methods are employed to solve the Maxwell’s equations and to obtain the
electromagnetic fields distribution of the plasmonic structures [49].

1.2.2 Plasmon coupling in large nanoparticle assemblies

The modification of the plasmon resonance become substantial when the number
of particle composing the plasmonic structure is increased. The coupling among the
plasmon modes of several NPs in the three dimensions leads to a broadening and
redshift of the plasmon resonance which can be extended until the infrared spectral
region, depending on the number of NPs [5]. Large NP aggregates are attractive for
plasmonic applications since allow for obtaining very intense local fields due to the
high density of hot spots [50].

Besides to be determined by the intrinsic properties of the single plasmonic
constituents (e.g., particle shape and size), the optical response of these systems
is crucially dependent on the interparticle distance and on the morphology of the
cluster. The strict control on these parameters for obtaining plasmonic assemblies
with the desired optical properties represents a challenge of the current fabrication
procedures.
In colloidal fractal aggregates, each particle is surrounded by a strongly anisotropic

Figure 1.6. (A) Sketch of a fractal NP aggregate in which sub-nanostructures such
as chains (red), dimers (blue) and single particle structures can be recognised. The
LSPR of each one is identified by λagg, λdim and λsp, respectively. (B) Representative
extinction spectrum of a fractal aggregates, composed by gold NPs with a diameter of 30
nm. The plasmon contributions corresponding to the single particle, dimers and chain
sub-structure are highlighted. Adapted from ref. [51].

environment composed of other particles. Therefore, how the dipole-dipole inter-
actions of the single plasmon modes overlap to define the global optical response
of the cluster strictly depends on the particle spatial organisation [52]. Moreover,
the clustering process generates a distribution of sub-nanostructures with different
coordination numbers. For each of these sub-structures it is possible to identify
an optical response and a plasmon resonance [51]. Therefore, the overall optical
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response of the system is determined by the overlap of the strong interaction between
closely located particles and the presence of a large number of particles forming the
complex structures [53] (Figure 1.6).

The optical response of two- and three-dimensional clusters of NPs can be
interpreted in terms of the excitation of simple units composed of different length
resonant chains [53]. As reported by Herrmann et al. [54], self-assembled gold NP
clusters support strongly localized plasmon modes whose resonant energy sensitively
depends on their position within the aggregate. As shown in the spectral map of
Figure 1.7, the regions corresponding to a more intense field indicate the presence of
a radiative localised plasmon mode which resonantly couples to incident light of the
given wavelength. Consequently, the local electric field is strongly enhanced at this
position. Therefore, shorter wavelength modes, corresponding to sub-structures with
low coordination numbers, are found in the periphery of the cluster. Instead, longer
wavelength modes, corresponding to more complex sub-structures predominantly
stretch along extended NP chains, typically found in the core of the aggregate.

Figure 1.7. Scattering response of a self-assembled gold NP cluster. Scanning electron
microscope image of the cluster together with optical bright (BF) and dark field (DF)
images. The spatial distribution of the scattering response of the cluster at different
wavelengths (right). The gray dotted lines represent the outline of the cluster as extracted
from the SEM image, the exciting wavelengths are indicated at the bottom of each
image. For higher energies(550-650 nm), single particle and dimer modes dominate the
response and are mainly located in the periphery of the cluster. At longer wavelengths
(∼ 800 nm), the cluster modes start to successively concentrate along the longer chains
in the denser parts of the aggregate, since only these extended resonant structures can
support such low energy modes. Starting from 1000 nm, the spatial response spreads
along almost the entire core of the aggregate. Reproduced from ref. [54].
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1.3 Surface enhanced spectroscopies

The confinement of the electromagnetic field at the interface of plasmonic mate-
rials has been tailored for pushing the sensitivity limits of traditional vibrational
spectroscopies. Indeed, the localisation of these intense fields results in the enhance-
ment of the optical cross section of molecules located in proximity of the metallic
surface that has been exploited in the so called surface enhanced spectroscopies.
Among them, the most prominent are based on Infrared (IR) absorption and Ra-
man scattering, known as Surface Enhanced InfraRed Absorption (SEIRA) and
Surface Enhanced Raman Scattering (SERS), respectively. The signal amplification
is strongly dependent on the feature of LSPR of the nanostructure employed as
plasmonic substrate, such as center frequency and width. Single metallic NPs or
small NP aggregates, that show LSPRs predominantly in the visible spectral region,
are suitable to be emloyed as SERS substrates. On the other hand, sub-micrometric
NP aggregates, NP periodic arrays and core-shell systems, with LSPR ranging
from the near-infrared to higher wavelengths, are the typical substrates employed in
SEIRA. Another aspect that affects the signal amplification in both surface enhanced
spectroscopies is related to the electronic properties of the analyte, that can result
modified upon the interaction with the metallic nanostructure.

In this Section the basic principles of the radiation-matter interaction are dis-
cussed, in order to derive the expression for the IR absorption and Raman scattering
cross section. Afterwards, SEIRA and SERS spectroscopies will be presented together
with the mechanisms involved in the signal enhancement.

Radiation-matter interaction

When a system is illuminated by electromagnetic radiation, considering the
approximation of linear optics, the incident photons can be absorbed, scattered,
or transmitted without interacting with the sample. In absorption processes, only

Figure 1.8. Schematic representation of vibrational absorption and elastic and inelastic
scattering processes. Reproduced from [55].

one photon is involved and it is absorbed if its energy is resonant with a proper
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excitation in the system. Typical vibrational energies match the energies of photons
in the infrared spectral range. Therefore, IR photons will be absorbed and induce a
vibrational transition in the system (Figure 1.8A). In scattering processes, instead,
two photons are involved. The first one is absorbed and excites the system to an
intermediate state, the second one is re-emitted in the disexcitation. The system
can relax both to the initial level or to a different level. In the fist case, the emitted
photon has the same energy of the absorbed one and the process is called Rayleigh
elastic scattering (Figure 1.8B). In the second case, the energy difference between
the incident and scattered photons provides the energy spacing of the vibrational
levels of the system and the process is called inelastic Raman scattering. Depending
whether the emitted photon has energy lower or higher than the absorbed photon
one refers to Stokes or anti-Stokes process (Figure 1.8C-D), respectively.

In order to derive the expression for the cross section in the case of IR absorption
and Raman scattering, let us consider the interaction between the electromagnetic
radiation and N particles located in the positions {rj} with charge qj , mass mj and
momentum pj interacting with a potential V ({rj}). The total Hamiltonian of the
system is:

H =
∑
j

p2
j

2mj
+ V ({rj}) +Hrad +Hint (1.40)

where Hrad is the radiation Hamiltonian and the interaction Hamiltonian Hint is
given by:

Hint = −1
c

∑
j

qj
mj

pj ·A(rj , t) + 1
2c2

∑
j

q2
j

mj
A2(rj , t) (1.41)

which is obtained from the system Hamiltonian by applying the minimal substitution
p→ p− q

cA(r, t) where A(r, t) is the vector potential

A(r, t) =
∑
k,l

√
2πc2

V ωk

[
ε̂lak,l e

−i(k·r−ωkt) + ε̂∗l a
†
k,l e

i(k·r−ωkt)
]

(1.42)

where ak,l and a†k,l are the creation and destruction operators of photons with
wavevector k and polarisation ε̂l.
The transition probability Wif between an initial state |i〉 and a final state |f〉 with
energies Ei and Ef respectively, is given by the Fermi’s golden rule:

Wif = 2π
h̄
| 〈f | S |i〉 |2δ(Ef − Ei) (1.43)

where the scattering matrix S is expressed by:

S =
∑
n

(
− i
h̄

)n 1
n!

∫
dt1 ... dtnT̂ [Hint(t1) ... Hint(tn)] (1.44)

From equation 1.43 it is possible to derive the expression of the differential cross
section dσ for a given process, knowing the flux per unit time and surface of the
incident photons Φinc:

dσ ∝ Wif

Φinc
(1.45)
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We are interested in processes involving one or two photons, which correspond to
linear and quadratic terms in the vector potential. Hence we consider the terms of
the S matrix up to the second order of the perturbative series expansion and neglect
the terms with order higher than A2(r, t). A generic element of the transition matrix
for the scattering processes is therefore given by:

〈f |S |i〉 =
∑
j

− qj
mj c

〈f |pj ·A(rj , t) |i〉+
∑
j

q2
j

2mj c2 〈f |A
2(rj , t) |i〉+

∑
n 6=i

∑
j,j′

qj qj′

mjmj′ c2
〈f |pj ·A(rj , t) |n〉 〈n|pj′ ·A(rj′ , t) |i〉

Ei − En

(1.46)

where one can refer to the three terms in equation 1.46 as S(1)(A(r, t)), S(1)(A2(r, t))
and S(2)(A2(r, t)), respectively.

The first term describes the radiation-matter interaction processes in which one
photon is absorbed or emitted. By employing the dipole approximation for the
electromagnetic field (e−ik·r ∼ 1) and considering only the terms relative to the
absorption(Ef > Ei), it is possible to derive the following expression for the matrix
element:

S(1)(A(r, t)) =
∑
k,l

i(ωf − ωi)
c

√
2πc2

V ωk
〈f |
∑
j

−qjrj · ε̂l |i〉 (1.47)

By employing the definition of dipole moment µ =
∑
j rj ·qj , the transition probability

Wabs for the absorption of a photon is given by:

Wabs = ω

V

(2π
h̄

)2∑
l

| 〈f | − µ · ε̂l |i〉 |2δ(ωif − ω) (1.48)

where ωfi = ωf − ωi. The expression for Wabs allows for recognising some typical
features of the IR absorption. Specifically, since the dipole moment is an odd operator,
only transitions between states with different parity are allowed. Moreover, from
equation 1.48 it is possible to determine the cross section for the infrared absorption.
During molecular vibrations, the dipole moment µ undergoes infinitesimal changes,
hence it can be expanded as a Taylor series in the normal coordinates Qk near the
equilibrium position Q0:

µ ≈ µ0 +
∑
k

(
∂µ

∂Qk
Qk

)
Q0

+O(Q2
k) (1.49)

Since the first term of the expansion gives a null contribution, the IR absorption
cross section σIR is determined by the first derivative of the dipole moment:

σIR ∝
(
∂µ

∂Q

)2
(1.50)

Returning to equation 1.46, the second term S(1)(A2(r, t)) describes transitions in
which the molecular state does not change, e.g. |f〉 = |i〉.



18
1. Plasmonics from nanostructured materials: fundamentals and applications

in biosensing

The cross section for the inelastic Raman scattering involving two photons can be
derived from the third term S(2)(A2(r, t)). By defining the molecular polarisability
tensor as

αβ,γ =
∑
β,γ

∑
n

{
〈f |µβ |n〉 〈n|µγ |i〉
Ei − En − h̄ωf

+ 〈f |µ
γ |n〉 〈n|µβ |i〉

Ei − En − h̄ωi

}
(1.51)

where β and γ cartesian components of the dipole moment µ and |n〉 intermediate
states, the transition probability WRaman for the inelastic Raman scattering can be
written as

WRaman =
∑
l,l′

∑
k,k′

(2π)3 h̄

V 2 ωkω
3
k′ |εl ·αβγ · εl′ |2δ(ωfi − ω) (1.52)

Analogously to the IR, also in this case it is possible to expand the polarisability as
a Taylor series in the normal coordinates, allowing for expressing the Raman cross
section in terms of the changes of the polarisability with the vibrational coordinates

σRaman ∝
(
∂α

∂Q

)2
(1.53)

Raman scattering is second order process, therefore from an experimental point
of view, it will be hindered by the possible first order resonant processes, such
as rotovibrational transitions (energies comparable with IR photons) or electronic
transitions (typical energies comparable to UV photons). Taking these aspects
into account, the more useful spectral regions to perform Raman spectroscopy are
the visible and near-infrared range. Notably, resonant Raman can occur when the
denominator in equation 1.51 is close to zero. This phenomenon takes place if the
transition in the Raman process does not target a virtual state but an electronic
excited state of the system.

1.3.1 Surface Enhanced Infrared Absorption (SEIRA)

The increase in the infrared signal of molecular monolayers adsorbed onto a
metallic film was observed for the firs time in 1980 by Hartstein et al. [56]. The
SEIRA effect consists in the increase of the molecules absorption rate per unit
volume that is proportional to the energy density of the field at the appropriate
frequency [57]. The spectral enhancement can be explained by taking into account
two different phenomena affecting the IR cross section, which are referred to as
electromagnetic and chemical mechanism [58].

The electromagnetic mechanism arise from the coupling between radiation and
surface plasmons which have resonance frequencies in the IR spectral range. Typical
plasmonic systems that sustain these modes are metallic islands, usually obtained
by the evaporation of metals [59], and mesoscopic NP assemblies [14]. Other SEIRA
substrates include lithography-assisted NP arrays [60, 61] and hybrid core-shell
particles [62]. The SEIRA effect also occurs in non-metallic materials such as
dielectrics and semi-conductors, arising from the interaction of the electromagnetic
field with surface phonons [12]. Following the Drude formalism and employing
a dielectric function for non-metallic materials, the resonance condition given by
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equation 1.14 is fulfilled in the IR region [63, 64]. Compared to the plasmon resonance,
the phonon resonance shows a sharper curve, due to lower damping [63].

The chemical mechanism is associated with the variation in the dipole moment
of analytes that occurs upon interaction with the substrate, resulting in the increase
of the absorption cross section. Specifically, each infrared band associated to a
fundamental vibrational mode is intrinsically determined by the partial derivative
(∂µ/∂Q), as reported in equation 1.50, hence the modification of the dipole moment
is reflected in the intensity and shape variations as well as in shifts of the centre
frequency. This effect is more pronounced for chemisorbed molecules as compared to
physisorbed ones [58], since the possible formation of chemical bonds substantially
alters the molecular orbitals of the adsorbed molecules and could even lead to the
formation of new electronic states. A further factor for signal intensity amplification
is associated to the surface selection rules, which entail the preferential enhancement
of modes associated to variations of the dipole moment along the normal direction
with respect to the plasmonic surface [57]. As an example, Osawa et al. reported the
SEIRA spectrum of p-nitrobenzoate adsorbed onto a silver substrate, highlighting
that the antisymmetric stretching mode of NO2, corresponding to variations of µ
parallel to the silver surface, results poorly amplified [65].

A theoretical frame of the SEIRA effect, that explains the band shape mod-
ifications and quantitatively predicts the spectral enhancement, accounting both
for electromagnetic and chemical mechanisms, has been proposed by Bjerke et al.
[66]using effective medium theories, including Maxwell-Garnett and Bruggeman
descriptions [67].

SEIRA enhancement factor

In order to quantify the efficiency in enhancing the spectroscopic signal of a
given molecule by a surface enhanced spectroscopy, the enhancement factor EF can
be defined as [68]:

EF = Ienh/Nenh

Itrad/Ntrad
(1.54)

where Ienh and Itrad are the surface enahnced and traditional signal intensities, while
Nenh and Ntrad are the average number of molecules contributing to the signal in
the two cases, namely those adsorbed on the plasmonic active substrate and those
located in the illumination volume in the traditional spectroscopy, respectively. In
general, the signal intensity I(ω) is proportional to the number N of active molecules
in the excitation spot, to the molecules cross section σ for a given process and to
the intensity I0(ω) of the incoming excitation beam:

I(ω) ∝ N σ I0(ω) (1.55)

The electromagnetic mechanism leads to the enhancement of the incoming field
at the interface of the plasmonic substrate. This local field enhancement can be
expressed by a gain factor g(ω) = |Eloc(ω)|/|E0(ω)|, where |E0(ω)| and |Eloc(ω)| are
the amplitudes of the incoming electric field and of that localised at the plasmonic
active site, respectively. In the case of SEIRA spectroscopy, the intensity of the
localised enhanced field has to be taken into account as excitation source in equation
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1.55, therefore the signal intensity can be expressed as:

ISEIRA ∝ NSEIRA σ
ads
IR g2(ω) I0(ω) (1.56)

where the gain factor is squared since we are dealing with the field intensity and
σadsIR is the cross section of the IR-active molecules adsorbed on the substrate.

The expression for the SEIRA enhancement is obtained by combining equations
1.54 and 1.56:

EFSEIRA = σadsIR

σIR
g2(ω) (1.57)

where the ratio between the cross section of the molecules adsorbed on the plasmonic
substrate and that of the free molecules, σadsIR and σIR respectively, contains the
contribution to the enhancement of the chemical mechanism.

From equation 1.57 it emerges that the SEIRA signal benefits of a field en-
hancement proportional to the second power of the amplification experienced by
the incoming field. The numerical values for the enhancement factor in SEIRA
spectroscopy are reported in the 10− 103 orders of magnitude range for substrates
based on metallic NPs [61, 14] and can raise up to 105 in the case of plasmonic
nanoantenna arrays [69].

1.3.2 Surface Enhanced Raman Scattering (SERS)

SERS effect consists in the strong increment of the Raman intensity experienced
by molecules located close to a nano-curved metallic surface. It was the very first
case of surface enhanced spectroscopy discovered, indeed the first reports of enhanced
Raman scattering by pyridine molecules adsorbed onto a silver electrode appeared
on 1974 [70]. Analogously to SEIRA, it is possible to distinguish an electromagnetic
and a chemical mechanism at the base of the phenomenon. The electromagnetic
one depends on the features of the metallic substrate and results from the coupling
between electromagnetic radiation in the frequency range spanning from the UV
to the near-infrared and the LSPs. The chemical mechanisms originates from the
changes in the Raman cross section of molecules induced by the modification in
the environment and by eventual chemical binding. Specifically, the formation of a
metal-ligand complex and charge-transfer phenomena that can occur between the
molecule and the metal affect the molecular polarisability and in turn increase the
Raman cross section of the molecule [71]. These effects could also result in slight
variation of the typical vibrational energies of the molecule, thus the SERS spectra
are often characterised by frequency shifts. In addition, the interaction with the
metallic surface could affect the Raman selection rules, leading to the appearance
of peaks corresponding to vibrational modes that are hindered in the traditional
Raman spectra.

Another mechanism that can have a role in the signal enhancement is the resonant
Raman, that occurs when the excitation energy is close to the molecular electronic
transition energy. For this reason, the signal of resonant Raman scattering often
appears together with fluorescence, but its quenching near the metal surface allows
for revealing the Raman signal [72].
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SERS enhancement factor

Since two photons are involved in Raman scattering processes, in SERS spec-
troscopy both the incoming and scattered fields benefit from signal enhancement.
Following the definition of equation 1.54 reported in the previous Section, the total
SERS intensity is given by:

ISERS ∝ NSERS σ
ads
Raman g

2(ω0) g2(ω1) I0(ω0) (1.58)

where σadsRaman is the cross section of the Raman-active molecules adsorbed onto the
plasmonic substrate and g(ω0) and g(ω1) are the field gain factors before and after
the interaction with the sample. The SERS enhancement factor is therefore:

EFSERS = σadsRaman

σRaman
g2(ω0) g2(ω1) (1.59)

and also in this case the ratio between the cross section of the molecules adsorbed
on the plasmonic substrate and that of the free molecules, σadsRaman and σRaman,
accounts for the chemical mechanism. In the case of ω0 ∼ ω1, which holds when
the Raman frequency shift is much smaller than the excitation frequency and the
LSPR of the SERS substrate is broad enough, so that g(ω0) ∼ g(ω1), the power law
EFSERS ∝ g4(ω0) holds. The proportionality of the electromagnetic enhancement
factor to the fourth power of the field enhancement factor allows for obtaining higher
signal enhancements with respect to SEIRA. SERS enhancement indeed can reach
1014 − 1015 order of magnitude, making even possible the single molecule detection
[16, 15].
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1.4 Current trends in plasmonic-based biosensors

Plasmonic nanostructures offer great opportunities in controlling and confining
light well below the the diffraction limit as well as in providing high flexibility in
interfacing their surface with molecules and macromolecules of biological relevance,
enabling to develop novel and highly performing platforms for biosensing purposes.
The crucial challenge in the realisation of biosensors is the efficient signal detection
of specific molecules at low concentration in a solution or in a mixture [73]. In-
deed, concentration thresholds required for tracing the presence of a molecule with
common techniques are typically limited to the micromolar range, far beyond the
biologically relevant amounts. Moreover, for actual diagnostic application, biosensing
methods require detection and discrimination capability for specimens in complex
biological media, with reproducible results, cost and time effectiveness, and ease
of use under most conditions. These requirements can be fulfilled by employing
properly derivatised plasmonic substrates that enable for detecting analytes at
ultra-low concentration beside monitoring biochemical and biophysical processes,
and inferring information on the interaction of analytes with the metal surface at
varying environmental parameters. Moreover, plasmonic substrates can be easily
integrated in microfluidic devices and multiplexing lab-on-a-chip systems, providing
a high-throughput and label-free analysis of molecular interactions in real time.
Colloidal noble metal NPs of various size and shape are the most commonly em-
ployed plasmonic substrate due to their easy synthesis and functionalisation and
to the possibility of controlling their organization on solid substrates with high
precision [74]. Concerning the material, that strongly affects the signal amplification,
silver and gold are prominent. Specifically, silver shows the most intense plasmonic
response often paid with lower stability, while gold provides rewarding chemical
stability in different environmental conditions and good biocompatibility that make
it more suitable for biomedical applications.

Plasmonic-based biosensors follow two main approaches: the first one is based
on the variations induced in the LSPR of the plasmonic substrate by the interaction
with the analyte, while the second strategy is aimed at amplifying the intensity of
the spectroscopic signal associated to the analyte of interest [75]. Representative
examples are reported in Figures 1.9 and 1.10.

In the first case, the shift of the LSPR induced by changes in the local refractive
index is exploited for monitoring the adsorption of molecules at the metal-dielectric
interface [76]. This procedure can be further refined by functionalising the plasmonic
substrate with active molecules such as antibodies or aptamers able to selectively bind
specific analytes [75]. The analysis of the LSPR signal shift, which is proportional
to the substrate surface coverage [9], allows for determining the thermodynamical
parameters driving the interaction kinetics. In this context, LSPR-based sensing
allowed for studying antibody-antigen interaction [77], ligand-receptor kinetics [78],
enzyme-substrate reaction [79] and for the detection of micro-RNA sequences [80, 81].
Moreover, the substantial modification of the LSPR that occurs when NPs aggregate
as a result of the three-dimensional plasmon coupling is at the basis of colorimetric
assays for the recognition of biomolecular processes such as DNA hybridisation [82]
and detection of target molecules such as exosomal proteins [83] and heparin [84].

The second approach adopted in the development of plasmonic-based sensors
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Figure 1.9. Plasmonic-based biosensors designed to monitor the LSPR variations of the
plasmonic substrate upon interaction with a target analyte. (A) Detection of oligonu-
cleotide sequences by means of DNA-modified gold nanoparticles. The hybridisation
event between the target sequence and the single-strand DNA conjugated to the nanopar-
ticles is identified by the shift of the LSPR due to the change of refractive index at the
nanoparticle surface. Extinction spectra are reported on the bottom left, the correspond-
ing LSPR as a function of time are reported on bottom right. Image adapted from ref
[80]. (B) Colorimetric sensor for the detection of heparin based on its anti-aggregation
effect on poly(diallyldimethylammonium chloride)(PDDA)-gold nanoparticles conjugates.
The negatively charged gold nanoparticles aggregate in presence of the positively charged
PDDA due to electric neutralisation. In contrast, the negatively charged heparin strongly
bind PDDA, preventing nanoparticle aggregation. The different aggregation stages of
the nanoparticles result in different colors of the dispersing solution, depending on the
heparin concentration. Image adapted from ref. [84].

resides in leveraging the strong signal amplification provided by surface enhanced
spectroscopies. Offering a wide choice of plasmonic scaffolds with LSPR spreading
from visible to mid-infrared spectral regions, SERS and SEIRA are nowadays widely
employed in sensing methodologies, allowing for probing molecular structures and
conformation of biomolecules at extraordinarily low concentration with common
spectroscopic setups.

SEIRA is particularly suitable for studying protein conformation [85] and lipid
dynamics [13] due to the strong absorption of biological samples in the amide region
(1450-1800 cm−1), which allows for inferring the secondary structure of proteins, and
in the CH2-CH3 stretching region (2800-3000 cm−1) that is sensitive to structural
variations in cell membranes and lipids phase transitions [14]. Nevertheless, in liquid
samples the strong absorption of water often prevent the acquisition of IR spectra
of good quality. This drawback is compensated by Raman spectroscopy where the
water contribution is well separated from the fingerprint region of biological samples,
allowing measurements in near-physiological conditions. In this respect, SERS-active
substrate are broadly employed for investigating living cells and tissues [86, 18],
especially for early cancer diagnostics. In these applications, plasmonic substrates
are tipically obtained by functionalising NPs with a SERS label and a functional
biointerface, able to interact with specific cellular receptors. The SERS label is
a molecule showing a characteristic Raman signature that enables for recognising
and localising the nanostructure within the sample. An effective alternative is
to label the substrate with a molecule that exhibits structural changes, and in
turn modifications of the SERS spectrum, in response to a specific variation in
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the surrounding environment (e.g. in pH or temperature), transforming the SERS-
labeled structure into a local nanoprobe of chemical processes occurring in cells
[87, 17]. The SERS-active nanostructure might also hold therapeutic features by
substituting the biointerface with properly selected anti-cancer drugs [31].

The interaction of these systems with cells is usually triggered by the biointerface
[19], but alternative internalisation methods such as ultrasound induced transient
poration of the cell membrane can be suitably employed [14, 88]. Once the nanoprobes
are internalised or located in the proximity of a cell, their controlled aggregation
can be induced for obtaining a higher signal intensity due to the formation of hot
spots [89, 90].

Figure 1.10. Plasmonic biosensors based on surface enhanced spectroscopies. (A) SEIRA
biosensor consisting in array of gold nanoantennas assembled onto a CaF2 substrate.
The high SEIRA signal in the lipid fingerprint region (CH2-CH3 stretching at 2800-3000
cm−1) allowed for monitoring in real-time the formation kinetic of planar biomimetic
lipid membranes. Image adapted from ref. [13]. (B) Detection of intracellular carbon
monoxide (CO) by a SERS sensor based on the carbonylation reaction of palladacycle
(PD). The sensor was realised by conjugating gold nanoparticles with PC, acting as
reporter molecule with good SERS activity and reactivity with CO. The presence of CO
results in the carbonilation of the PC leading to considerably modified SERS spectra of
the PC-gold nanoparticles conjugates, allowing for the detection of CO in single cells
under physiological conditions. Image adapted from ref [87].
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Chapter 2

Bioplasmonic assemblies with
tunable optical and functional
properties

A key issue in designing versatile nanoplasmonic systems is to reach a deep
mastery on the assembly of metallic NPs for strictly controlling their spatial arrange-
ment, which also affects, through plasmon coupling, the overall optical properties.
To this aim, two main approaches have been pursued: on one side, the determin-
istic arrangement of NPs on solid support provides substrates suitable for highly
sensitive and reproducible biosensing [74, 91]; on the other side, the assembly of
NPs in solution driven by molecular interactions opens up to the development of
plasmonic-based applications in nanomedicine [92, 29].

In the latter framework, the strategy mainly adopted relies on interfacing NPs
with biological macromolecules, which convey their intrinsic biocompatibility and
programmable intermolecular interactions in providing the opportunity of assembling
hybrid nanomaterials with the desired structure and functionality [93]. Among
biomacromolecules, proteins provide easy manipulation and versatility along with
well-defined structure, and, compared to DNA, they allow for addressing issues
related to challenging syntheses and costliness [94]. In addition, their responsiveness
to external stimuli such as temperature, pH, incident light, electric or magnetic fields
supplies further degrees of freedom in controlling the assembly and the properties
of the whole system [95, 96]. In order to take full advantage of such potentialities,
it is essential to gain a fine control not only on the guided assembly, but also
on the effects prompted by the environmental conditions. In this respect, several
studies report on the protein-induced aggregation of NPs [97, 98, 99, 100], but
a comprehensive explanation of all the mechanisms involved is still lacking. In
particular, how the adsorption of molecules affects the colloids surface properties
and triggers the aggregates formation is far from being fully elucidated.

Here it is reported a thorough study of the protein driven self-assembly of citrate-
stabilised colloidal gold NPs (AuNPs), aimed at obtaining hybrid clusters with
tunable structural, optical and biological properties. As first focus, the challenge
of obtaining stable AuNPs aggregates in solution with selected size was pursued
moving from the Velegol and Thwar theory [101, 102] for charge patch interactions,
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which describes the self-limited aggregation of colloidal particles with non-uniform
surface charge distributions. Among proteins, lysozyme (Lyz), an enzyme with size
of 3 nm and robust globular folding, was chosen due to its high isoelectric point (pH
11.3) [103] which provides an overall positive charge at physiological pH. Moreover,
Lyz performs an antibacterial activity through the lysis of bacterial cell wall [104].
Lyz-decorated AuNPs (Lyz-AuNPs) represent an ideal model system for the charge
patch interactions theory, because of the surface charge inhomogeneity induced by
the adsorption of proteins onto the anionic AuNPs. In addition, the incompressibility
and structural stability of the assembly components allow the direct, quantitative
comparison of experiments with the Velegol and Thwar model, overcoming effects
related to conformational degrees of freedom. Two different sizes for AuNPs (100
nm and 60 nm), one order of magnitude higher as compared to the protein, were
employed to finely tune the charge inhomogeneity on the colloids surface.

Before the presentation of the obtained results, the theory of charge patch in-
teraction is briefly recalled in Section 2.1. Afterwards, a detailed characterisation
of the aggregation in solution as a function of the different parameters involved
in the process was presented. Dynamic light scattering (DLS), atomic force mi-
croscopy (AFM), Small Angle X-ray Scattering (SAXS) and UV-Visible absorption
spectroscopy measurements were combined for establishing a correlation between
the plasmonic response of the Lyz-AuNPs complexes and their structural and elec-
trostatic features, in terms of cluster morphology and ζ-potential. The possibility of
tailoring the size of the formed clusters was therefore exploited in order to select the
optical properties of the plasmonic assemblies. Moreover, the lysis activity of the
samples was assayed to figure out how the presence of AuNPs and the aggregation
process affect the functionality of the whole system.
A sketch of the experiment is reported in Figure 2.1.

Figure 2.1. Sketch illustrating the strategy adopted for obtaining Lyz-decorated AuNPs
assemblies. (A) Formation of charge patched colloids by adsorption of positively charged
protein onto negatively charged AuNPs. Scheme of the modulation of the properties of
Lyz-AuNPs complexes at increasing their surface ζ-potential. Representative absorption
spectra and hypothesised mode of action in performing antibacterial activity of single
(B) and aggregated (C) AuNPs are shown.
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2.1 Theoretical principles of charge patch interactions

A non-uniformly distributed electric charge at the surface of colloidal particles in
aqueous solution results in an interparticle potential that, even if the net charges on
the two particles have the same sign, may show a significant attractive component
[102]. Intuitively, such attraction originates from the interplay of short range, local
interaction between oppositely charged “patches” on the approaching particles and
the screening of the overall Colombic repulsion due to the ionic strength of the
solution.
In this framework, several experimental studies on the self-assembly of charged
colloidal particles, when mixed with oppositely charged polymers or macromolecules
in an aqueous solvent pointed out a complex phenomenology, characterised by the
formation of long-lived finite-size mesoscopic aggregates [105, 106], as shown in the
representative size trend reported in Figure 2.2A. The rapid, correlated adsorption
of the molecules on the surface of the colloidal particles generates such “patchy
colloids”, yielding the formation of aggregates although the individual particles are
(considering the net charge) like-charged [102]. Notably, these aggregates are stable
and their size (for given values of pH, temperature, ionic strength and concentration)
is controlled by the polymer-particle charge ratio. In fact, changes in the polymer
concentration both affect the net charge of the polymer-decorated colloids and the
non-uniformity of charge distribution. Due to the progressive reduction of the net
charge of the primary polymer-decorated colloids, at increasing the polymer content
in the solution, increasingly larger clusters are observed. Close to the isoelectric
point, where the charge of the adsorbed polymers neutralises the original charge of
the colloids surface, the aggregates reach their maximum size.
The correlated adsorption of polymers is also responsible for the overcharging
phenomenon, which occurs when more polymers adsorb onto the colloids than would
be needed to completely neutralise their surface charge, so that eventually the
sign of the net charge of the decorated surface is reversed. The interplay between
the attractive charge patch interaction and the repulsion due to the overcharging
results in a “reentrant condensation” of the decorated colloids as the charge ratio
increases. Therefore, any further increase of the polymer-particle charge ratio causes
the formation of aggregates with progressively reduced size. Eventually, aggregation
does not occur at all if the repulsion between the overcharged decorated colloids
becomes strong and/or the polymer coverage uniform.

A simple model, capable to describe this complex phenomenology and to explain
the mechanism which drives the aggregation and formation of clusters with a well-
defined size, was proposed by Velegol and Thwar [101]. The model, based on the
Derjaguin approximation [107] and on an extension of the Hogg-Healy-Fuerstenau
model [108], describes the interaction of non-uniformly charged colloidal particles
through an interparticle potential of electrostatic nature. According to Velegol and
Thwar, the pair interaction potential 〈V 〉, between two spherical particles with radii
R1 and R2 and non-uniform distribution of charge on their surface, can be expressed
in terms of the average values ζ1 and ζ2 of the electrostatic surface potentials and
the corresponding standard deviations σ1 and σ2. In units of the thermal energy
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where h is the distance between the surfaces of the two approaching particles,
ε the permittivity of the medium and κ−1 the Debye screening length. In this
expression the Derjaguin approximation is included, that allows for writing the
generic force F (h) between the surfaces of two spheres at a distance h in terms of the
potential G(h) that would be observed between the surfaces of two infinite planes at
the same distance [109]:

F (h) ∝ R1R2
R1 +R2

G(h) (2.2)

The interparticle potential of equation 2.1 combines a net charge-dependent monopole
term (for ζ1, ζ2 6= 0), which is repulsive for like-charged particles, and a multipole
term, arising from the charge heterogeneity (σ1, σ2 6= 0), which is always attractive.
The two terms have a different range of interaction, thus, for non-uniformly and
like-charged particles, they combine to give a global maximum, which represents the
potential barrier that two approaching particles must overcome to stick together.
The height Vmax of this potential barrier for two identical particles with radius a
(R1 = R2 = a), average surface charge ζ and standard deviation of the surface charge
σ is given by:
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As already highlighted by equation 2.2, the barrier height increases with the radius
of curvature a of the colloids surfaces and, for a given value of the standard deviation
σ, increases with the average surface potential ζ (or, roughly, the ‘net charge’).

An additional attractive term VvdW can be considered in equation 2.1 to account
for the ubiquitous van der Waals interactions, whose contribution can not be ne-
glected when the screening length κ−1 becomes comparable with the interaction
range of the van der Waals forces, for high concentrations or ionic strengths of the
solution [110]. In figure 2.2B the total interaction potential V = 〈V 〉 + VvdW is
represented as a function of h. Van der Waals interactions induce the lowering of
Vmax and the appearance of a secondary minimum, which increases with the ionic
strength of the solution and the size of the aggregates. The aggregation kinetics
and the thermodynamic stability of the dispersion result therefore modified [102].
Potentially, van der Waals interactions can destabilize the colloidal dispersion and
clusters keep growing until, ultimately, they separate in phase.

In the experimental case herein discussed, the spherical particles are the lysozyme-
decorated AuNPs, whose average surface potential has been evaluated by the ζ-
potential values measured by electrophoretic mobility measurements as described in
the Appendix. The non-uniformity of the surface charge distribution is generated by
to the adsorption of lysozyme, which sparsely decorates the colloids surface (Figure
2.1A).
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Figure 2.2. (A) Hydrodynamic diameter (black filled points) and ζ-potential (empty
points) of colloidal liposomes complexes as a function of the molar charge ratio between
sodium polyacrylate (Na-PA) and the synthetic lipid DOTAP. (B) Evolution of the total
pair interaction potential V = 〈V 〉+ VvdW , at increasing ionic strength of the solution.
At low ionic strength van der Waals interactions can be neglected and the aggregation
process is only tuned by the energy barrier that the approaching particles must overcome
to stick together. Above a well-defined ionic strength, a secondary minimum appears.
At higher ionic strength the repulsive barrier disappears and there is only one deep
minimum. The screening parameter κ varies from 0.5 nm−1 (full line) to 3 nm−1 (dotted
line). Adapted from ref. [102].

2.2 Self-assembly and colloidal stability: towards a con-
trolled aggregation

Commercially available citrate stabilised AuNPs with nominal size of 100 nm
and 60 nm were provided at the concentrations of 9.3 pM and 43 pM, respectively.
Samples were prepared at room temperature by dissolving chicken hen egg white
lysozyme powder in a sodium citrate buffer diluted 10 times to obtain solutions with
different protein concentrations at controlled pH. Lyz-AuNPs colloids were therefore
prepared at different protein-AuNP molar ratios ξ by adding to each protein solution
the same volume of AuNPs stock solution and incubating for 2 minutes at room
temperature. In the experiments herein presented, the protein concentration in the
samples ranges between 4.65 pM and 5.38 µM. The characterisation of the system
components perfomed by Dynamic Light Scattering (DLS), in terms of ζ-potential
and size, and by UV-Visible absorption spectroscopy is reported in Table 2.1.

Table 2.1. DLS characterisation (ζ-potential and size) of AuNPs and lysozyme, and
UV-Visible characterisation of AuNPs at pH 6.5. For the characterisation, lysozyme
stock solutions was prepared at the concentration of 70 µM.

system component ζ-potential (mV) size (nm) LSPR (nm)

AuNPs 100 nm -54.0 ± 2.0 102.0 ± 2.0 572
AuNPs 60 nm -42.0 ± 3.0 63.0 ± 2.0 536
Lysozyme +4.0 ± 0.3 2.9 ± 0.2 -
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Figure 2.3. DLS measurements (size and ζ-potential trends) of Lyz-AuNPs as a function
of the lysozyme-AuNPs molar ratio, using AuNPs of 100 nm (A) and 60 nm (B).

The colloidal aggregation of AuNPs upon adsorption of lysozyme was studied
at pH 6.5 at varying the molar ratio ξ between the two species. AuNPs with
two different sizes were employed to investigate how the different ratio between
the protein and the colloids size affects the process. The size and ζ-potential
trends of Lyz-AuNPs as a function of ξ are reported in Figure 2.3. Notably, the
experiments point out a self-limited aggregation of colloids into assemblies whose
size is determined by the lysozyme-AuNP molar ratio. Three different stages of the
aggregation phenomenology can be recognised. At low molar ratios (ξ ≤ 2000 for
100 nm AuNPs, panel A, and ξ ≤ 1000 for 60 nm AuNP, panel B) size values remain
stable around those of single AuNPs, while slight variations occur in the ζ-potential
of colloids. For higher molar ratios, a steeper variation of the ζ-potential is observed,
concomitant to the formation of aggregates starting from ζ = -33.5 ± 1.5 mV for 100
nm AuNPs and from ζ = -30.0 ± 2.0 mV for 60 nm AuNPs. The threshold molar
ratios, corresponding to the onset of the aggregation process, are ξ100 ≈ 2500± 500
and ξ60 ≈ 1100 ± 100, respectively. Notably, the obtained clusters appear stable
in solution, with a finite size increasing with ξ up to maximum values of 640 ± 30
nm for 100 nm AuNPs and 760 ± 60 nm for 60 nm AuNPs. When the ζ-potential
values approach zero the size distributions become broader and a tendency to the
formation of large unstable aggregates is observed, i.e. the measured size is not
constant for repeated measures and the aggregates precipitate. For the highest molar
ratios (starting from ξ ≈ 500000 for 100 nm AuNPs and from ξ ≈ 100000 for 60
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nm AuNPs) a slight overcharging is also observed, with positive ζ-potential values
always lower than 10 mV.

The overall phenomenology is consistent with a charge patch driven aggregation
[106, 111, 112], described by the Velegol and Thwar model [101, 102]. For small
protein amounts, the slight increase in the ζ-potential of the colloids, attributable
to lysozyme adsorption onto the AuNPs surface, is not sufficient for triggering
the aggregation, as pointed out by size measurements. The process is induced
when enough proteins adsorb on AuNPs both to shield the long-range electrostatic
repulsion and to originate surface charge inhomogeneity which induces significant
short-range attraction between colloids. For both the sizes investigated, the onset of
the aggregation occurs in correspondence of similar ζ-potential values, hence the
repulsive Coulombian contribution to the interaction energy between colloids is of
the same order of magnitude. The attractive contribution is also similar in the two
cases. In fact the ratio ξ100/ξ60 = 2.3 ± 0.5 is consistent with the ratio between
the surface areas of the two colloids (equal to 2.8). Assuming that the number of
adsorbed molecules only depends on the protein concentration in solution (i.e. the
adsorption of a molecule is not affected by the presence of other molecules onto the
gold surface), this implies that the inhomogeneity degree on the colloids surfaces
(i.e. the portion of the surface covered with proteins) are roughly the same at the
aggregation onset.
In proximity of the isoelectric point, the aggregates reach their maximum size.
Notably, the maximum size of the aggregates is slightly larger for the 60 nm AuNPs.
Again, this finding is consistent with the Velegol and Twar model. As it is easy
to show [101, 102], within the Derjaguin approximation employed (equation 2.2),
the potential barrier that must be overcome in order that two particles (or two
aggregates) stick together is proportional to the factor R1R2

R1+R2
, where R1 and R2 are

the radii of curvature of the two approaching objects, so that the limiting size is
reached faster when the primary particles are larger.
At high molar ratios, the absorption of more lysozyme molecules onto the AuNPs is
hindered. This could be due either to steric hindrance (the number Nmax of proteins
corresponding to the full coverage of the AuNPs surface by a monolayer can be
evaluated as ∼ 4900 for 100 nm AuNPs and ∼ 1800 for 60 nm AuNPs [113, 114])
and/or to the electrostatic repulsion between an approaching lysozyme molecule and
the already adsorbed proteins on the Lyz-AuNPs [102].

2.2.1 Assessing the surface coverage by ζ-potential measurements

A quantitative analysis of the aggregation phenomenology can be carried out by
employing the Velegol and Thwar model for the charge patch interactions discussed
in Section 2.1.

If the net charge carried by each protein is higher than that of the portion of
the AuNP surface on which the molecule adsorbs, the resulting patches bear a net
charge which is opposite in sign to that of the bare particle surface. To verify this
hypothesis and to evaluate σ, the number Nlyz of absorbed proteins per AuNP can
be calculated as the ratio between the variation ∆q of the effective surface charge of
a single colloid upon absorption of lysozyme and the effective charge qlyz transported
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by each protein [97]:

Nlyz = ∆q
qlyz

= q − q0
qlyz

(2.4)

where q is the effective charge of a lysozyme-decorated AuNP and q0 that of a bare
AuNP. It is therefore possible to express Nlyz in terms of the measured values of the
ζ-potential, by combining the relations of Smoluchowsky and Hückel:

ζ = µe η

ε
(2.5)

q = 6πη rµe (2.6)

where η and ε are the viscosity and permittivity of the dispersing medium, µe the
electrophoretic mobility of the spherical particle and r its hydrodynamic radius.
With these assumptions equation 2.4 writes:

Nlyz = a (ζ − ζ0)
rlyz ζlyz

(2.7)

where ζ0 and ζlyz are the ζ-potentials of the bare AuNPs and of the lysozyme,
respectively, and rlyz is the hydrodynamic radius of the protein.
The AuNPs surface coverage Φ, i.e. the portion of the AuNPs surface covered by
the adsorbed proteins, is then obtained by the ratio between Nlyz and the maximum
number Nmax of proteins that can be absorbed onto each AuNP, given by [113, 114]:

Nmax = 0.65 (a+ 2 rlyz)3 − a3

r3
lyz

(2.8)

It is now possible to derive an expression for σ by defining as ζcov the value of the
surface potential in correspondence of the regions covered by the protein (or in other
words the average surface potential of fully covered AuNPs), and assuming that the
surface charge density in the other regions is not affected by the protein adsorption.
Under such assumptions the variation ∆ζ of the surface potential is proportional to
the surface coverage:

∆ζ = ζ − ζ0 = (ζcov − ζ0)Φ (2.9)

and the following expression holds for the standard deviation:

σ =
√

(ζ0 − ζ)2 (1− Φ) + (ζcov − ζ)2 Φ (2.10)

Combining equations 2.9 and 2.10 and defining ∆ζmax = ζcov − ζ0, which represents
the maximum variation of the surface potential corresponding to the full coverage of
AuNPs, yields the two equivalent expressions:

σ = ∆ζmax
√

Φ (1− Φ) = (ζ − ζ0)

√
1− Φ

Φ (2.11)

The first expression represents an arc of circumference in the plane (Φ, σ/∆ζmax),
starting in the origin of the axes and increasing up to the maximum value σ/∆ζmax =
0.5 for half coverage conditions (Φ = 0.5). This behaviour, directly deriving from the
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general assumption that the coverage Φ is proportional to the measured ζ-potential
variation of equation 2.9, is consistent with that obtained by Sennato et al. [106] in
modelling the electrostatic adsorption of polyelectrolytes to liposomes. The second
expression of equation 2.11 allows for calculating σ using the measured ζ-potential
values. The average number Nlyz of proteins adsorbed on each AuNP, of the surface
coverage Φ, of the standard deviation σ of the surface ζ-potential, and of the height
Vmax of the potential barrier, calculated for the different lysozyme-AuNP molar
ratios employed in the experiments, are reported in Table 2.2 and 2.3 for the two
NP sizes analysed.

Table 2.2. Values of the parameters of the Velegol and Thwar interaction potential,
calculated at varying the lysozyme-AuNPs molar ratio ξ for the 100 nm Lyz-AuNPs.
The values corresponding to the aggregation threshold of the Lyz-AuNPs are highlighted
in blue.

ξ ζ (mV) Nlyz Φ (%) σ (mV) Vmax (kBT )

10 -53.0 ± 1.5 9 0.2 24 72.5
100 -48.0 ± 1.5 52 1.1 58 25.5
500 -46.0 ± 1.5 69 1.4 67 18.3
1000 -43.0 ± 1.5 95 1.9 78 11.5
2000 -39.0 ± 3.0 129 2.6 91 6.3
2500 -33.5 ± 1.5 177 3.6 106 2.7

Table 2.3. Values of the parameters of the Velegol and Thwar interaction potential,
calculated at varying the lysozyme-AuNPs molar ratio ξ for the 60 nm Lyz-AuNPs. The
values corresponding to the aggregation threshold of the Lyz-AuNPs are highlighted in
green.

ξ ζ (mV) Nlyz Φ (%) σ (mV) Vmax (kBT )

10 -40.5 ± 2.0 8 0.4 23 22.3
100 -37.0 ± 2.0 26 1.4 42 9.9
500 -36.0 ± 2.0 31 1.7 46 8.1
1000 -33.0 ± 2.0 47 2.5 56 4.6

Notably, for both AuNPs sizes when the onset of the aggregation process occurs,
the calculated values of Vmax approach the thermal energy (∼ 25 meV at 25◦C).

2.2.2 Structural characterisation of the assemblies

To gain more insight on the morphology of the Lyz-AuNPs complexes, AFM
measurements were performed on clusters deposited onto silicon substrated previ-
ously modified with (3-Aminopropyl)triethoxysilane (APTES) as described in the
Appendix. The deposition procedure was optimised with respect to incubation time
in order to considerably reduce undesired aggregation. Notably, the electrostatic
interaction between the array of positively charged amine groups exposed by APTES
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molecules and the negatively charged Lyz-AuNP complexes results in an acceler-
ated and stable adsorption that allows for reducing the time of deposition and for
eliminating the solvent without affecting the organisation of the complexes on the
substrate. Representative AFM images are reported in Figure 2.4. Consistently
with DLS results, the size of the aggregates measured by AFM increases with the
lysozyme-AuNP molar ratio ξ. Clusters with low coordination number (Figures
2.4A and 2.4C), observed just above the aggregation threshold, appear compact,
while at higher molar ratios (Figure 2.4B and 2.4D) they became less regular and
branched. In this fractal-like organisation, resulting upon the two-dimensional rear-
rangement on the substrate, the aggregates are mainly composed by only one stack
of AuNPs (superimposed AuNPs are rarely observed), suggesting a branched and
sparse three-dimensional conformation characterised by a low fractal dimension.

Figure 2.4. Representative AFM images acquired on clusters corresponding to ξ = 3000
(A) and ξ = 10000 (B) for 100 nm AuNPs and to ξ = 1200 (C) and ξ = 5000 (D) for
60 nm AuNP; the corresponding height profiles are reported in the insets of the AFM
images.

To further investigate this aspect, the structure of the clusters in solution was
analysed by means of SAXS. Experiments were carried out at the SWING beamline of
Soleil Synchrotron (see Appendix for experimental details). The measured scattered
intensity I(q) is given in terms of the particle form factor P (q) and the system
structure factor S(q) (equation A.2). P (q) describes the ensemble averaged shape of
the scattering objects whereas the structure factor S(q) accounts for the interference
introduced by interparticle correlations. The scattering curves for 100 nm and 60
nm AuNPs at varying ξ are shown in Figure 2.5. The aggregation of the Lyz-AuNPs
complexes can be easily identified from the scattering curves by looking at the
low q region (q < 0.006 Å−1). Here, the curves of non-aggregated AuNPs show a
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plateau towards decreasing q, while the onset of the aggregation is identified by
the variation of the scattering curve trend that results in a steeper slope. The
onset of the Lyz-AuNP aggregation so identified is accordance with the aggregation
onsets extrapolated by DLS measurements (ξ100 ≈ 2500± 500 and ξ60 ≈ 1100± 100,
respectively).

Figure 2.5. SAXS curves acquired at different lysozyme-AuNP molar ratio for 100 nm
(left) and 60 nm (right) AuNPs. The scattering curve measured for the corresponding
AuNPs stock solutions are also shown in grey for comparison. Curves have been vertically
shifted for clarity.

Concerning the spatial oragnisation of the complexes, a key parameter which
defines the structure of a disordered aggregate is the mass fractal dimension Df . It
is essentially a measure of the scaling of the mass M with the size of the aggregate,
defined as the exponent of the expression M ∝ RDf , where R is a linear measure
of the size [115]. This parameter can be determined by the negative slope of the
linear region in the log-log plot of I(q) vs. q [116]. The extrapolated values of the
fractal dimension are reported as a function of ξ in Figure 2.6 for 100 nm and 60
nm, respectively. For both NP sizes the estimated Df is lower than 2, pointing out
a diffusion-limited colloidal aggregation [117]. Such phenomenology is typical of
systems where the aggregation rate is limited by the average time interval between
the collisions of two particles or two clusters, which increases upon aggregation due
to the lowering of the diffusion coefficient of larger objects and of their concentration
in solution. This leads to the formation of non-compact and branched clusters.
Notheworty, the decreasing trends of Df for both NPs sizes appear consistent with
AFM images that show more branched clusters at higher coordination numbers.

More insights on the short-range interparticle correlations were obtained by
removing the contribution of the form factor and analysing the resulting structure
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Figure 2.6. Analysis of the mass fractal dimension of Lyz-AuNP complexes peformed
on SAXS curves above the aggregation onset, for 100 nm (top) and 60 nm (bottom)
AuNPs. Zoom of the SAXS curves in the low q region (A, C); best fits (solid lines) are
superimposed to the experimental points (filled circles). Mass fractal dimension Df as a
function of the molar ratio (B, D).

factor S(q) [118]. Pratically, this is obtained by dividing the scattering intensity of
the Lyz-AuNPs samples for that of the non interacting AuNPs, for which S(q) ∼ 1
(grey curves in figure 2.5). The so obtained structure factors were fitted by a sticky
hard spheres model, defined by a Percus-Yevick approximation with an attractive
square well potential [119, 118]. Such model allows for extrapolating the interparticle
distance between two adjacent NPs knowing the gyration radius of the colloids,
obtained by fitting the SAXS curves measured on the AuNPs stock silution with a
spherical form factor. The obtained values of interparticle distance are reported as
a function of ξ in Figure 2.7, for the two AuNPs sizes investigated. For both the
NP sizes, the interparticle distances, of few nanometres, increase with ξ, pointing
out that the separations of few nanometres increase for larger and more branched
aggregates. Instead, concerning the extrapolated values, the 60 nm AuNPs clusters
result more packed than the 100 nm AuNPs ones. This findings is consistent with
the charge patch theory, since for higher radius of curvature of the colloids a stronger
repulsive component is expected to contribute in the interaction potential.
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Figure 2.7. Analysis of the interparticle distance of Lyz-AuNP complexes, peformed on
SAXS curves above the aggregation onset, for 100 nm (top) and 60 nm (bottom) AuNPs.
Structure factor S(q) obtained from the ratio between the scattering intensity of the
Lyz-AuNPs samples and that of the non interacting AuNPs (A, C). Interparticle distance
as a function of the molar ratio (B, D).

2.3 Tailoring the plasmonic response of the assemblies

In the previous Section the effectiveness of the protein-mediated self-assembly of
AuNPs as an efficient route for the fabrication of clusters with controllable finite
size was demonstrated. Here, the optical response of the obtained assemblies is
investigated in detail, with the purpose of tailoring their plasmonic response (i.e. the
LSPR) in a broad optical range between the visible and the near-infrared. To this end,
the absorption spectra of Lyz-AuNPs complexes were measured for selected values of
the molar ratio ξ, according to the aggregation trends of Figure 2.3. Representative
spectra are reported in Figure 2.8 for 100 nm (panel A) and 60 nm (panel B) AuNPs.
For both the AuNP sizes the spectra show a similar evolution, depending on the
lysozyme-AuNPs molar ratio. At low ξ values, the absorption peak corresponding
to the LSPR of AuNPs shows a progressive quenching in the intensity and a redshift
compared to that of the stock solution. Starting from ξ ≈ 2500 for 100 nm AuNPs
and from ξ ≈ 1100 for 60 nm AuNPs, a shoulder at higher wavelengths appears in
the plasmonic profiles, together with a further broadening and shift of the LSPR of
the primary colloids. The spectral changes proceed at increasing the molar ratio
with the rise of a wider absorption band extending well into the near-infrared region,
more extensively for 100 nm AuNPs, up to an asymptotic condition (starting from
ξ ≈ 50000 for 100 nm AuNPs and from ξ ≈ 10000 for 60 nm AuNPs).

A strict correspondence can be recognised between the evolution of the Lyz-
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Figure 2.8. Representative absorption spectra acquired at different lysozyme-AuNP
molar ratio for 100 nm (left) and 60 nm (right) AuNPs. The spectra measured for the
corresponding AuNPs stock solutions are also shown for comparison.

AuNPs absorption spectra as a function of the molar ratio ξ and the stages of the
colloidal aggregation discussed in Section 2.2. The initial redshift and quenching of
the LSPR absorption peak are consistent with changes in the dielectric environment
at the AuNPs interface induced by the adsorption of lysozyme [9], in accordance with
the slight increase of the measured ζ-potential. The shoulder in the plasmonic profiles,
which appears in correspondence of the onset of the aggregation process, originates
from the rise of coupled interparticle plasmonic modes due to the constructive
interference between the electronic oscillation modes of neighboring AuNPs [4, 5].
The redshift and broadening of the absorption band observed upon increasing the
lysozyme concentration reflect the size and ζ-potential increasing trends of Figure
2.3. Analogously, further evolution of the optical response is not observed after
the isoelectric point of the complexes. Focusing on the spectra corresponding to
the aggregation onset, the observed changes are ascribable to the formation of
dimers and small aggregates [120, 54]. The further redshift and broadening of the
absorption band at increasing the lysozyme amount point out a higher number of
coupled plasmons due to the formation of larger aggregates, which absorb light in a
wider range of wavelengths. Such optical behaviour is consistent with the plasmonic
response of three-dimensional fractal aggregates of AuNPs, characterised by the
superposition of several interparticle modes corresponding to different interaction
strength between plasmons [54, 53] (see Section 1.2.2). With reference to the analysis
of the interparticle distances (Figure 2.7), the observed inhomogeneous distributions
for both the AuNPs sizes justify the non-sharp separation between longitudinal
and transverse plasmonic modes in the spectra. Actually, it would be interesting
to analyse in detail this correspondence between structure and optical response of
clusters by near-field electromagnetic simulations of the coupled plasmonic modes
[54, 53], for which the microscopic and spectroscopic characterisation herein reported
would represent an important experimental basis.

2.3.1 Assessing the surface coverage by the LSPR redshift

By analysing the initial redshift of the plasmonic profiles, highlighted in Figure
2.9, it is possible to extrapolate quantitative information on the surface coverage of
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AuNPs due to lysozyme adsorption.

Figure 2.9. Zoom on normalised LSPR peaks obtained on samples prepared at low relative
molar ratios using 100 nm (A) and 60 nm (B) AuNPs.

By expressing the LSPR resonance frequency ωres of a spherical metallic NP
(equation 1.15) as a function of the refractive index nout (εout = n2

out) of the medium
surrounding the metal interface, a first order expansion allows to derive the expression
for the shift ∆λ of the resonance wavelength λres occurring due to changes in nout:

∆λ = λres(nout)− λ0 = m(nout − n0) (2.12)

where n0 is the initial value of the refractive index, λ0 = λres(n0), and m is a
sensitivity factor, given by

m = 2n0

[
ωp

2πc (1 + 2n2
0)

]2
λ3

0 (2.13)

In the presence of an adsorbate layer, i.e. when the refractive index is non-uniform in
the space surrounding the NP, it is possible to derive an expression for the effective
value of nout to account for in equation 2.12. Following Xu et al. [121], the effective
refractive index neff at the interface of a single NP can be calculated by the weighted
average of the refractive index n(r, θ, ϕ) in each position in the solvent. Specifically,
the weighting function is the intensity of the localised electric field E(r, θ, ϕ), given
in the quasi-static, dipolar approximation by [1] (see also Section 1.1):

E(r, θ, ϕ) = 3(r̂ · p) r̂− p
4πε0εout

1
r3 (2.14)

where p is the dipole moment, r the position of the point of interest, r̂ the corre-
sponding unit vector, and ε = ε0εout is the permittivity of the surrounding medium.
The general expression obtained for neff is:

neff =
∫ 2π

0 dϕ
∫ 1
−1 dcosθ

∫+∞
a dr r2 n(r, θ, ϕ)|E(r, θ, ϕ)|2∫ 2π

0 dϕ
∫ 1
−1 dcosθ

∫+∞
a dr r2|E(r, θ, ϕ)|2

(2.15)

where a is the NP radius. The value of nout is then obtained by the average of neff
calculated over all the NPs in the system:

nout = 〈neff 〉 (2.16)
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The actual calculation of neff can be obtained by defining a model for n(r, θ, ϕ).
By defining as nads the refractive index in correspondence of an adsorbed molecule,
and by assuming that i) the adsorbed molecules have all same size d, and ii) each
NP is covered by one shell of molecules at most (i.e., n(r, θ, ϕ) = n0 for r > a+ d),
two simple cases can be distinguished: full coverage and non-uniform distribution of
molecules on the NP surface.
In the first case, n(r, θ, ϕ) is equal to nads for a < r < a+ d and neff is the same
for all the NPs in the system, hence:

nout = neff = n0 + (nads − n0)
[
1−

(
a

a+ d

)3
]

(2.17)

In case of a non-uniform distribution of molecules, assuming that there is no
correlation between the positions of molecules adsorbed to different NPs, the proba-
bility of finding a molecule in a point (θ, ϕ) of the spherical surface is given by the
surface coverage Φ. Therefore, for a < r < a+ d the function n(r, θ, ϕ) assumes the
value nads with probability Φ and the value n0 with probability 1− Φ. By solving
equations 2.15 and 2.16 the following expression is obtained:

nout = 〈neff 〉 = n0 + Φ(nads − n0)
[
1−

(
a

a+ d

)3
]

(2.18)

This is equivalent to assume a shift in the refractive index linear with the adsorbate
concentration at the interface [122]. Note that for Φ = 1 the case of uniform layer is
recovered.

The final expression for the LSPR redshift comes combining equations 2.12 and
2.18:

∆λ = m(nads − n0)
[
1−

(
a

a+ d

)3
]

Φ (2.19)

With the aim of quantitatively analysing the absorption of lysozyme onto the
AuNPs surface on the basis of the model herein discussed, the LSPR shift on the
absorption spectra acquired at low molar ratios (see Figure 2.9) was measured and
the sensitivity factors m of AuNPs were evaluated according to equation 2.13. The
values h̄ωp = 8.50 eV for gold [123], n0 = 1.33 being the external medium water and
the values of λ0 measured on the AuNPs stock solutions and reported in Table 2.1
were employed in the calculation. The so obtained sensitivity factors, 1135 nm/RIU
for 100 nm AuNPs and 934 nm/RIU for 60 nm AuNPs, are consistent with those
reported in literature for similar systems [124, 125, 126].

The surface coverage corresponding to each sample can be therefore calculated by
equation 2.19. Noteworthy, the obtained values are in striking accordance with those
calculated by the ζ-potential measurements reported in Table 2.2 and 2.3, validating
the two procedure proposed for assessing the surface coverage of the AuNPs.

It is now possible to plot the surface coverage as a function of the lysozyme
concentration in solution clyz for deriving the isothermal curves reported in Figure
2.10. By fitting data to a Langmuir isotherm:

∆λ = ∆λmax
clyz

Kd + clyz
(2.20)
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where Kd and ∆λmax are the fitting parameters, ∆λmax being the maximum shift
corresponding to the full coverage of the AuNPs surface, it is possible to extrapolate
the apparent dissociation constants, Kd = 28 ± 7 pM for 100 nm AuNPs and
Kd = 160± 40 pM for 60 nm AuNPs.

Figure 2.10. Adsorption isotherms obtained from the measured shift of the LSPR as a
function of the lysozyme concentration, for 100 nm (A) and 60 nm (B) AuNPs. The
surface coverage values, calculated according to equation 2.19, are reported on the right
scale. Best fits (dashed black lines) are superimposed to the experimental points.

At this point, a side consideration can be done: on the basis of these results,
non-aggregated AuNPs emerge as an appealing sensor able to detect small amounts
of protein molecules in solution, down to pM concentrations (4.5 pM for 100 nm
AuNPs and 21.5 pM for 60 nm AuNPs). The values obtained for the apparent disso-
ciation constants are consistent with those reported in literature for the adsorption
of proteins to NPs [127, 128]. The lower (∼ 6-fold) Kd obtained for 100 nm AuNPs
can be ascribed to the ζ-potential, which is larger in modulus as compared to 60 nm
AuNPs (Table 2.1). The larger radius of curvature may also contribute to strengthen
the binding of adsorbing proteins, entailing that a wider portion of the nanoparticle
surface is involved in the interaction.

Coming back to the optical response of the aggregates, a clear correspondence
between the optical behaviour of the system and the size and the morphology of the
Lyz-AuNPs clusters emerges, unveiling the potentiality of the presented route for
synthesising self-assembled materials with the desired optical properties. Noteworthy,
especially in the case of the larger AuNPs, the aggregation bands are very prominent
in the near-infrared spectral region, making the system intriguing for biophysical
and biomedical in vivo applications [92, 29, 94], due to the reduced absorption of
biological tissues in this wavelength range. On this line, the further investigations
are focused on the 100 nm AuNPs.
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2.4 Effect of the pH on the aggregation phenomenology:
modulation and reversibility

To further assess the charge patch interactions as the driving mechanism for the
aggregation phenomenology, the process was studied in a solution with pH 4 using
100 nm AuNPs.

Table 2.4. DLS characterisation (ζ-potential and size) of AuNPs and lysozyme at pH 4.

system component ζ-potential (mV) size (nm)

AuNPs 100 nm -48.0 ± 2.0 102.0 ± 2.0
Lysozyme +14.0 ± 1.0 2.9 ± 0.2

In such conditions variations in the aggregation behaviour are expected, as a
consequence of the pH-dependent charge of both the proteins and of the AuNPs. Be-
low the isoelectric point, in fact, the overall protein charge shows a clear dependence
on the pH [129], becoming markedly positive in acidic environment. Specifically, the
measured ζ-potential of the protein shifts from 4 mV at pH 6.5 to 14 mV at pH
4. In addition, the protonation of some carboxylic groups of the citrate molecules
capping the AuNPs, occurring at pH 4, induces a slight shift of the ζ-potential of
the bare 100 nm AuNPs. The measured ζ-potentials are -48 mV at pH 4 and -54
mV at pH 6.5 (see Tables 2.1 and 2.4).

Figure 2.11. DLS measurements (size and ζ-potential trends) of Lyz-AuNPs as a function
of the lysozyme-AuNPs molar ratio, using AuNPs of 100 nm at pH 4.

The ζ-potential and size trends as a function of the lysozyme-AuNP molar ratio
measured at pH 4 are reported in Figure 2.11. If compared to the measurements
at pH 6.5 (Figure 2.3), the overall experimental trends appear similar for both pH
conditions, with the difference that at lower pH the aggregation onset is shifted to
lower lysozyme concentrations (ξ ≈ 500), and therefore at the same molar ratio larger
clusters are observed. The isoelectric point of the complexes is reached for ξ = 10000,
one order of magnitude lower with respect to that at pH 6.5. Correspondingly, the
maximum size of the Lyz-AuNPs is of ∼ 700 nm. For higher lysozyme concentrations
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(ξ ≥ 25000), a marked overcharging is observed, and the formed aggregates have a
reduced size. This phenomenon is coherent with a re-entrant condensation [102] (see
also Section 2.1).
The dependence of the aggregation process on the pH of the solution, and thus on
the net charge of the system components, clearly asses the role of the electrostatic
interactions in the cluster formation and stability, thus suggesting that acting on
their strength it is possible to manipulate the process.

Figure 2.12. Representative absorption spectra acquired at different Lyz-AuNP molar
ratios for 100 nm AuNPs at pH 4 before (left) and after (right) overcharging.

The systematic study of the optical response of Lyz-AuNPs was conducted also
on samples prepared at pH 4. Selected absorption spectra are reported in Figure
2.12. Analogously to experiments at pH 6.5, the optical response of the samples
strictly follows the aggregation trend. Interestingly, it is even possible to recognise
the re-entrant condensation from the absorption spectra, which correspondingly
show a shrinkage and blue-shift of the interparticle plasmonic band together with
the increase of the absorption peak corresponding to the plasmonic modes of the
primary colloids.

By exploiting the dependence of the aggregation process on the pH of the solution,
the possibility of modulating the system optical properties of pre-assembled clusters
was explored. A representative example is shown in Figure 2.13, where the absorption
spectra (panel A) of the sample prepared at ξ=2000 are shown together with the
corresponding size (panel B) and ζ-potential (panel C) distributions.

The images enlighten modification in both the optical response and the aggrega-
tion process, occurring when the pH of the solution is changed from 4 to 6.5 and
back to 4. Specifically, when the pH increases the net charge transported by each
protein molecule lowers (see ζ-potential measurements reported in Table 2.1 and
2.4) and the resulting surface charge distribution of the lysozyme-decorated AuNPs
(ζ-potential shifted from -20 mV to -40 mV) is no longer suitable to maintain the
AuNPs aggregated in the initial configuration. Their disaggregation is therefore
observed with mean size of the aggregates decreased from 500 nm to 150 nm and
the absorption spectrum showing the narrowing and a blueshifting of the plasmonic
interparticle band together with the intensity increase of the single particle LSPR.
When the pH is lowered back, an opposite behaviour is observed, resulting in a
re-aggregation of the Lyz-AuNP complexes, as proved by the increase in the size and
by the broadening of the interparticle plasmonic band (light red curves). This latter
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Figure 2.13. Modulation of the Lyz-AuNPs assembling and optical properties by acting on
the pH of the solution: absorption spectra (A), size (B) and ζ-potential (C) distributions
of 100 nm Lyz-AuNPs prepared at ξ = 2000.

result points out the reversibility of the phenomenon. The slight differences observed
between the ζ-potential values measured at pH 4 before and after the modulation
can be ascribed to the increased ionic strength in the solution, resulting from the
addition of NaOH and HCl, and the consequent decrease of the effective range of
the screened electrostatic forces that increases the importance of the attractive
contribution of van der Waals interactions [102, 106].

2.5 Monitoring the catalytic activity of the adsorbed
proteins

Lysozyme is an antimicrobial enzyme that catalyses the cleavage of peptidoglycan,
the major constituent of gram-positive bacterial cell wall [104]. The cutting of even
a small number of these polysaccharide chains leads to the cell wall rupture and in
turn to the bacteria cell burst as a result of the osmotic stress [130]. The active site
of the protein consists of two amino acids, Glu35 and Asp52, which are negatively
charged in conditions of full activity (pH 6.5 and 25◦C). This feature is highlighted in
the electrostatic potential map of the lysozyme reported in Figure 2.14A. The charge
distribution at physiological pH suggests an orientation of the proteins adsorbed
onto the anionic AuNPs with the active site exposed outwards due to electrostatic
repulsion, in accordance with the study of Zhang et al. [131] which claims that
the binding site of lysozyme to 90 nm AuNPs involves the residues Phe3, Cys6
and Cys127. These residues, together with those constituting the active site, are
highlighted in Figure 2.14B. In addition, the hypotesised binding site of the protein
contains a consistent number of positive residues [132], promoting the electrostatic
interaction of the protein with the citrate ions on the AuNPs surface [133].

Lyz-AuNP complexes represent a suitable specimen of nanozymes, a term recently
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Figure 2.14. Electrostatic potential map of lysozyme, with negatively charged residues in
red and positive ones in blue. In panel A is reported the map obtained at pH 6.5; in
panel B the active site (Glu35 and Asp52) and the possible binding site with AuNPs
(Phe3, Cys6 and Cys127) are highlighted.

coined to indicate artificial nanomaterials with enzyme-like properties, which are
proving to be very effective as self-therapeutic systems in treating multi drug
resistant bacteria [134]. Going in this direction, the lysis capability of the Lyz-AuNP
complexes was tested by means of a turbidimetric activity assay performed on
Micrococcus lysodeikticus bacteria. Briefly, aliquots of the sample were added to a
bacterial suspension and the subsequent decrease in the absorbance at 450 nm, due
to bacteria death, was monitored in time to derive the activity % according to the
equation [135, 136]:.

% =
dA450
dt |sample −

dA450
dt |blank

dA450
dt |unit

(2.21)

where dA450
dt |unit = 3× 10−5 abs. unit/min, is the slope induced in the absorbance

at 450 nm by one unit of active lysozyme, rescaled to the actual volume employed
in the experiments (30 µL). Representative examples of the obtained absorbance
trends for differents molar ratios are reported in Figure 2.15. Notably, a marked
lysis capability of the Lyz-AuNPs samples in comparison to the bacteria control
(empty circles) and to the bare AuNPs (dark yellow filled points) clearly appears in
the absorbance trends.

To demonstrate and evaluate the contribution to the measured activity of the
proteins effectively confined onto the Lyz-AuNPs complexes, the samples were
centrifuged and the turbidimetric assay was performed on the supernatant, i.e. on
non-adsorbed proteins. Independent turbidimetric assays were performed also on the
free protein at the same concentration employed to prepare the sample. In all the
analysed samples, activity measured on the supernatant resulted lower than both
that of the full system and that of the free lysozyme (see Figure 2.15). This finding
highlights a contribution to the activity of the adsorbed protein molecules, given by
the difference between the activity of the sample and that of the supernatant. To
examine more in depth this aspect, several Lyz-AuNPs samples prepared at different
molar ratios were tested and the catalytic efficiency of the protein confined within
complexes was evaluated with respect to that of the same amount of free protein.
The ratio between the two quantities, yields the normalised activity of the confined
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Figure 2.15. Lysozyme activity assay performed on the Lyz-AuNPs complexes made up
of 100 nm AuNPs, with ξ = 3000 (A), ξ = 10000 (B) and ξ = 50000 (C). In all the
graphs the absorbance at 450 nm of the bacterial suspension is reported as a function
of time for the control bacteria suspension (empty circles), bare 100 nm AuNPs (dark
yellow points), Lyz-AuNPs sample (light blue points), supernatant (blue points) and
free protein (pink points).

lysozyme, calculated according to the equation:

%norm = %Lyz−AuNPs − %supernatant
%freeLyz − %supernatant

(2.22)

The obtained values for %norm are reported in Figure 2.16 as a function of the
ζ-potential of the complexes.

Figure 2.16. Normalised activity of the protein confined on the Lyz-AuNPs complexes,
calculated according to equation 2.22, as a function of the ζ-potential of the complexes.

Noteworthy, it is possible to extrapolate a correspondence between the surface
charge of the aggregates and their lysis capability, identifying three different scenarios:
i) at high absolute values of the ζ-potential the system does not show a significant
activity; ii) at intermediate values, starting from the aggregation threshold, the
efficiency in the lysis capability increases, until, iii) approaching null ζ-potential, the
activity drops significantly. This trend can be interpreted with reference to previous
studies which report on the influence of the interfacial electrostatic potential of
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different bacteria on the interaction with NPs [137, 138]. In particular, the gram-
positive bacteria employed in this study have a negative ζ-potential of –15.6 mV,
consistent with the value reported in literature [139]. At low molar ratios, the highly
negative ζ-potential of the single AuNPs prevents the interaction with bacteria. At
increasing the molar ratio, the electrostatic repulsion between the Lyz-AuNPs and
the bacterial wall progressively decreases, and the system shows an increasing lysis
capability. Noteworthy, for ζ-potential values in the range between -27 mV and -13
mV, Lyz-AuNPs complexes appear more efficient as compared to the free protein. The
decrease in the ζ-potential implies that the attractive specific interactions between
the enzyme and its substrate progressively overcome the repulsive electrostatic ones,
thus promoting the binding of the aggregates on the bacteria membrane. The huge
concentration of proteins confined onto the AuNPs results in the locally enhanced
cleavage, with the hydrolysis of several polysaccharide chains in the same portion of
the cell wall. This favours and accelerates the burst of the bacteria cells, leading
to a higher catalytic activity. When the size of the Lyz-AuNPs clusters rises up to
several hundred of nanometres, their diffusivity decreases remarkably, thus clusters
hit the bacteria wall with an extremely lowered rate when compared to the free
protein. In addition, a relevant amount of proteins results hindered within cluster
and does not have access to the bacteria wall, making the system less efficient in
comparison to smaller clusters. This effect could explain the drop observed in the
activity of samples with approaching null ζ-potential.
The analysis herein reported, pointing out that proteins adsorbed to AuNPs retain
their functional activity depending on the aggregation state, highlights a further
intriguing, tunable property. In the perspective of actually employ the anti-bacterial
bioplasmonic system in vivo, citotoxicity assay should be carried out. Nevertheless,
studies performed on similar systems show promising results since do not show
negative effects on cellular viability [140].
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Chapter 3

Nanoparticle-based SERS
substrate for cellular pH sensing

Among surface enhanced spectroscopies, a relevant position is occupied by SERS
which, benefiting of the highest signal enhancement, allows for overcoming the
intrinsic limit of low intensity of Raman signal and hence has emerged as one of the
most widely used technique in biosensing [141]. Recent advances in SERS-based
detection methods involve the development of novel chips for immunoassays with
enhanced sensitivity and specificity for the study of protein affinity [142] and for
the identification of pathogens based on the nucleic acid recognition [143]. Beyond
the application as ultrasensitive spectroscopy, SERS turned out to be an invaluable
technique capable to actively and selectively interact with complex biological systems,
including cells and tissues [19, 86, 18].

In particular, by employing weak acids as reporter molecule and gold or silver
NPs as enhancing scaffold, it has been possible to develop pH sensors capable to
convey the SERS potential in providing localised and molecular specific information
[144, 145, 146, 147]. The development of tools for the evaluation of pH at the
nanoscale enables to obtain information on small sample volumes, e.g. those in
microfluidic devices or even in single cells [148, 149]. In the latter framework,
alterations of the local pH of cellular compartments could have dramatic effects
on cells and organelles, encouraging the occurrence of diseases. Furthermore, the
extracellular pH of cancer cells is expected to be more acidic with respect to that of
healthy ones [150]. Despite the broad scientific landscape involving the employment
of SERS-based pH sensors, many key issues concerning their assembling, calibration
and stability, that could significantly affect the precision and accuracy of the pH
measurements, need to be clarified.

Here it is reported the detailed characterisation of a SERS-active pH nanosensor
based on the conjugation of gold NPs (AuNPs) with the pH-sensitive molecular probe
4-mercaptobenzoic acid (4MBA), a benzene derivative with a thiol group (-SH),
which covalently binds to the AuNPs surface, and a carboxylic acid (-COOH) in the
opposite position. This molecule is particularly suitable to realise a SERS sensor since
the protonation degree of the carboxyl moiety acts as pH indicator [151, 152] that,
combined with the strong SERS cross section typical of benzene-derived molecules,
results in a spectrum sensible even to weak pH variations [144, 147]. Moreover, the
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orientation with respect to the thiol group provides minimised steric hindrance and
maximum exposure outwards of the carboxylic moiety in comparison with other
carboxyl-modified benzoic acid derivatives. This allows for a more packed coverage
of AuNPs by 4MBA and therefore for a more efficient response to pH variations.
With specific reference to the biological application of measuring the cellular pH,
the choice of employing of AuNPs as plasmonic scaffold ensures higher chemical
stability and biocompatibility with respect to different SERS-active metals such as
silver [153].

The final purpose of the present study is to develop a systematic and general
protocol for the characterisation and employment of a nansosensor in different
environments. To this aim, all the underlying aspects of the synthesis procedure
and of the operating conditions have been analysed and rationalised to provide
the highest sensitivity to pH variations and to preserve the sensor stability. In
particular, the colloidal stability and the photostability of the system were considered,
identifying a variability range of the measurement parameters to reduce the radiation-
induced molecule degradation. All the spectral modifications, directly and indirectly
associated to pH variations, have been analysed and discussed to achieve a close
control on all the aspects involved in the measurement. In the perspective of
obtaining a fine tuning of the nanosensor features, particular emphasis has been
placed in analysing the acidic properties of the molecular probe conjugated to the
AuNPs. Three calibration curves have been provided in terms of relative intensity
of selected pH-dependent SERS bands as a function of the pH and the dynamic
range of sensitivity of the nanosensor was identified. The suitability of the 4MBA-
AuNPs pH nanosensor for biological applications was demonstrated by measuring
the extracellular pH of two cellular models.
The main results here reported are published in ref. [17].

Figure 3.1. Scheme of the experimental protocol employed to synthesise the 4MBA-
AuNPs nanosensor and to perform the SERS measurements. The functionalisation
reaction between 60 nm AuNPs and 4MBA molecules was conducted in water for 3 h
and the unbound molecules were removed by 24h dialysis against MilliQ water (A). A
droplet of the 4MBA-AuNPs solution was deposited on a glass coverslip and dried at
room temperature. A representative optical microscopy image (scale bar 2 µm) of the
self-assembled clusters with micrometric size, is reported. (B). SERS measurements
on cells were performed by superimposing the glass substrate with the self-assembled
4MBA-AuNPs to a glass slide with the cell culture (C).
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3.1 Nanosensor assembling

The pH nanosensor employed in this study consists of a plasmonic core made of
60 nm AuNPs functionalised by a layer of 4MBA. The molecular functionalisation,
as sketched in Figure 3.1A, was performed by exploiting the spontaneous S-Au bond
formation between the thiol group of the 4MBA and the AuNPs surface in aqueous
solution. An ethanol solution of 4MBA at the concentration of 0.1 mg/mL was
added to the AuNPs stock solution to have the final concentration of 0.025 mg/mL
of 4MBA. A large excess of 4MBA molecules with respect to the gold colloids was
employed to obtain a full coverage of the AuNP [50], which based on steric hindrance
considerations can be estimated to ∼ 2×104 molecules per AuNP. In this way it
was possible to ensure the stability of the colloidal dispersion and to maximise the
SERS cross section of the nanosensor. In addition, a high coverage of the AuNPs
prevents the molecule degradation that might be induced by the interaction of the
carboxyl moiety with the gold surface [151], as discussed in detail in Section 3.2.
The solution was incubated for 3 hours at room temperature and the assembled
4MBA-AuNPs were purified to remove unbound molecules by 24 hours dialysis
against Milli-Q water. Finally, the colloids were induced to self-organise in clusters
onto a glass coverslip surface by evaporating the water at room temperature. The
overall functionalisation procedure was monitored by UV-Visible absorption and
Raman spectroscopies. The absorption spectrum of the 4MBA-AuNPs in comparison
with that of the bare AuNPs is reported in Figure 3.2.

Figure 3.2. UV-Visible absorption spectra of AuNPs before (black curve) and after
(light blue curve) the functionalisation with 4MBA. In the inset it is reported a zoom
of the peak corresponding to the LSPR of the AuNPs, normalised to the maximum
absorbance value. The measured redshift of ∼4 nm from 533 to 537 testifies a successful
functionalisation.

Being related to the presence of 4MBA, both the absorption bands in the UV
region [154] and the redshift of ∼ 4 nm of the LSPR of the AuNPs (LSPR at 533 nm
for bare AuNPs), driven by the change in the dielectric environment at the AuNPs
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surface [155], are indicative of the effective conjugation.
The Raman spectra of 4MBA-AuNPs and bulk 4MBA, both deposited on a glass

slide are shown in Figure 3.3. The complete assignment of the main Raman and
SERS bands is reported in Table 3.1.

Figure 3.3. Raman spectrum of bulk 4MBA (top) and SERS spectrum of 4MBA conjugated
to AuNPs and dried onto a glass slide (bottom). The peaks of the pH-dependent bands
in the SERS spectrum are highlighted: β(COO−) and ν(COO−) in blue and ν(C=O)
in red. The disappearance of the ν(SH) band at 2565 cm−1 in the SERS spectrum
witnesses a successful functionalisation of the AuNPs by S-Au covalent binding. In the
inset the spectral region of the S-Au band is reported

The SERS spectrum of 4MBA-AuNPs is characterised by two intense bands at
1076 and 1586 cm−1, corresponding to the vibrations of the aromatic ring of the
molecule [151], both redshifted with respect to their Raman counterpart. It is known
that a relaxation of Raman selection rules occurs when molecules are in proximity
to a metal surface, under near-field illumination: this can cause the appearance, in
the SERS spectra, of bands that are hindered in the conventional Raman spectra
[156, 157, 158]. For analogous reasons, frequency shifts can take place as a result of
molecule-metal charge transfer phenomena [159]. The successful functionalisation by
S-Au covalent binding is witnessed by the appearance of the band at 228 cm−1 (see
the inset of Figure 3.3), corresponding to the gold-sulfur vibration [160] and by the
concomitant disappearance of the band at 2565 cm−1, corresponding to the thiol
S-H stretching vibration [50]. Furthermore, the absence of the latter peak certifies
that all the molecules concurring to the SERS signal are covalently bound to the
AuNPs.

The bands sensitive to pH variations are those related to the carboxylic moiety
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Table 3.1. Peak assignment of the main Raman and SERS bands of the spectra reported in
Figure 3.3 according to refs. [151, 160, 152, 147]. Greek letters indicate the vibrational
modes: ν, stretching; β, bending; ω, wagging; γ, out-of-plane vibration. Benzene modes
are reported according to the Wilson notation [161]. The rows highlighted in light
blue identify the bands whose intensity increase with pH, while the one whose intensity
decreases with the pH is highlighted in light red. The bands corresponding to the S-Au
and ν(SH) vibrations, used to control the functionalisation of AuNPs with 4MBA, are
highlighted in gray.

Peak assignment Raman shift (cm−1) SERS frequency (cm−1)

S-Au - 228
ν(CS) - 525
ν6b 632 631
β(CO2) + ν(CS) 686 -
ν4b + γ(CCC) - 720
ν10a 801 -
ν17b + ω(CO2) 812 -
β(COO−) - 849
β(SH) 915 -
ring deformation - 1011
ν12 - ring breathing 1098 1076
ν19b + ν(CS) 1116 -
ν9a 1135 -
ν(CCOO−) + ν(CS) - 1143
β(CH) - 1183
ν3 1292 -
ν(COO−) - 1428
ν84 - ring breathing 1594 1586
ν(COO−) 1620 1710
ν(SH) 2565 -

at the edge of the 4MBA molecule, i.e., the bending and stretching vibrations
β(COO−) and ν(COO−) at 849 and 1428 cm−1, and the weak band at 1710 cm−1

corresponding to the ν(C=O) stretching vibration [152, 147]. The first two bands
arise when the carboxylic groups are in the deprotonated form, in basic environment;
while the ν(C=O) band appears more intense in acidic condition, when the moiety
is protonated. In the SERS spectrum of Figure 3.3, the bands corresponding to
COO− vibrations are prominent, suggesting that most of the carboxylic residues
of the 4MBA-AuNPs deposited after the functionalisation are in the deprotonated
form.

3.2 Nanosensor stability

In this paragraph all the aspects concerning the colloidal stability of the nanosen-
sor, pivotal to refine the performances in liquid environment are presented. After-
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wards, the chemical alterations that might occur in the molecular probe due to the
laser illumination are discussed.

3.2.1 Colloidal stability

Moving into the issues concerning the actual applicability of the nanosensor, the
stability of the 4MBA-AuNPs colloidal dispersion was analysed by dynamic light
scattering (DLS) measurements, in terms of size distribution and ζ-potential, and by
UV-Visible absorption spectroscopy at varying the pH of the solution (see Appendix
for experimental details). The combined measurements allowed for correlating the
aggregation of the system, which occurs upon pH variations due to the related changes
in the 4MBA-AuNPs surface charge, with its optical response. The ζ-potential of
particles in solution, which is proportional to their average surface charge, is a
well-established indicator of the stability of a colloidal dispersion, quantifying the
electrostatic repulsion between like-charged particles [162].

Figure 3.4. (A) Size (black) and ζ-potential (grey) of 4MBA-AuNPs obtained by DLS
measurements as a function of the pH of the solution. The error bars represent the
standard deviations of the measured size and ζ-potential distributions. (B) Selected UV-
Visible absorption spectra of the 4MBA-AuNPs corresponding to the DLS measurements.

Size and ζ-potential results are shown in Figure 3.4 A. In both cases, a remarkable
pH-dependence is clearly observed. At basic pH and down to pH 6, the absolute
value of the ζ-potential is high enough (-38 mV < ζ < -22 mV) to prevent the
4MBA-AuNPs aggregation, with size distributions centered on that of single AuNPs.
Starting from pH 5, the ζ-potential decreases in modulus and the colloids form
aggregates whose dimensions increase with lowering the pH. At pH values lower
than 3, 4MBA-AuNPs aggregates reach a micrometric size and could precipitate,
as the ζ-potential approaches zero. Notably, in the region between pH 5 and pH 6,
the ζ-potential shows the highest slope, corresponding to the maximum sensitivity
of the surface charge of the nanosensor with respect to pH variations. Since the
4MBA-AuNPs surface charge basically depends on the protonation degree of the
exposed carboxyl moieties, this finding strongly suggests that the working point of
the SERS-active nanosensor lies in the same pH range. For the same reason, at pH >
9 the ζ-potential remains essentially unchanged, pointing out that all the carboxylic
groups are in the deprotonated form.
In this condition, the average number N of 4MBA molecules bound to each AuNP
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is equal to the number of elementary charges on the surface of each 4MBA-AuNPs
colloids. This allows for validating the geometrical estimate of the 4MBA coverage
(N ∼2× 104 molecules per AuNP) using the electrophoretic mobility value measured
at pH 11. By employing the Hückel relation (equation 2.6), it is possible to derive a
value for the effective charge Qeff of the colloids and compare it to that obtained
independently from N using the model of Aubouy for spherical particles [163, 164].
The good accordance between the two values (Qeff = -90 ± 10 e and Qeff = -94
e, where e is the elementary charge) confirms the reliability of the estimate of the
coverage herein provided.

Selected absorption spectra corresponding to the DLS measurements are reported
in Figure 3.4B. The resonance frequency of the LSPR is strongly influenced by the
aggregation of the NPs, leading to the substantial shift and broadening of the
plasmons absorption peak due to the coupling among the single particle plasmonic
modes of adjacent nanoparticles [5]. The optical response of the samples changes
coherently with the measured aggregation trends. Noteworthy, starting from pH 5,
inter-particle plasmonic modes appear at higher wavelength with respect to the LSPR
of non-aggregated colloids and the associated absorption band progressively broadens
toward the infrared spectral region with the lowering of the pH. These modifications
in the shape, amplitude and frequency of the plasmon resonance could critically
affect the outcome of the SERS measurement, resulting in possible variations of the
spectral enhancement at a given excitation wavelength [49]. Hence, the plasmon
resonance modifications that occur upon NPs aggregation could compromise the
plasmonic efficiency of the enhancing SERS scaffold. Moreover, the precipitation
of the sensor upon aggregation at low pH could restrict the range of pH values
that allows reliable measurements. Such issues have to be taken into account for
properly controlling and interpreting the measurements in liquid environment. The
approach adopted in this work to obtain a SERS enhancement independent on the
pH of the solution relies in the self-assembly of the 4MBA-AuNPs in micrometric
clusters onto glass slides, as shown in Figure 3.1B. Such aggregates show a stable
plasmonic absorption band in the red spectral region [50, 74]. The related SERS
enhancement is therefore not affected by a different coupling between plasmonic
modes upon aggregation, but only by dimensional scale effects of the cluster size
which can be overcome by a normalisation procedure respect to the intensity of
selected pH-independent bands, as discussed below.

3.2.2 Photostability

A furthers step is to tackle the issue of the nanosensor photostability, and the
related reproducibility of the SERS response. Indeed repeated, extended illumination
could cause a degradation of the molecule. Specifically, 4MBA molecules are known
to be subject to decarboxylation, i.e., the loss of the carboxylic moiety, as a result
of the interaction with plasmonic-active surfaces [165, 147]. The occurrence of this
phenomenon is recognised in the spectra by the appearance of two new peaks at 996
and 1019 cm−1, which are attributable to the benzene monosubstituted thiophenol
[151]. The two bands are mainly related to the ring out-of-plane and in-plane
deformations, respectively [166].
Since the loss of the carboxylic moiety directly affects the nanosensor sensitivity to
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pH variations, we carried out a study with the aim of identifying the experimental
conditions to minimise the decarboxylation process. SERS spectra of the 4MBA-
AuNPs deposited on glass slides at varying the illumination time and the laser
intensity are shown in Figure 3.5, over the spectral region where are located the
spectral markers of decarboxylated 4MBA.

Figure 3.5. SERS spectra of 4MBA-AuNPs deposited on a glass slide and exposed to
solution at nearly neutral (pH 6, top) acidic (pH 2, middle) and basic (pH 10, bottom)
pH. The onset of the spectral markers of the irradiation-induced decarboxylation at 996
cm−1 and 1019 cm−1 are highlighted by the arrows. The spectra are acquired at varying
the illumination time with laser intensity of 0.56 kW/cm2 (A, D, G), 5.6 kW/cm2 (B, E,
H) and 14 kW/cm2 (C, F, I).

When comparing the reported spectra at pH 6, a clear dependence of the de-
carboxylation process on the laser intensity can be recognised. Noticeable, at 0.56
kW/cm2 the loss of the carboxylic group does not occur, even upon repeated measure-
ments (Figure 3.5A). At 5.6 kW/cm2, the thiophenol peaks appear already after 100 s
illumination (Figure 3.5B). The observed phenomenon is ascribed to plasmon-derived
“hot” electrons extracted from the nanoparticle upon plasmon excitation. These
are transferred to the molecule, where they promote the decarboxylation reaction
which is also accelerated by the local heating [165]. To deepen the investigation
on the decarboxylation phenomenon, SERS spectra were acquired also by exposing
4MBA-AuNPs to acidic and basic solutions, as reported in Figure 3.5D-I. A depen-
dence on the pH of the solution appears evident. In particular, for acidic pH the
decarboxylation threshold is shifted to higher laser intensities. This effect is mainly
ascribed to the orientation of the 4MBA molecules with respect to the AuNPs surface.
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At basic pH, indeed, 4MBA preferentially adopts a flat configuration when adsorbed
on the surface [167], promoting the interaction of the deprotonated carboxylic moiety
with the gold surface and in turn the plasmon-induced decarboxylation. At acidic
pH, on the other hand, the molecules stand upright with respect to the surface, and
the carboxylic group is further away from the metal surface.

3.3 SERS responsiveness to pH variations and calibra-
tion of the nanosensor

The analyses reported in the previous Section were aimed to the optimisation
of the experimental conditions for both the synthesis and the employment of the
4MBA-AuNPs sensor. Here, the SERS response to pH variations of the assembled
nanosensor is investigated, with the purpose to determine its dynamic range of
sensitivity. Proceeding from this, a thorough study concerning the acidic properties
of the molecule has been conducted to explore the possibility to obtain a modulation
of the working point of the nanosensor.

A preliminary test of the sample responsiveness has been provided by sequen-
tially immersing the nanosensor to solutions with extreme pH values. The results,
corresponding to cyclic measurements performed at pH 3 and pH 10 are reported in
Figure 3.6. The features of the spectra show a good responsiveness of the sensor

Figure 3.6. SERS spectra of 4MBA-AuNPs acquired on samples alternately exposed to
solutions at pH 3 and pH 10. The pH-dependent peaks have been highlighted: β(COO−)
and ν(COO−), in blue; ν(C = O) in red. It should be noticed that the occurrence of
the decarboxylation (appearance of the peaks around 1000 cm−1), promoted at basic
pH, is restricted to the region corresponding to the laser spot.

and a high reproducibility for consecutive measurements. In any case, to avoid the
presence of salt residues affecting the SERS spectrum [168], after each measurement
and before the exposure to the next solution, the substrate was rinsed with pure
water.
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As starting point for the nanosensor calibration, spectra of 4MBA-AuNPs de-
posited on a glass slide and exposed to solutions at different pH were acquired.
Selected SERS spectra are reported in Figure 3.7.

Figure 3.7. Representative SERS spectra of 4MBA-AuNPs exposed to solutions at different
pH. The peaks corresponding to the vibration of the carboxylic group are highlighted,
in the deprotonated (β(COO−) and ν(COO−), in blue) and protonated case (ν(C=O)
in red), respectively.

To better visualise the spectral differences, and to compensate possible effects
of the number of molecules concurring to the SERS signal as well as of the SERS
enhancement due to the non-homogeneous morphology of the clusters, which affects
the signal intensity, all the spectra shown are normalised to the integrated intensity
of the pH-independent peak at 1586 cm−1, ascribed to the aromatic ring breathing
mode. Only a slight redshift of the peak upon pH increase can be observed, due
to the coupling with the stretching mode of the carboxyl, more intense in case of
deprotonated 4MBA [169]. Notice that the intensity of the peak at 1076 cm−1, also
ascribed to the benzene ring, and thus pH-independent, appears with the same
intensity after the normalisation. Clear modifications appear in the spectra upon
pH variations from the acidic to the basic pH (from red to blue in the Figure). The
most pronounced are those occurring in the peaks corresponding to the β(COO−)
and ν(COO−) bending and stretching modes and to the ν(C=O) stretching. As
mentioned above, the first two are related to the progressive deprotonation of the
4MBA molecules at high pH that results in a progressive increase in the intensity of
the bands related to the COO− group vibrations. On the contrary, with lowering
pH, the number of the protonated carboxylic groups COOH increases, resulting in
the appearance of the band at 1710 cm−1 which becomes more intense at the lower
pH values.

In order to actually employ the 4MBA-AuNPs as nanosensor for pH measure-
ments, we analysed the SERS spectra to construct suitable calibration curves. To
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this end, we calculated the integrated intensities I of the above-mentioned pH-
dependent peaks in the normalised spectra highlighted in Figure 3.7. The three
calibration curves obtained, reported in Figure 3.8, show a sigmoidal-like trend, in
line with those reported in literature for similar systems [170, 145, 148]. For each

Figure 3.8. Calibration curves for the 4MBA-AuNPs nanosensor obtained for three different
pH-dependent SERS bands: β(COO−) bending mode at 849 cm−1 (A), ν(COO−)
stretching mode at 1428 cm−1 (B) and ν(C = O) stretching mode at 1710 cm−1. In all
the graph the region of maximum sensitivity respect to pH variations has been indicated.
Error bars represent the standard deviations, calculated on at least five independent
measurements.
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curve we determined the working point of the nanosensor, namely the pH value
corresponding to the highest sensitivity dI

dpH , at pH 5.6, in good agreement with
the range identified by ζ-potential measurements. Amongst all the three curves
analysed, the one which gives the highest sensitivity to pH variations is that derived
from the COO− stretching mode (Figure 3.8B).
With reference to other similar pH nanosensors reported in literature [148, 171, 147,
149], showing a region of sensitivity in the pH range 7–8, the sharp working range
identified for our nanoscale pH sensor turns out to be more suitable for monitoring
pH-dependent biological processes on single cells. In fact, variations of cellular pH
are generally identified at pH values between 5 and 7 [172]. Going to analyse the
chemical aspects in detail, the working range extrapolated from the SERS calibration
curves corresponds to the dissociation constant, namely the pKa, of the indicator
employed as probe [173]. Moreover, the confinement of molecules at nanostructured
interfaces could affect their acidic properties, depending on the surface curvature
[174, 175, 176]. To deepen this aspect, we performed a standard acid-base titration
curve on the bulk 4MBA molecule, reported in Figure 3.9, obtaining a pKa of 4.2
pH units for the carboxylic acid.

Figure 3.9. Acid-base titration curve for free 4MBA molecule performed employing
NaOH as titration agent. In general, the vertical inflection point of a titration curve
is the equivalence point and identifies the pH value at which all the acid is converted
in its conjugate base. The pKa value of the acid is obtained from the half-equivalence
point, located where the volume of the titration agent is halved respect to that of the
equivalence point. In fact, at this point the concentration of the acid is the same of
that of the conjugate base, thus following the Henderson-Hasselbalch equation the pH
of the solution is equal to the pKa of the acid [176]. The acid-base titration curve of
4MBA yields two equivalence points, at pH 8.4 and at pH 5.2, corresponding to the thiol
and to the carboxyl moiety, respectively. The derived pKa values are thus 5.4 and 4.2,
consistent with those reported in literature for the 4MBA [176]. Moreover, the reported
value of the pKa of the benzoic acid is also 4.2 [177], thus ensuring that the presence of
the sulfhydryl moiety does not affect the acid properties of the carboxyl.

The SERS-based calibration curve and the ζ-potential measurements, instead,
highlight a weakening of the acidic properties of the 4MBA when bound to the
plasmonic nanostructure. Since the deactivation of the thiol moiety upon conjugation
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with the AuNPs does not affect the acidic properties of the system, the observed pKa
shift is attributable only to the confinement of 4MBAmolecules on the nanostructured
surface. Interestingly, this latter aspect points out the possibility of modulating
the pKa value of the nanosensor by acting on the properties of the nanostructured
surface on which the molecular probe is confined.

The overall modifications that occur in the SERS spectra depending on the
pH, not only supply the information that can be used to determine the nanosensor
performances, but provide unique molecular and stereochemical information which
are related as well to the pH variation. With reference to Figure 3.7, it is possible to
notice the appearance of a further peak moving to basic pH, centered at 1143 cm−1,
mainly assigned to the ν(CCOO−) stretching mode [169]. Moreover, a modification
of the shape of the ν(COO−) peak at ∼ 1400 cm−1 is observed with increasing pH.
This is due to the increasing weight of a second component of the band, centered at
∼ 1380 cm−1, related to the vibrations at lower energy of the COO− groups that
are interacting with the metallic surface. The parallel orientation of the 4MBA
molecules with respect to the AuNPs surface, resulting in the COO− group being
closer to the gold interface, is in fact favored at higher pH [151] due to the negative
charge of the carboxylate. The great deal of information that can be inferred over
the whole fingerprint region reduces considerably the presence of artifacts that might
occur with potentiometric methods or paper-based sensors [178].

3.4 In vitro pH detection of living cells

The calibration curves obtained for 4MBA-AuNPs point out that the dynamic
working range of the nanosensor lies in the pH range 5–7, suggesting a high reliability
for pH measurements at the single cell level. Therefore, as a proof-of-concept
to demonstrate the actual applicability of our SERS-active pH nanosensor we
measured the extracellular pH (pHe) of two clinically relevant human skin cell lines:
normal HaCaT and cancer SK-Mel5. The pHe, being involved in cell progression,
differentiation and proliferation [168], is an important parameter that allows for
discriminating unhealthy cells from healthy ones [179]. Indeed, cancer cells lead to
an acidification of the extracellular milieu due to their enhanced glucose metabolism
[179, 180]. The two cell lines were cultured on a glass coverslip and, for the SERS
measurements, the cells were put in contact with the nanosensor by superimposing a
second glass coverslip with the 4MBA-AuNPs previously assembled, as sketched in
Figure 3.1C. In Figure 3.10 two optical microscopy images of the HaCaT and SK-Mel5
cells where the 4MBA-AuNPs clusters are clearly visible are shown. Corresponding
SERS spectra collected on the cells are also reported on the right side.

The SERS spectra of the 4MBA-AuNPs in contact with the cells do not show
spectral distortions and are in excellent agreement with the 4MBA-AuNPs spectra
reported in the previous Sections. Noteworthy, the peaks corresponding to the ring
vibrations of Phenylalanine, at 1000 and 1610 cm−1, can be clearly identified due to
the huge Raman and SERS cross section of this amino acid [141]. The two peaks
can be hence considered as cellular spectral markers (see Figure 3.11 and the Table
herein reported for the complete peak assignment), certifying that the pH nanosensor
is effectively in contact with the cells.
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Figure 3.10. Optical microscope images and SERS spectra of HaCaT (A) and SK-Mel5
(B) cells exposed to the nanosensor. The bright spots are the 4MBA-AuNPs clusters
assembled onto the glass coverslip superimposed to the cells. The grids in the images
identify the spatial point corresponding to the SERS spectra. The pH-dependent SERS
peaks are highlighted in blue (β(COO−) and ν(COO−)) and in red (ν(C=O)), while
the spectral markers of the cell (Phenylalanine at 1000 cm−1 and at 1610 cm−1) are
highlighted in yellow.

Figure 3.11. On the left, Raman spectra of HaCaT (blue) and SK-Mel5 (grey) cell lines.
The peaks corresponding to the Phenylalanine have been highlighted in yellow. On the
right, peak assignment of the Raman spectra of cells according to [181, 182]. The rows
highlighted in yellow identify the spectral markers of the cells recognised in the SERS
spectra of Figure 3.10.

For each sample, the integrated intensities of the pH-dependent SERS bands in
the normalised spectra, according to the previous Section, have been determined to
extrapolate the pHe from the calibration curves. The obtained results for each of the
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three bands are reported in Table 3.2, together with the standard deviations. The
distributions of the obtained pH values point out that our 4MBA-AuNPs nanosensor
yields a good estimate of the pHe [172] and, even better, it is suitable to discriminate
between normal and cancer cells. In fact, for each of the pH-dependent SERS bands,

Table 3.2. Estimated pHe values for the normal HaCaT and cancer SK-Mel5 cell lines,
extrapolated from the SERS spectra of Figure 3.10.

β(COO−) ν(COO−) ν(C = O)

HaCaT 7.0 ± 0.4 7.4 ± 0.7 6.5 ± 0.9
SK-Mel5 5.6 ± 0.2 6.3 ± 0.2 5.6 ± 0.2

the measured pHe of the cancer SK-Mel5 cells results to be more acidic respect to
that of the normal HaCaT cells. Analysing in detail the obtained pHe values, the
ν(COO−) peak systematically yields a slightly higher pH value if compared with
the β(COO−) and the ν(C=O) peaks. This can be ascribed to the superimposition
with the band corresponding to the CH2 deformation of the cell membrane lipids.
Since the SERS probe is located in proximity of the cell membrane, the spectral
contribution of this band results convoluted to that of the ν(COO−) band, leading
to a slight overestimation of the integrated intensity. Concerning the spectral region
in which are located the other two pH-dependent SERS bands, at 853 cm−1 it is
only present a narrow and not intense peak, ascribed to the Tyrosine ring breathing
and, at higher frequencies, the amide I band at 1660 cm−1 is usually suppressed
in SERS spectra [183]. These considerations implies that the β(COO−) and the
ν(C=O) peaks are not affected by the spectral contribution of the cells and allow
for obtaining a measurement of the pHe from the average of the values reported
in Table 3.2, which is equal to 6.8 ± 0.5 for the HaCaT and to 5.6 ± 0.1 for the
SK-Mel5 cells. More in general, the derivation of three different calibration curves
for the pH evaluation based on the SERS measurement allows for choosing the most
appropriate, addressing issues associated with the superimposition of spectral band
of the sample and of the probe.

Concerning the spatial resolution of the pH measurements, this is mainly deter-
mined by the size of the 4MBA-AuNPs clusters that varies between hundreds of
nanometres and few micrometres. Actually, the effective spatial resolution of the
nanosensor is much higher since the SERS signal originates from the nanometric
volumes close to the plasmonic substrate. In the specific case of the evaluation
of the extracellular pH, the realised nanosensor allowed for performing localised
measurements with good spectral reproducibility in spatial regions with sub-cellular
dimension, as can be seen in Figure 3.10.

Based on these evidences, 4MBA-AuNPs pH nanosensor turned out to be effec-
tively suitable to perform localised pH measurements on single cells and, even more
appealing, it has the potential to distinguish between normal and cancer cells. The
overall obtained results pave the way for realising efficient SERS-active microplate
substrates suitable for biomedical applications, offering the possibility to perform
localised pH measurements at subcellular level.
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Chapter 4

Ultrasound delivery of
SEIRA-active gold nanoprobes
into fibroblast cells and related
biological effects

The ability of ultrasound (US) to transfer mechanical energy into cells and tissues
allowing for the transient enhancement of the cell membrane permeability [184, 185]
has attracted an ever-growing interest in targeting functional nanomaterials to
specific biological sites. The phenomenon, known as reparable sonoporation (SP), is
indeed a very effective modality for drug delivery and gene therapy because energy
that is non invasively transmitted through the skin can be focused deeply into the
human body in a specific location and employed to release drugs in a safe and
efficient way [186, 187]. For this reason, the effects of SP are now intensively studied
in nanomedicine offering a pivotal chance to design improved anticancer strategies
for the targeting of nanocarriers through the cytoplasmic membrane [188].

In the latter framework, recent advances in nanoscience and nanotechnology have
paved the way for engineering several diagnostic and therapeutic delivery vectors
showing key roles in selectively seeking out, tracing and promoting cell by cell
ablation of tumour tissues [189, 190, 191]. Nevertheless, progress in the field has
been limited by an insufficient understanding of potential side effects for biological
systems deriving from the employment of US and nanomaterials. The US produced
by medical equipment, indeed, may cause osmotic stress, promote inflammatory
processes and even weaken the occlusive mechanical barriers of endothelium and
skin tissues. More generally, cells exposed to the US field can exhibit concomi-
tant effects depending on the exposure parameters such as frequency, intensity
and exposure time [192, 88, 193]. The potential irreversibility of these damages
could hamper the cellular self-repair mechanisms, leading to the risk of genotoxic
and cytotoxic damage and thus constituting a serious risk to human health [194, 195].

In this Chapter, the study on the US mediated internalisation of suitably de-
signed nanoprobes into the the well-established fibroblast model cell line NIH-3T3
is presented. This cell line, which is prominent in the connective tissue, has been



66
4. Ultrasound delivery of SEIRA-active gold nanoprobes into fibroblast cells

and related biological effects

successfully employed in studying US induced bioeffects [192, 88, 196]. The experi-
mental conditions to obtain reversible enhancements in membrane permeability of
NIH-3T3 and human keratinocytes cell lines at very low intensity megasonic fields
(in the subcavitational regime) have been recently pointed out [88, 197]. In these
conditions, the transient alterations of the plasma membrane allowed for efficiently
internalising molecules with hydrodynamic diameters of the order of magnitude
of 10 nm, observing no severe cell damage. Taking advantage of this finding, the
internalisation of nanomaterials in vitro by SP, here is attempted and investigated.
Among all the different nanomaterials that can be used as both carriers and probes,
gold NPs (AuNPs) have received much biomedical attention based on their pecu-
liar properties and suitable biomolecular conjugation [32, 198]. In addition, the
plasmonic-mediated capability of AuNPs to enhance the infrared absorption cross
section of specific organic and biological molecules located in proximity of their
surface [199, 200, 159, 58], namely the SEIRA effect, is shedding new light on the
development of novel ultrasensitive detection and specific signalling methodologies
[201, 202, 203]. In this framework, AuNPs can be easily functionalised with the
hetero-bifunctional linker 4-aminothiophenol (4ATP), to produce an efficient IR
marker 4ATP-AuNP conjugate, characterised by several intense SEIRA vibrational
modes ranging from 1700 to 900 cm−1 [199, 159].

Synchrotron Radiation Fourier Transform Infrared microspectroscopy
(SR-microFTIR) is one of the most employed and valuable analytical tool for
studying biochemical changes induced by external agents at the single cell level
[204]. In fact, the high brilliance and the highly focused beam of SR-microFTIR
allow for obtaining detailed chemical information on small samples. In addition, the
signal-to-noise ratio on cellular samples can be ∼ 10 to 30 times higher if compared
with traditional IR source [205]. The synergistic use of SR-microFTIR spectroscopy
and SEIRA allowed for recognising the spectroscopic and biochemical influence of
SEIRA-activated AuNPs, which entered the cell by SP. The possible biological and
toxicological implications resulting from the nanoprobe internalisation have been
investigated by coupling the spectroscopic analyses with viability and chromosomal
damage end point assays.

The main steps of sample preparation for spectroscopic analysis are sketched in
Figure 4.1. At first, a FTIR analysis of the nanovector, focused on the influence
of the AuNPs size on the amplification of the IR signal induced by SEIRA effect
is presented. Moving from this, the evidence that such spectroscopic nanoprobe is
suitable to be internalised in fibroblast cells through medical US and recognised
by SR-microFTIR spectroscopy at the single cell level is discussed. Moreover, the
biological information inferred from the analysis of the SEIRA-amplified spectra
of single cells is presented and compared to the evaluation of the corresponding
cytotoxic and genotoxic impact.
The main results here reported are published in ref. [14].
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Figure 4.1. Scheme of the protocols employed for the SR-microFTIR analyses. (A) The
nanoprobe assembling was obtained by functionalising the AuNPs with the IR marker
4ATP; spectra were acquired after depositing the nanoprobes onto silicon wafers. (B)
The internalisation of the nanoprobes within NIH-3T3 cells was triggered by low intensity
1 MHz US; the exposure setup employed consists of a water filled tank, a transducer
positioned at its bottom and a micro-volume cell holder vertically aligned with the
transducer; the sonication was performed on a PBS dispersion of ∼106 cells. (C) The
samples for SR-microFTIR measurements were prepared by separating the cells from
the supernatant and depositing them on silicon substrates by physisorption.

4.1 Analysis of the SEIRA signal enhancement of the
nanoprobe

The analysis shown in this Section is aimed at identifying the size of 4ATP-AuNPs
probe that better accomplish both efficient US mediated internalisation within cells
and maximisation of the SEIRA signal. Both these requirements are pivotal for the
development of an efficient biorecognition tool. To this purpose, different nanovectors
have been assembled by conjugating the infrared reporter 4ATP with AuNPs, with
size ranging between 2 and 20 nm. The upper size of 20 nm was fixed to fulfill
the first requirement, according to a previous study [88]. To address the second
requirement, the response of the differently sized nanovectors, using both traditional
and Synchrotron Radiation (SR) light source was analysed. The spectra of the

Figure 4.2. SEIRA spectra of the 4ATP-AuNPs nanoprobes prepared using AuNPs of
different size measured by traditional IR source (A) and by SR-microFTIR (B).
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Table 4.1. Peak assignment of the main IR and SEIRA bands of the spectra reported
in Figure 4.2 and 4.4 according to ref. [159]. Greek letters indicate the vibrational
modes: ν, stretching; δ and γ, bending. The row highlighted in gray identifies the band
ν(CC), which shifts upon conjugation with AuNPs and allows for recognising the linker
conjugated to AuNPs.

Peak assignment wavenumber (cm−1) SEIRA frequency (cm−1)

γ(CCC) 1010 1008
ν(CS) 1090 1079
δ(CH) 1176 1176
ν(CH) 1284 1280
ν(CC) + δ(CH) 1423 1493
ν(CC) 1595 1586
δ(NH) 1620 1629

nanoprobes at varying the AuNPs size are reported in Figure 4.2. The corresponding
spectral assignment is reported in Table 4.1. An increase of the IR cross section of the
4ATP, due to the SEIRA effect, occurs depending on the AuNPs size. In particular,
the peak at 1595 cm−1, corresponding to the asymmetric stretching ν(CC) of the
double bond between carbons of the 4ATP phenyl ring of the bulk sample, experiences
both a shift to 1586 cm−1 and an intensity enhancement in the nanoprobe samples
[14]. Such changes in the spectrum of 4ATP provide evidence that it is effectively
conjugated to the AuNPs surface [159]. Notice that a direct comparison of Figure
4.2A (conventional source) with Figure 4.2B (SR) on the same set of 4ATP-AuNPs
shows an evident spectral quality improvement of the SR-microFTIR spectra with
respect to the conventional FTIR source. Namely, the vibrational bands associated
to 4ATP-AuNPs are neatly identifiable above the noise level even for 2 nm AuNPs.
Some spectral weight redistributions are observed in the spectra of Figure 4.2 due to
the different morphology of the 4ATP-AuNPs clusters at varying the AuNP size. In
fact, the different size as well as the different surface density of 4ATP-AuNPs, which
depend on the AuNP size, result in a different spatial organisation of 4ATP-AuNPs
onto the substrate in terms of overall clusters size, number of AuNP composing each
cluster and mean interparticle distance. All these factors affect the LSPR of the
aggregated system, determined by the LSPR of the single plasmonic constituents, by
the interparticle distance and by the morphology of the cluster (see Section 1.2.2),
leading to variable field enhancement, preferentially amplifying different spectral
regions. In general, the substrate morphology critically affects the intensity and
shape of SEIRA spectra, leading at worst also to spectral distortions, as observed in
the case of metal island film at varying the island dimension [206]. Moreover, the
4ATP orientation could be affected by the different packing of the AuNPs within
the clusters, thus contributing to the observed spectral weight redistribution.
For each AuNPs size, taking as reference the peak corresponding to the ν(CC) of
the aromatic ring, the SEIRA enhancement factor has been estimated as the ratio
between the absorbance measured on the 4ATP-AuNPs samples and that of the
bulk 4ATP, each normalised to the number of irradiated molecules in the absorption
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volume [58, 68], according with the definitions reported in Section 1.3. Such analysis
reveals a null gain for the 2 nm AuNPs, a rather low SEIRA enhancement (∼ 4.5)
for 5 nm AuNPs, while the enhancement is considerably higher for 10 nm (∼ 137)
and 20 nm (∼ 200) AuNPs.

Exhibiting the highest enhancement, the following investigations are focused on
the 4ATP-AuNPs made up of 20 nm AuNPs. A detailed characterisation of the
assembling procedure of this nanoprobe was performed by means of UV-Visible
spectroscopy, dynamic light scattering (DLS), and scanning electron microscopy
(SEM). The experimental details are reported in the Appendix. The results in terms
of size, ζ-potential and LSPR are reported in Table 4.2. The SEM images of the 20
nm AuNPs before and after the functionalisation are reported in Figure 4.3.

Table 4.2. DLS and UV-Visible characterisation of 20 nm AuNPs, before and after the
functionalization with 4ATP.

size(nm) ζ-potential (mV) LSPR (nm)

AuNPs 20 nm 22 ± 4 -34 ± 1 520.0 ± 0.5
4ATP-AuNPs 27 ± 4 -25 ± 2 522.5 ± 0.5

Figure 4.3. SEM images of 20 nm AuNPs (A) and 4ATP-AuNPs (B) colloids evaporated
on a silicon substrate.

From the comparison with non-functionalised AuNPs, the analysis points out
a redshift of the absorption peak, together with variations in the size and in the
ζ-potential of the nanoprobe. These evidences support the spectroscopic analysis,
confirming that 4ATP is linked to the AuNPs surface. The negative ζ-potential value
witnesses a colloidal stabilisation of the nanovector and ensures the electrostatic
repulsion with the cell membrane, which is also negatively charged, reducing the risk
of alterations of the cell membrane integrity due to non-specific binding [207, 208].
With reference to Figure 4.3B, the 4ATP-AuNPs deposited on a silicon substrate
appeared assembled in submicrometric aggregates of closely packed AuNPs. Such
nanostructured assemblies can sustain plasmonic oscillations in the IR spectral range
that is employed in this experiment, thus yielding huge signal enhancement [61, 209].
The SR-microFTIR spectrum acquired on the same substrate is reported in Figure
4.4 in comparison with that of bulk 4ATP. The obtained signal amplification of two
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Figure 4.4. SR-microFTIR spectra of bulk 4ATP (purple line) and of 20 nm 4ATP-AuNPs
(grey line) acquired at the Diamond Light Source. The estimated enhancement factor
due to the SEIRA effect is of ∼ 200.

orders of magnitude is remarkable, in fact SEIRA enhancement factors reported in
literature for AuNPs based substrates can reach values of the orders of 102-103 at best
[57, 61, 210, 211]. Hence, 20 nm 4ATP-AuNPs appear as an efficient SEIRA probe
for studying the effects of US mediated drug delivery in vitro. Moreover, differently
from fluorescent probes employed in other cell signalling strategies, SEIRA probes
are not subjected to photobleaching, which critically affects the reproducibility of
the measurements.

Based on these evidences, a SR-microFTIR spectroscopic study, aimed at recog-
nising the US mediated internalisation of the 20 nm 4ATP-AuNPs within NIH-3T3
cells has been carried out, as reported in Section 4.2.

4.2 SEIRA-based biorecognition of the nanoprobe

4.2.1 US irradiation of the cells

A medical device consisting of a submersible piezoceramic circular unfocused
transducer (6 cm diameter) tuned at 1 MHz was used for the cell US exposure (see
Figure 4.1B). The employed setup [192] consists in a ultrasonic transducer placed
at the bottom of a tank 30 × 30 × 30 cm filled with degassed water at a fixed
temperature of 25◦ C. A special cell for micro-volumes (400 µL filling volume),
hermetically lidded, was positioned in contact with the water surface coaxially
aligned with the transducer. The calibration of the US field was performed by
measuring the acoustic intensity at varying the source-sample distance (SSD), i.e.
the distance between the transducer and the lower surface of the plate, by means of
a needle hydrophone of 1 mm diameter with sensitivity at 1 MHz of 1670.4 mV/MPa
(± 14%). A SSD of 5 cm was selected, providing a stable and reproducible US field.
The intensity of the acoustic field was analysed in terms of spatial peak temporal
average intensity (Ispta), which represents the spatial maximum of the temporal
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averaged intensity measured for the whole period of treatment.
NIH-3T3 cells grown in Petri plates were detached by Trypsin-EDTA solution and
centrifuged (1200∼1500 rpm). The pellet was resuspended in 200 µL of PBS and
added to 200 µL of 4ATP-AuNPs dispersion or Milli-Q water. The sample was
then transferred in the cell for micro-volumes and treated by US in a continuous
sinusoidal regime with Ispta = 16 mW/cm2 (significantly below the threshold of the
cavitation regime of 100 mW/cm2) with exposure times of 15 and 30 minutes. Such
exposure conditions allow for the internalisation of particles with size of tens of
nanometers, according to literature [88]. After the SP treatment a restoring time of
10 minutes was scheduled for the resealing of the pores in the cell membrane.

4.2.2 Evaluation of the uptake efficiency

The nanoprobe internalisation was evaluated by means of SR-microFTIR spec-
troscopy at the single cell level focusing on the modifications reflecting the presence
of the SEIRA nanoprobe coupled with cells. Two types of reproducible spectra
reflecting the nanopobe internalisation can be recognised on the samples, besides
the ones unperturbed with respect to the control, non-treated cells. For each case, a
representative example acquired on cells treated for 15 minutes is reported in Figure
4.5A, in comparison with the control. The first type (black curve in the Figure)
shows a marked intensity enhancement (up to 10 fold) and evident changes in the
spectral shape, mainly in the protein amides region (amide I at 1655 cm−1 and
amide II at 1545 cm−1, according to the band assignment of ref. [196]), together
with the appearance of two peaks, at 1400 cm−1 and 1586 cm−1. In the second type
(dark cyan curve in the Figure), the intensity enhancement is less evident and it is
not possible to recognise the two additional peaks. Nevertheless, even in this case,
some modifications of the spectral shape are observed, mainly in the amides region.

In Figure 4.5B the representative spectrum of the first type, showing the markedly
amplified intensity and the two additional peaks, is compared to that of the nanocar-
rier alone. Since the SEIRA intensity enhancement is induced by AuNPs clusters
large enough to achieve a plasmonic resonance in the IR spectral region, the am-
plification of the spectrum reported in Figure 4.5 demonstrates that a sufficient
number of nanoprobes have been internalised by cells. The two additional peaks
can be clearly ascribed to the presence of 4ATP-AuNPs [159], as highlighted by the
superimposition of their spectral profile. This provides a further evidence of the
nanoprobe internalisation and states that the molecular probe is still anchored to the
gold surface, thus pointing out the stability of the carrier. It should also be noted that
the increased intensity in both CH and NH stretching spectral regions, at 2800-3000
cm−1 and 3200-3500 cm−1 respectively (Figure 4.5A), is a strong indication of the
coupling of 4ATP-AuNPs probe and cells, which occurred to sonicated samples only.

The internalisation efficiency was evaluated by the percent ratio of the number of
amplified spectra where it is possible to recognise the peaks associated to the 4ATP
marker, out of a total of 20 screened cells. A 10% uptake was obtained on samples
treated for 15 minutes and a 30% on those treated for 30 minutes. These values are
rather low if compared with those previously reported on cells treated in the same
conditions using Dextran with hydrodynamic diameter of ∼ 12 nm (50% uptake
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Figure 4.5. (A) SR-microFTIR spectra of non-treated cells (pink curve) compared with
those of cells treated with 20 nm 4ATP-AuNPs for 15 minutes, which have internalised
a different number of nanoprobes by SP, hence showing different modifications of the
spectral profile. (B) SR-microFTIR representative spectrum of a NIH-3T3 cell irradiated
with US (16 mW/cm2, 15 minutes) in presence of the 20 nm 4ATP-AuNPs nanoprobe
(black line), compared to the SEIRA spectrum of the nanoprobe alone (dashed grey line);
its characteristic peaks at 1400 cm−1 and 1586 cm−1 can be identified in the spectrum
of the treated cell, pointing out the internalisation of the nanoprobe.

upon 15 minutes treatment) [88]. A more coherent estimation can be obtained if
also the second type of cell spectra, in which the signal amplification is lower, is
taken into account. This yields uptake efficiencies of 40% and 60% for exposure
times of 15 and 30 minutes, respectively.

Another important aspect concerning the internalisation efficiency is the cell
sonication procedure. Indeed, cells were treated in suspension, and then laid onto the
silicon substrate for SR-microFTIR analysis. With respect to other SP treatments
that are usually made on on cells growing in adhesion conditions, the protocol herein
employed, has some advantages: i) it allows for working with high cell concentration
in small volumes in order to limit the dilution of the nanoprobe, ii) it avoids
some possible artefacts due to the interaction of cells with silicon surface, iii) it
maximises the exposed surface of cell plasma membrane, and iv) it avoids membrane
perturbation by post SP biochemical treatments (e.g., cells detachment procedures).
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The obtained results appear particularly relevant in terms of both uptake ef-
ficiency and sensitivity at the single cell level considering that the SEIRA signal
enhancement depends on the number of 4ATP-AuNPs internalised per cell and that
the initial concentration of the AuNPs dispersion is extremely low (∼ nM). However,
by adopting a strategy to concentrate 4ATP-AuNPs at the cell-medium interface
undergoing US, these results may be, in principle, further improved. As mentioned,
the SEIRA methodology using SR-microFTIR can offer the advantages of ease of
preparation and accuracy compared with fluorescence and electronic microscopies
where the sample preparations are quite laborious, prone to artifacts, invasive and
the biochemical information is difficult to be achieved [212]. In addition, the detec-
tion sensitivity of AuNPs by microfluorescence techniques is dramatically reduced
because of the phenomenon of fluorescence quenching of dye molecules near the
gold surface. For completeness, the FTIR evidences induced by US and AuNPs
combined treatment were compared also with those provided by US or AuNPs
separately. Although neither additional peaks nor spectral amplifications due to
SEIRA phenomenon were detected with respect to the control samples treated only
with the nanoprobe, a detailed analysis to understand contributions of individual
stimuli to the biochemical structure was performed and reported in Section 4.3.
The lack of SEIRA nanoprobe perturbation in the FTIR profile of non-sonoporated
cells clearly indicates that for an efficient internalisation of 4ATP-AuNPs probe
the membrane SP is required. On this line, as reported in detail in the Chapter 5,
the 4ATP-AuNPs can be further functionalised with molecules that provide specific
affinities with receptors expressed by cells in a particular stage of their life cycle, or
which are in particular pathological conditions [19, 31], to be selectively recognised
on the cell plasma membrane. This would mean that the nanoprobe can be suitably
improved to be employed for triggering combined chemical and US cell targeting and
spectral imaging. In this direction, a combined analysis of the changes in the FTIR
spectrum of native NIH-3T3 cells together with cytotoxic assays of the treatments is
also reported in Section 4.3.

4.3 Analysis of the biological effects induced by inter-
nalisation of the nanoprobe

In section 4.2, the efficient internalisation of ATP-AuNPs nanoprobes within
NIH-3T3 cells by exploiting transient membrane SP has been demonstrated together
with the possibility for recognising the nanoprobe at the single cell level, with
extremely high sensitivity, thanks to the SEIRA spectral amplification. Here, the
biological side effects related to the nanoprobe internalisation are studied. To this
aim, the modifications occurring in the SR-microFTIR spectra of cells treated with
US in presence of 4ATP-AuNPs for 15 and 30 minutes were evaluated. The spectral
analysis was supported with cytotoxicity and genotoxicity assays for distinguishing
between the different types of cell death that can occur, namely apoptosis or necrosis.
Apoptosis is a programmed cell death that can be activated as defence mechanism
by the cell. Necrosis, instead, occurs when an external trauma results in serious
damages of the cell that undergoes to a premature death characterised by the rupture
of the plasma membrane.
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4.3.1 Spectral analysis of the SR-microFTIR spectra of single cells

The spectral analysis was focused on a significant portion of treated cells in
whose spectra the additional peaks attributed to the nanoprobe do not appear
and the intensity enhancement is not pronounced (dark cyan spectrum of Figure
4.5). A rather low number of internalised 4ATP-AuNPs is in fact expected in the
corresponding cells, thus spectral distortions associated to the SEIRA effect [213, 214]
are minimised, as well as possible biological responses due to the crowding of the
nanoprobes in the cytosol. Thus any observed effect can be reasonably attributed
to cell-nanoprobe biochemical interactions. Specifically, as reported in Figure 4.6,
the analysis were focused on the fingerprint region (between 800 and 1800 cm−1),
where all the most significant bands associated with the molecular vibrations of
proteins and nucleic acids are located, and the CH2-CH3 (between 2800 and 3000
cm−1) where the characteristic vibrations of lipid are present [215].

Figure 4.6. SR-microFTIR spectra of cell samples underwent US-nanoprobe combined
treatments for 15 (red curve) and 30 (orange curve) minutes, in comparison with the
non-treated control sample (black curve).

The spectra of treated samples show evident shift and broadening of the amide I
band, particularly marked in cells treated for longer time. In the sample treated
for 30 minutes with 20 nm 4ATP-AuNPs, a concomitant slight decrease occurs
in the intensity of the bands at 1086 and 1238 cm−1, corresponding to the DNA
phosphate stretching modes. Such decrease is indicative of chromatin condensation
[216]. According to the literature, all the observed spectral modifications can be
attributed to the onset of apoptotic processes in the treated cells [216, 217]. In
addition, weak variations are observed in the intensity of the CH2 and CH3 stretching
modes at 2851 and 2958 cm−1, respectively, which might be related to structural
alterations in the cell membrane, also associated with apoptotic events [192, 218].

With the purpose to deepen the analysis of the biological effects induced by
the combined treatment with US and 4ATP-AUNPs, the analysis was focused on
the amides region, between 1450 and 1800 cm−1, where the most evident spectral
changes are located. The spectra of NIH-3T3 cells treated for 15 and 30 minutes were
therefore compared with those of the corresponding samples exposed to US or 4ATP-



4.3 Analysis of the biological effects induced by internalisation of the
nanoprobe 75

AuNPs separately, in order to disentangle the different contributions. Each spectrum
was analysed by a Gaussian curves deconvolution, as shown in the representative
graph of Figure 4.7. Four major components were assigned to the amide I band and
reported in Table 4.3.

Table 4.3. Peak assignment of the spectral components resulting from the amide I band
Gaussian deconvolution, according to ref. [215, 219].

Peak centre (cm−1) Assignment

1624 β-sheets
1639 random coils
1658 α-helices
1678 β-sheets and β-turns

Figure 4.7. (A) Representative spectral deconvolution by the Gaussian fitting procedure;
the spectral components associated to the protein secondary structure are highlighted by
filled coloured areas (the other spectral components are represented in green). Histograms
representing the weight of α-helices (B, top), β-sheets (C, bottom left) and random coils
(D, bottom right) spectral components in the amide I band for each sample analysed;
each weight was determined as the percent area with respect to the total area of the
band. The β-sheets percentage accounts for both the β-structure contributions (1624
cm−1 and 1678 cm−1). Columns and bars represent the average and standard deviation
values obtained on at least three independent experiments. *p < 0.05, **p < 0.01 and
***p < 0.001.

The percent area of each component, with respect to the total area of the band,
was determined for all the samples and reported in the histograms of Figure 4.7B-D,
in comparison with those of the control non-treated cells. Samples treated with the
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nanoprobe only (non-sonicated) do not show substantial spectral variations respect
to the control sample. Only a slight decrease in the α-helices components is observed,
along with an increase in the β-sheets percentage depending on the treatment time.
Concerning the exposure to US (without the nanoprobe), the spectral changes are
more pronounced. In particular, the weight of the β-sheets components rises up to
50% from the 37% of the control. Such US induced modifications of the protein
secondary structure are coherent with those previously reported [196]. The samples
treated with both US and 4ATP-AuNPs show a dramatic drop of the α-helices
components, associated to an increase of the β-sheets contributions. The weight of
random coils does not show significant changes for all the examined samples (Figure
4.7D). Therefore the observed structural changes may be symptomatic of early stages
of the apoptotic cellular response. In this regard, the correlation of the shift of
amide I with apoptosis has been already observed in photo-dynamically treated
human glioma cells [220]. The shift of 26 cm−1 was attributed to conformational
transition of the secondary structure of proteins from α-helix to β-sheet structure.
On this basis, it is reasonable to suppose that some apoptosis events may occur
starting from 15 minutes of US-nanoprobe combined treatments. If confirmed, this
hypothesis might have some relevance in therapy scenarios where US can be highly
focused in specific points of the body to trigger a controlled cell death.

4.3.2 Cytotoxicity and genotoxicity assays

To shed light on the biological effects revealed by the SR-microFTIR analysis, a
flow cytometry Annexin V and Propidium Iodide (PI) combined assay was carried out.
In this way, it was possible to monitor the eventual onset of apoptosis and necrosis
processes. FITC-labelled Annexin V binds the phosphatidylserine translocated to
the outer cell membrane layer during apoptosis, while PI is internalised within cells
only upon membrane damage, occurring during late apoptosis and necrosis processes.
The combined assay thus allows for distinguishing between the different cell death
pathways. The results, obtained on samples underwent the different treatments, are
reported in Figure 4.8, where the cell viability as the percentage of viable cells with
respect to the total population analysed is also shown.

The analysis points out a slight loss of viability when cells undergo US-nanoprobe
combined treatment for 15 minutes. Marked effects occur for the 30 minutes
treatments. This is consistent with the results of Section 4.2 on the 4ATP-AuNPs
uptake. The cells undergoing US or 4ATP-AuNPs individual treatments show a weak
cytotoxic impact independently from incubation time, with a slightly lower impact
on mortality of US. In accordance with the SR-microFTIR analysis, it can be thus
deduced that the US-nanoprobe combined effect activates some cell death pathway.
On the other hand, it has been reported that the US irradiation of NP can enhance
cavitation effects. It is therefore possible that this phenomenon also contributes to
the observed increase of the cytotoxic response in samples that underwent combined
US-nanoprobe treatments with respect to those treated by US or 4ATP-AuNPs
separately [188].

In agreement with literature [88], these results also indicate that after 30 minutes
treatment, US pressure waves begins to cause irreversible damage to the cell mem-
branes. Figure 4.8 also suggests that the US or 4ATP-AuNPs individual treatments
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Figure 4.8. Flow cytometry analysis of the NIH-3T3 cells performed by the AnnexinV/PI
combined assay. The cell viability was determined as the percent number of viable cells
with respect to the total population of samples analysed. Columns and bars represent
the average and standard deviation values obtained on at least three independent
experiments. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001.

provide an analogous effect in triggering the first events that then lead to apoptosis.
Likewise, combined US-nanoprobe treatments (15 and 30 minutes) give an almost
identical percentage of early apoptotic cells and show a small increase of apoptosis
compared to the individual treatments at the same times. The flow cytometry
results confirmed the hypothesis based on the SR-microFTIR analysis. It is worth
noting that overall treatments slightly affect the cell viability mostly due to necrosis.
More interesting, the combined US and nanoprobe treatments also induce a quite
significant percentage of apoptotic events. Specifically, early apoptotic cells which
appeared in response to the 15 minutes combined treatment became late apoptotic
after 30 minutes, allowing us to conclude that the time of combined 4ATP-AuNPs
and US exposure is crucial to trigger irreversible apoptotic events on NIH-3T3 cells.

A Cytokinesis-block MicroNucleus (CBMN) assay was performed to evaluate
potential genomic instability at chromosomal level and the frequencies of micronu-
cleated cells on the samples that underwent the different treatments. The results of
the analysis are reported in Figure 4.9 in terms of number of micronucleated cells.

The results demonstrate, in a seemingly surprising way, that the samples treated
with US only show a slight increase in the number of micronucleated cells, which
becomes significant when cells are exposed to US for 30 minutes (in Figure 4.9
compare violet and green histogram columns, respectively, with the control one
in dark grey). Contrarily, the US-nanoprobe combined treatments correspond to
comparatively lower micronuclei frequency which does not differ significantly from
those measured in the control samples. According to the cytotoxicity analyses, after
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Figure 4.9. Average number of micronucleated cells (error bars represent the standard
deviation), determined upon the different treatments by the CBMN assay. The values
were obtained analysing a population of 500 cells for each sample. ***p<0.001

the US and 4ATP-AuNPs treatments, late apoptotic cells appeared, and, in this
respect, both events of cell death via apoptosis and decrease of binucleated cells
may be related. Moreover, the intensity decrease in the DNA phosphate stretching
infrared modes observed on the same sample (Figure 4.6), indicative of chromatin
condensation, is correlated to apoptotic cell death [216]. The potential genotoxic
impact of medical ultrasound has been only slightly investigated so far [193, 195]. The
positive results obtained for 30 minutes treatment under sub-cavitation conditions
support the hypothesis that in addition to the effect of transient sonoporation of
the plasma membrane [197], some probable effect on the genomic integrity might be
expected. Any chromosomal damage related to the phenomenon of micronucleation
induced by US could result from a direct mechanical stress on the nucleus or indirectly
transmitted to it [221]. In this regard, some speculations can be made considering
our specific irradiation conditions. Indeed, although the nucleus is the most rigid
cellular organelle (i.e. 2-10 times more rigid than the surrounding cytoskeleton), the
instantaneous pressure values involved herein (10-60 kPa), while being too low to
directly induce reactive oxidative species, were higher than the “threshold stress”
(0.1-10 kPa) needed to induce nuclear deformation [222]. According to the literature,
mechanical inputs on the nuclear membrane barriers [222] and at the level of the
mitotic spindle structure of the cell [223, 224] is one of the mechanisms through
which the present effect becomes manifest (i.e. post-mitotic micronuclei from lagging
chromatids or chromatin bridges between anaphase chromosomes).
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Chapter 5

Antifolate SERS-active
nanovectors: quantitative drug
nanostructuring and selective
cell targeting for effective
theranostics

One of the open challenges in modern medicine is the detection and treatment
of cancer at the earliest stage of its progression [225]. By boosting the threshold
for cancer detection, a successful therapeutic route would promptly act against
few, isolated cancer cells. This would allow significantly limiting the side effects of
aggressive tumour therapies [226]. It is known that chemical, physical and biological
environmental conditions induce genetic and epigenetic alterations resulting in a wide
heterogeneity in tumour development [227]. Therefore, novel treatment protocols
need to be designed for addressing the specificity of the tumour type with a rationally
programmed targeting of cancer tissues [228, 229]. This can be realised by exploiting
the preferential interaction of cancer cells with specific theranostic nanosystems,
suitably designed to couple a strong diagnostic capability to the therapeutic action
[230].

A theranostic nanovector (NV) is a nanosized system capable of travelling in
bodily fluids to reach and selectively interact with a specific (cancer) cell type
[231]. It is typically constituted by a traceable element, a targeting biolayer or
biomolecule and a drug that selectively kills the cancer cells [231, 232, 233]. Flu-
orescent molecules are often employed as traceable elements in the imaging and
diagnostics of cancer tissues or cells [234]. Nevertheless, photobleaching can limit the
measurement reproducibility of fluorescent tags, and their optical sensitivity is often
not optimised for ultrasensitive, early tumour screening. In the last decades, efforts
have been dedicated to the development of alternative, newly designed systems for
diagnostic and imaging applications [235]. Noble metal NPs represent an interesting
possibility, due to their plasmonic properties that allow for confining extremely
intense electromagnetic fields at the nanostructure surface. This opens promising
possibilities, as the super-resolution imaging and the ultrasensitive spectroscopic
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investigation of single or few molecules by SERS [235, 236, 18]. SERS-activated NPs
can be employed for tumour targeting (both in vivo [237, 238] and in vitro, at single
cell level) and for the molecular imaging of receptors which are overexpressed in
tumours [239, 235, 19, 240].

Cellular targeting with theranostic NVs is often performed via the specific
biorecognition of the nanosystem by cellular receptors: the NV acts by locally
binding or penetrating inside the targeted cell. The biorecognition often involves pro-
tein–antibody interactions, widely employed in immunoassays and standard staining
protocols [241, 242]. Unfortunately, proteins can suffer for structural and functional
instability upon environmental variations of temperature and pH. Furthermore, the
NV functionality could be inhibited by the formation of a protein corona [243], that
can occur, in complex media, in absence of additional protecting molecular layers
[244, 245]. As an alternative to proteins, selected smaller, more stable molecules
can be adopted. Among these, folic acid (FA), a group B vitamin necessary for
amino acid and nucleic acid synthesis inside cells, has been successfully employed
in selective cancer cell targeting, based on the higher density of folate binding
proteins on cancer cell membranes [246, 247]. A previous study conducted in our
research group reported on a SERS-active folate-NV, based on the conjugation of
4-aminothiophenol functionalised gold NPs (4ATP-AuNPs) with FA. The folate-NV
was employed for a comparative study on the targeting of different cell lines: the
quantitative analysis of SERS signal enabled for discriminating between cancer and
non-cancer cells, proving that the folate-NV binding efficiency reflects the folate
receptor expression on a specific cell [19]. This nanosystem has a relevant potential
in the development of single-cell cancer screening, for both bioptic samples and the
detection of circulating tumour cells in blood samples, as proposed by Pallaoro et al.
[248]. The therapeutic features of plasmonic NVs can be activated by exploiting the
strong energy absorption of metal nanostructures illuminated at the LSPR. This
increases the local temperature and kills the targeted cell by photothermal therapy
[249, 250]. This approach is mainly effective in treating superficial tumours, due to
the limited transparency of biological tissues. A more versatile strategy is the drug
loading on or inside a tumour-selective nanosystem, allowing for a local release of
the active anticancer agents, reducing the systemic toxicity [251, 252].

Starting from the diagnostic capabilities of the folate NV, here the FA is sub-
stituted with antifolate drugs, specifically aminopterin (AMT) and methotrexate
(MTX) [253, 254, 255]. Antifolates exhibit strong structural similarities to folate,
and this allows for the use of the same chemical approach in loading them onto the
SERS-active NVs. Furthermore, this design allows to possibly conserve the SERS-
based diagnostic capabilities already established for the FA-NV, while adding the
therapeutic action, since antifolates are internalised inside the cell through the same
pathways used for FA supply [256, 257]. Bearing these aspects in mind, in the study
herein presented theranostic NVs were synthesised and carefully characterised. The
cytotoxicity results obtained on HeLa cells demonstrate the therapeutic potentialities
of the system. Furthermore, a SERS-based approach for assessing in real time the
amount of drug loaded on the NV was developed. Based on the SERS titration
results, the antifolate AMT-NV was selected for a comparative study on different cell
types. To do so, two human cell lines, both previously used in folate-based targeting
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experiments [19, 258, 259] were employed: immortalised HaCaT keratinocytes were
selected as non-tumourigenic cell model [260, 261, 262], while tumourigenic cervical
HeLa cells acted as cancer model [263, 264, 265]. Firstly, the NV binding efficiency
at single cell level was assessed by SERS screening. Then, the cytotoxic effect of the
drug in the molecular and nanostructured form was evaluated. An improvement of
the NV selectivity was attempted by synthesising a coloaded nanosystem, conjugated
with both folate and antifolate molecules.
The main results here reported are published in ref. [31].

Figure 5.1. Sketch of the experiment. (A) Synthesis of different folate/antifolate NVs: 60
nm 4ATP-AuNPs have been further conjugated with folic acid (FA, red), aminopterin
(AMT, green), methotrexate (MTX, grey). (B) The loading efficiency was extimated
by the spectral weight redistribution of some specific SERS bands of the NVs. (C)
AMT loaded NV was chosen due to its higher conjugation efficiency to perform a SERS
screening experiment on non-tumourigenic HaCaT and tumourigenic HeLa cell lines.
The different expression of FA receptors on the cell membranes allowed for distinguishing
between the two cell lines depending on the SERS signal intensity.
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5.1 Synthesis of the antifolate nanovectors and thera-
peutic action

Folate binding proteins on normal and cancer cells

Folate supply in cells is mediated by different FA binding proteins, as sketched
in Figure 5.2. There are two classes of facilitative transporters, i.e. solute carrier
proteins that are the reduced folate carrier (RFC) and the proton-coupled folate
transporter (PCFT), and different types of folate receptors that internalise FA via
endocytosis [246]. Among the different isoforms of folate receptors, folate receptor α
(FR-α), is known to be overexpressed in numerous cancer cell lines, among which
HeLa cells [258, 259, 263, 264]. In HaCaT cells, on the other hand, FA supply
is mainly covered by the same types of solute carriers that are found in human
keratinocytes [260]. For this reason, HeLa cells can be a significative model for folate
receptor positive cancer cells; HaCaT line, on the other hand, represents a valid proof
of concept for investigating the possible cytotoxic effects of antifolate NVs on normal
human keratinocytes. Antifolate drugs indeed, even at low dosage, can induce skin
toxicity effects, skin breakdown and keratinocyte dystrophy [266, 267, 268].

Figure 5.2. Sketch illustrating the most common folate binding proteins and their
internalisation mechanisms. RFC and PCFT are facilitative transporters that mediate
the folate transport by the counter-transport of organic ions (OP−) or by the concomitant
transport of protons (H+), respectively. FRs mediate transport by a non-classical
endocytosis involving formation of endosomes that migrate to the cytoplasm. Image
adapted from ref. [246].

Synthesis of the antifolate NVs

The NVs were prepared with the same structural template, made of a plasmonic
core (60 nm sized AuNPs), functionalised with the well-known spectroscopic la-
bel 4ATP [50] (see also Chapter 4) and further conjugated with folate/antifolate
molecules. The preparation parameters were optimised to grant good performances
in SERS-based imaging and NV tracking, as demonstrated for the folate-NV [19],
while selecting a NP size that allows the successful internalisation in the cell [269].
The biofunctionalisation reaction is reported in Figure 5.3. Folate and antifolate
molecules bears in their structure two carboxylic groups that constitute the re-
active electrophilic centers involved in the nanovector biofunctionalisation. The
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chemical conjugation is achieved with the activation of these groups by means of
2 cross-linker specific molecules, which react with the molecule in sequence. The
first one, EDC (1-ethyl-3-[-dimethylaminopropyl] carbodiimidehydrochloride), is a
“coupling” reagent, while the second one, NHS (Nhydroxy-succinimide), is a second
activator. The first step of the reaction is a nucleophilic addition with the formation

Figure 5.3. Chemistry of the EDC–NHS reaction employed for the functionalisation of
4ATP-AuNPs with folate and antifolate molecules. EDC reacts with a carboxylic-acid
group on the molecule and forms an amine reactive O-Acylisourea intermediate. The
addition of NHS stabilises the intermediate by converting it to a NHS-ester. Finally, the
activated carboxylic groups can react with the amine group of the 4ATP leading to the
formation of a stable amide bond.

of a “high-energy” ester intermediate, the O-Acylisourea, which is is unstable in
aqueous solutions. In the following step, NHS creates amine-reactive intermediates.
EDC couples NHS to carboxyls, forming an NHS-ester that is considerably more
stable than the O-Acylisourea intermediate and allows for efficient conjugation to
primary amines at physiologic pH. Therefore, the carbonyl of the folate/antifolate
molecule is now electrophilic enough to be attacked by a nucleophilic agent, such as
the amino group of 4ATP. Finally, a second nucleophilic substitution takes place
with the release of NHS and the formation of a stable amide bond.

Cytotoxic effects on Hela cells

The antifolates AMT and MTX are structurally very similar to FA; they are
indeed internalised in the cell by the very same folate receptors/carriers [270]. The
negative surface charge provided by the carboxylic groups of the drug molecules ensure
the NV stability in water, saline buffer and cell culture medium. To demonstrate
the comparatively higher cytotoxicity of antifolate-NVs, their effect on HeLa cells,
which are often selected as targeted cell model due to their marked overexpression
of FR-α, have been monitored. Along with the NV structure, in Figure 5.4 the
results of an MTT assay (see Appendix for details) that allows monitoring the cell
growth of HeLa treated cells are presented. Cells were incubated for 24 hours with
the folate/antifolate-NVs at 5 pM concentration in an incubator under physiological
conditions (37◦ and 5% CO2). While the folate-NV does not seem to affect critically
the cell viability, this is strongly suppressed in the culture treated with antifolate-NVs.
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Figure 5.4. The molecular structures of folate and antifolates is displayed along with the
sketch of the 3 different nanovectors. In the case of FA, the role of the different parts of
the biomolecule in the NV have been highlighted: one of the carboxyl groups is involved
in binding to the 4ATP-NP, the other one confers a negative charge to the NV ensuring
its colloidal stability, the pteroyl domain is responsible for the cell biorecognition and
results conveniently exposed on the NV surface. On the right, the viability of HeLa cells
treated with FA- (red), AMT- (green), and MTX-NVs (dark gray bar) to the viability of
a control cell population (gray, gridded bars) is compared. The treatment was performed
by incubating the cells with the different nanovectors (5 pM, 24 hours).

5.2 Assessing the drug concentration

5.2.1 Colorimetric titration assay

As the NV structure is optimised for the interaction with cellular receptors,
its cytotoxic action should be related to the receptor binding efficiency and to the
amount of drug loaded on a single NP. If these parameters do not change throughout
the application, as in this case, the uptake efficiency mainly depends on the receptor
type and density on the cell membrane, hence on the cell line, according to previous
studies [19]. For estimating the drug loading amount, the shift of the LSPR which
occurs upon chemical conjugation and is correlated to the change in the dielectric
medium around the plasmonic NP [271], can be monitored. UV-Visible absorption
measurements performed on colloidal water dispersion of bare (citrate capped),
4ATP-AuNPs, and NVs are shown in Figure 5.5. The LSPR absorption peak is
redshifted upon conjugation of the NPs with 4ATP, and further redshifted by different
amounts for folate/antifolate conjugation. The different overall peak shift suggests
that changing the drug molecule yields a different conjugation efficiency. Nevertheless,
this result can hardly be used for a quantitative estimate of the drug loaded on the
NP surface [272]. A more reliable estimate of the drug loading efficiency is provided
by colorimetric titration assays, also based on optical absorption spectroscopy. In
this kind of assay, a specific dye is added to the NV dispersion in order to selectively
bind to the free amines of 4ATP molecule. The measurement of its optical absorption
allows for indirectly inferring the number of drug molecules anchored on the NP
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Figure 5.5. (A) Optical absorption measurements in the region of the LSPR peak of
AuNP for bare NPs (black), 4ATP-conjugated NPs (blue), FA-NVs (red), AMT-NVs
(green), MTX-NVs (gray). Spectra are normalised to the maximum of absorption. A
redshift up to 5 nm of the LSPR peak is appreciable in the NV spectra. (B) Colorimetric
titration results by Orange II dye. Absorption of the unconjugated dye residual in the
supernatant vs. the total added amount of dye to a dispersion of 4ATP-NPs (blue) and
to the complete AMT-NV (green). Dots are experimental data, solid lines are the fitting
trends.

surface. Results are reported in panel 5.5B for the case of AMT. Titration assays
show that the ratio of drug-binding to unconjugated 4ATP molecules is such that
there are 1.9 AMT molecules every 10 4ATP molecules (2760 ± 300 drug for 14600
± 1500 ligand), similar (1.6 : 10) in the case of FA, slightly lower (0.75 : 10) in the
case of MTX. It is important to stress that the chemical titration measurements
performed to obtain these data require a large number of experimental steps, and are
thus time consuming and demanding in terms of sample quantity. For this reason,
they could not be performed at every sample synthesis. In the following Section, the
efficacy of SERS spectroscopy in estimating the amount of drug conjugated to the
AuNPs is demonstrated.

5.2.2 SERS-based titration

As shown in Figure 5.6, the SERS spectroscopic fingerprints of the three NVs
are very similar owing to the structural similarities between the binding molecules
(see Figure 5.4A). Nevertheless, a very reproducible and reliable modification to the
SERS spectra occurs upon folate or antifolate functionalisation. This is a marked
spectral weight redistribution between the symmetric and antisymmetric components
of the ring CC stretching vibrational band, around 1580 cm−1. The occurrence of
similar changes in the shape of the SERS spectra of simple reporter molecules is
well accepted in the literature. It has been discussed early in 2012 by Kho and
coworkers [273] and their work set the basis for the design of various proposals of
SERS-immunoassays. These typically quantify the binding of analytes to SERS
reporter molecules on a NP surface by monitoring the modifications revealed in the
SERS response [274, 275, 276, 277]. These spectral changes have been ascribed to
modifications induced on the SERS reporter by analyte binding, either arising from



86
5. Antifolate SERS-active nanovectors: quantitative drug nanostructuring and

selective cell targeting for effective theranostics

Figure 5.6. SERS spectra in the fingerprint region acquired on FA- (red), AMT- (green),
MTX-NVs (gray line). Spectra are presented after a linear baseline subtraction and are
vertically shifted for clarity.

the reorientation of the reporter molecule with respect to the metal surface, causing
a change in the Raman selection rules, or from a deformation of the molecular
structure and the consequent rearrangement of the molecular electronic cloud.

In Figure 5.7A, the SERS spectra of 4ATP-AuNPs and folate/antifolate NVs
are reported: an enhancement of the intensity of the antisymmetric component
is systematically observed upon drug conjugation, the effect being more or less
pronounced, depending on the specific molecule. The observed spectral modification
allows for monitoring the conjugation of the 4ATP ligand with the drug molecule
even without relying on a SERS band ascribed to a specific chemical bond arising
upon drug-4ATP binding.

It is possible to quantify the spectral weight redistribution by the definition of the
parameter ρ = Iν(CC) antisym/Iν(CC) sym, where Iν(CC) antisym is the intensity of the
antisymmetric CC stretching component, centered at 1567 ± 1 cm−1, and Iν(CC) sym
is the intensity of the symmetric CC stretching component, centered at 1586 ± 1
cm−1. The error in the frequency is estimated by the experimental reproducibility.
In Figure 5.7B the correlation between the conjugation efficiency as estimated by
chemical titration methods is reported, defined as rtitr = 10× (ndrug/n4ATP ) where
n is the number of molecules, and the conjugation efficiency as estimated by SERS
spectroscopy, rSERS = ρdrug/ρ4ATP . The excellent correlation between the two
measurements demonstrates the feasibility of a titration measurement based on the
spectroscopic signal, owing to the high sensitivity of SERS spectroscopy. It is worth
noticing that the measurement is very fast and can be performed to characterise the
theranostic NV every time it is synthesised.

The results presented in Figures 5.5 and 5.7 refer to an optimised synthesis of
the nanovector. The different yield of the drug conjugation reaction observed for
the different molecules can be reasonably ascribed to the specific characteristics of
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Figure 5.7. (A) SERS spectra in the region of the ring CC stretching vibration for 4ATP
conjugated NPs (blue) as reference system, and FA- (red) AMT- (green) and MTX-
(gray) NV. Scattered points are experimental data, solid black lines are the cumulative
fitting plots, and solid colored lines highlight the main spectral components of the fitting,
ascribed to antisymmetric (low frequency, light color) and symmetric (high frequency,
dark color) CC stretching modes. (B) Correlation between the titration ratios obtained
by colorimetric measurements (rtitr) and by SERS measurements (rSERS) (see text for
details). Error bars are estimated based on the experimental reproducibility.

the molecular species itself. For example, the lower yield for MTX probably owes to
a lower solubility of MTX in the water dispersion used for the preparation.
As the conjugation yield is higher for AMT, the AMT-NV was selected for performing
a SERS screening study and a deeper cytotoxicity investigation, comparing the effect
of molecular and nanostructured AMT on the two cell lines.

5.3 SERS screening on treated HeLa and HaCaT cells

In Figure 5.8A, the spectra of HaCaT and HeLa cells grown on a silicon substrate
and treated with the AMT-NV at 5 pM concentration for 24 hours are presented.
All the bands ascribed to the NV are well evident in the 1000–1600 cm−1 region.
A band associated to the silicon substrate is also present within the same spectral
window (Figure 5.8A) and is there used for the spectral normalisation. A weak
spectral feature is also evident on the high frequency side of more intense SERS
spectrum, around 1650 cm−1. This band is absent in the NV spectrum (see Figure
5.6) and can therefore be ascribed to the amide band of the cellular components [19].
The strong intensity of the SERS signal masks the other spectral features of the cell,
overlapping with the SERS bands of the NV. The comparatively high intensity of
the SERS features in the HeLa cell spectrum is a general result, as revealed by the
systematic screening of the SERS intensity performed on wide 100-cell populations,
as discussed below. In Figure 5.8B, the results of the screening of the normalised
SERS intensity measured on a population of 100 single HaCaT and HeLa cells treated
with the AMT-NV (5 pM, 24 hours) are reported. The normalised SERS intensity
was calculated per single cell by performing a low resolution spectroscopic map of
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Figure 5.8. (A) Representative SERS spectra collected on single HaCaT (orange solid line)
and HeLa cells (dark yellow solid line) treated with the AMT-NV at 5 pM concentration.
The bands associated to the AMT-NV are evident in the 1000–1600 cm−1 region. The
peak associated to the second-order Raman band of silicon, arising from the substrate,
is highlighted by the gray-shaded area. On HaCaT cells, an overall lower SERS signal
was detected. Spectra were normalised to the substrate contribution and are presented
after linear background subtraction. (B) Histogram of the SERS intensity, normalised
to the substrate contribution, measured on a population of 100 HaCaT (orange, right
squared pattern) and HeLa (dark yellow, tilted squared pattern) single cells.

the cell in the spectral region shown in Figure 5.8B, then integrating the SERS
intensity (1560–1590 cm−1) and normalising it to the substrate intensity (930–990
cm−1), coherently with the method proposed in ref. [19]. A separation between the
intensity revealed on HaCaT (normal) and HeLa (cancer) cells is evident, being the
signal measured on HeLa cells more intense than the one measured on HaCaT cells.
The SERS signal intensity can be reasonably interpreted as a parameter directly
correlated with the NV binding efficiency, as proposed in similar works [239, 235, 19].
This suggests a preferential targeting of HeLa cells by the AMT-NV.

SEM images acquired on few HeLa and HaCaT cells treated with the AMT-NV
at the same conditions are reported in Figure 5.9. The images allow an estimate
of the NV binding efficiency. Although less accurate, because performed on very
few cells, this can be useful in comparison with the SERS screening response. The
estimate suggests that the binding efficiency of HeLa cells is about doubled compared
to HaCaT cells. In the SERS screening, the separation between HeLa and HaCaT
cell population is quantitatively bigger. This is not surprising: indeed, the 633 nm
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Figure 5.9. SEM imaging acquired in backscattering mode on HaCaT (left column)
and HeLa cells (right column) cells, treated with the AMT-NVs for 24 hours at the
concentrations of 1.25 pM (panels A, B, C, D) and 5 pM (panels E, F). A and B are
field visions, allowing to distinguish the cells on the Si substrate. In panels E and F, the
red arrows highlight NVs imaged with a different contrast, that is probably due to the
NPs being covered by the cell membrane. The blue arrows instead indicate NVs that
are anchored externally with respect to the membrane.

laser used for SERS screening is in resonance with the LSPR profile of aggregated
NVs, more than with the LSPR of single, isolated nanoparticles. This actually boosts
the SERS sensitivity towards highly targeted cells, as already discussed in ref. [19].
This result further validates the potentiality of SERS screening as an easy and fast,
non-destructive, reproducible diagnostic tool. Similar experiments conducted by
treating the cells with the FA-NV revealed a very clear separation between the signal
of HaCaT and HeLa cells, which is not reproduced in the present case involving the
antifolate AMT-NV. The targeting of HaCaT cells seems non-negligible. This result
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can be correlated with the SEM imaging of the cells and is consistent with the idea
of HaCaT cells being more efficiently targeted by the AMT-NV than by the FA-NV.
This aspect needs to be addressed, as it is likely to produce consequences on the
normal proliferation process of the cells.

In the following Section, the comparison between the cytotoxic effect of the
NV on HeLa and HaCaT cells are presented. The detrimental targeting of HaCaT
cells by the AMT-NV is discussed and it is illustrated how it can be motivated by
biological considerations on the drug-receptor affinity.

5.4 Comparative cytotoxicity

In Figure 5.10, the results of the cytotoxicity study performed by treating
HeLa and HaCaT cells with AMT are illustrated. The drug was supplied to the
cells either in the molecular form or as AMT-NV, at different concentrations. In
both cases, the decrease in the cell growth can be related to an effect of the drug
molecule. Nanostructuring, indeed, causes negligible effects on the cell proliferation,
as demonstrated by the results obtained on cells treated with the folate NV in the
same concentration range also shown in Figure 5.4. The trend of the cell viability
upon treatment at different drug concentration allows for determining the value of
the IC50, i.e. the drug concentration necessary to kill the 50% of the cell in the
culture, for the two systems. In the case of HeLa cancer cells, the IC50 is found to
be equal to 14.8 nM for the molecular AMT and 3.18 pM for the AMT-NV. These
values differ by four orders of magnitude, demonstrating a strong increase of the
toxicity of the drug in the nanostructured form. Considering that there are about
2000 drug molecules per NV, calculating the toxicity per single molecule yields an
increase of about a factor 3 in favour of the NV. A consistent result is obtained
in the case of HaCaT cells, suggesting that this gain of toxicity depends on the
structural characteristics of the NV. In particular, it is possible to hypothesise that
it is induced by the convenient orientation of the multiple drug molecules chemically
anchored on the NV surface. Indeed, in the functionalisation approach adopted,
the binding of folate/antifolates onto the NP involves one of the carboxylic groups
on one end of the molecule. The pteroyl domain, active in the molecule/receptor
biorecognition [256], is exposed on the NV external surface, ensuring a prompt
and efficient interaction of a thousand antifolates per NP with cellular receptors,
independently on the orientation of the NP with respect to the cell membrane.

Unfortunately, the comparison between the viability trends of treated HeLa and
HaCaT cells reveals that the strong selectivity detected for the folate NV is not
completely preserved when moving to antifolates, in line with the prediction based
on the SERS screening data. The effect can be explained by considering the different
drug-receptor affinity of AMT and FA, and the expression of FA binding proteins
in the selected cell lines. It is known, indeed, that FA has the strongest affinity for
FR-α, while AMT preferentially targets folate solute carriers as PCFT and RFC
[254, 256] (see Section 5.1). Considering that carriers are expressed on both cell
lines, the less efficient FR-α targeting by the AMT-NV in favour of the carriers on
both HaCaT and HeLa cells might explain the loss in selectivity. Of course, the
drug mechanism of action as well as the cell metabolism during the treatment are
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important aspects to consider. An insight on these points might suggest a path
for differentiating the response of HeLa and HaCaT cells. It is known that the

Figure 5.10. Comparison of the viability of cancer HeLa (first row, data in dark yellow)
and non-tumourigenic HaCaT (second row, data in orange) cell lines treated with AMT
in the free molecular form (left column) or in the nanostructured, NV form (right
column). Below the bar plots the concentration of the toxic agent (molecule and NV,
respectively) used for the treatment (24 hours) was indicated. All the trends presented
are normalised to the control measurement acquired on the corresponding, untreated cell
culture (columns in gray, as a reminder). Third row: summary of the results, plotted
in log scale. The IC50 value, i.e. the drug concentration that reduces the cell viability
by the 50%, can be extrapolated by data fitting. Dark yellow dots refer to HeLa cells,
orange dots to HaCaT cells, the black diamond represents the control population.
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cytotoxic action of antifolate molecules is induced by their irreversible binding to
folate metabolism enzymes when antifolates are internalised in the cell: this blocks
the cell metabolism, eventually leading to cell death. A similar effect from the
AMT loaded on the NV surface is expected, but in this case the AMT molecules
are closely packed on the NP surface. For this reason, the binding of an enzyme on
a single AMT molecule on the NV surface inhibits by steric hindrance the effect
of the neighboring AMT molecules. Therefore, part of the AMT active molecules
on the NV surface are not employed in the therapeutic action. Based on these
considerations, in the direction of restoring the NV selectivity in cell targeting, a
coloaded NV by substituting part of the AMT molecules with FA (see Figures 5.11A
and B) was synthesised and tested. Ideally, by cooperating in the targeting, FA
should bind more efficiently to FR-α, therefore to cancer cells.

5.5 Coloaded folate/antifolate nanovector
The SERS titration results presented above demonstrate the high density of drug

molecules on the NV surface. As discussed, from steric hindrance arguments all
these molecules are not expected to contribute essentially to the therapeutic action
against cancer cells.

Figure 5.11. Sketch of the mechanism of folate receptor targeting (A) and of the
toxic action inside the cell (B). The part of the molecule active in receptor/enzyme
biorecognition is conveniently exposed on the NV surface (see Figure 5.4). Substituting
part of the AMT on the NV surface with FA does not completely inhibit the toxic action
of the system: ideally, in such a designed NV, FA is responsible for the cell targeting,
while AMT acts against the cell. (C) Discriminatory power (defined as the difference
between HaCaT and HeLa cells viability) when cells are treated with the AMT-NV
(green columns) and with the AMT/FA coloaded NV (red/green columns) at different
concentrations. Remarkably, the stronger selectivity of the coloaded NV is the result of
a basically unperturbed viability of the non-cancer HaCaT cells.

Moving from this consideration, the decrease of the number of AMT molecules
on the NV surface by a factor 2 is expected to not dramatically affect the results
obtained so far. Moreover, substituting AMT with FA can result in a positive
increase in the NV selectivity because of the role of FA in targeting preferentially
FR-α, that is strongly overexpressed on many cancer cell types [278]. A coloaded
NV by functionalising the 4ATP-NPs with FA and AMT at equal concentrations was
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therefore synthesised. SERS titration estimates a number of drug ligands of about
2300 FA/AMT molecules per NP, which is consistent with the results presented in
Figure 5.7. The effect of the different targeting method is already visible after six
hours of treatment. It should be noticed that the treatment time is in this case
well below the typical replication time of HaCaT and HeLa cells. This fact ensures,
in turn, that the ordinary replication of the cells is not hindering any effect of the
treatment. In Figure 5.11C, the selectivity obtained by treating HaCaT and HeLa
cells with the AMT-NV and with the coloaded AMT/FA-NV are compared. An
almost unaffected proliferation of HaCaT cells treated with the coloaded NV is
revealed, while a decrease in the cell growth is detected on HeLa cancer cells. Given
these results, the differentiation factor achieved is promising in view of potential
biomedical applications.

Compared to similar drug delivery systems, the advantages of the NV herein
presented reside in the simple preparation, performed in a biocompatible aqueous
environment, in its structural and colloidal stability, in the possibility of a quantitative
assessment of both the drug loading and the cell binding efficiency, and on the
identified targeting mechanism, which mimicks the folate supply pathways in the
cell. Interestingly, drug nanostructuring brings along an enhanced cytotoxic activity
of the SERS-active NV if compared to the drug in the free molecular form. The
lower selectivity of the antifolate-NV with respect to the FA counterpart, revealed
both by SERS screening and by cell viability assays, is well justifiable by biological
considerations. Remarkably, the NV selectivity can be improved with the synthesis
of a coloaded nanosystem, conjugated with both folate and antifolate molecules.
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Chapter 6

Plasmon enhanced
nano-spectroscopy study of gold
nanoparticles interaction with
protein fibrils

Misfolding and off-pathway aggregation of specific proteins are commonly associ-
ated to the occurrence of various pathologies, including Alzheimer’s, Parkinson’s
diseases and type II diabetes [279]. This kind of process, known as fibrillation or
amyloidogenesis, consists in the loss of the proteins native folding and in their self-
assembly in fibrous insoluble aggregates, called fibrils. Even if the various proteins
forming amyloid aggregates can show very different amino acidic sequences, they
share a common peculiar structural feature in the fibrillar state. In fact, all fibrils
are characterised by a secondary structure rich of β-sheets, which assemble by means
of non-covalent interactions [280]. In the last decades, several studies have pointed
out that, for most proteins, fibrillation is a multi-steps process, starting with the
formation of small protein aggregates called prefibrillar oligomers, whose cooperative
association generates amyloid fibrils with typical diameter of several nanometres
and length which can reach tens of microns [281].

Unraveling the mechanisms underlying amyloidogenesis and how the interaction
with external agents could affect fibrils stability is pivotal for developing novel
therapeutic strategies for the prevention and elimination of these highly toxic species.
Different agents, such as poliphenols, small aromatic molecules and solvents, have
been identified as inhibition factors for amyloidogenesis [282, 283, 284]. In partic-
ular, great interest has recently aroused on the interaction of amyloid fibrils with
inorganic NPs [285, 286]. In fact, beside their inhibitory role for protein fibrilloge-
nesis [287, 288, 289], it has been reported that NPs could also behave as folding
assistants, analogously to molecular chaperones [290]. Despite this, little is known
about their interaction with preassembled fibrils and whether NPs could have some
effects in reducing the toxicity of amyloid aggregates [291]. The investigation of
these aspects represents a landmark for employing NPs in degradating amyloid
fibrils to contrast related disorders. In this respect, it is crucial to unveil the specific
molecular mechanisms involved in NPs-fibrils interaction. A great opportunity
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for obtaining detailed insights at the level of single amino acid is provided by
surface enhanced spectroscopies, which allow the characterisation of materials at
the nanoscale by exploiting the strong electromagnetic fields confined in spatial
regions with dimensions well below the the diffraction limit. The light confinement
produces huge increase in the optical cross section of analytes located close (within
few nanometres) to the plasmonic surface and, as a consequence, filters out the
signal from other regions. Besides the already discussed SERS, further advances in
enhanced spectroscopies have been reached with the implementation of Tip Enhanced
Raman Spectroscopy (TERS), which combines the molecular specificity and huge
signal enhancement of SERS with the nanometric spatial resolution of scanning
probe microscopies [20]. The exceptional spatial resolution of this technique led
to unique results in mapping protein fibrils with single amino acid resolution [21, 292].

The purpose of the study herein presented is the nanoscale investigation of the
interaction between lysozyme fibrils and gold NPs (AuNPs). Lysozyme was chosen
as amyloidogenic model protein [293], since it represents an interesting case study
from a biomedical point of view: its misfolding and the consequent accumulation of
fibrils in various organs is in fact associated to hereditary non-neuropathic systemic
amyloidosis. Moreover lysozyme fibrillation has been widely characterised by optical
and near-field microscopies as well as traditional spectroscopies [294, 295]. AuNPs are
currently broadly employed in nanomedicine thanks to their good biocompatibility
and flexible optical properties which make them valuable SERS enhancing substrate
also in vivo [18].
The analyses were carried out by combining TERS and SERS spectroscopies, as
sketched in Figure 6.1. TERS allows for unveiling the aminoacidic composition of
fibrils before and after the incubation with AuNPs, while SERS intrinsically selects
the signal from the protein region directly interacting with the gold surface. Besides
a deep nano-spectroscopic characterisation of the fibrillation process, this strategy
provides novel hints on the interaction mechanisms between AuNPs and fibrils,
that could have a potential traslational impact for the development of strategies in
preventing and treating amyloidogenesis related diseases.

Part of this work was carried out at Friedrich Schiller University of Jena (Ger-
many), under the supervision of Prof. V. Deckert. The research stage lasted six
months and was funded by a Ph.D. fellowship from Sapienza University.
In this Chapter, a brief overview of TERS spetroscopy is provided in Section 6.1.
Subsequently, the obtained results about the characterisation of lysozyme fibrils
before and after the incubation with AuNPs at both morphological and spectroscopic
level are presented.
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Figure 6.1. Sketch of the different steps of the experiment: lysozyme amyloidogenesis,
induced by thermal denaturation in acidic conditions (A); study of the interaction
between mature fibrils and AuNPs (B); TERS (top) performed on single lysozyme fibrils
and fibrils fragments and SERS (bottom) performed onto AuNPs embedded in fibrils
(C).

6.1 Principles of Tip Enhanced Raman Spectroscopy

Despite the high field intensity that allows for detecting even few molecules
confined onto metallic nanostructures, the spatial resolution of SERS spectroscopy
remains limited by the Abbe diffraction limit, typically of hundred nanometres for
visible light. This constraint has been overcame by combining SERS with scanning
probe microscopies (SPM), such as Atomic Force Microscopy (AFM) and Scanning
Tunneling Microscopy (STM), in the so called Tip Enhanced Raman Spectroscopy
(TERS). Even if exploiting different type of interactions with the sample, the common
feature of SPMs is the employment of a sharp tip for scanning the sample surface,
allowing for reconstructing its topography with nanometric or even sub-nanometric
resolution [296, 297, 298]. The first experimental realisation of TERS was developed
in 2000 by Stöckle et al. [20], who combined a Raman spectrometer and an AFM
setup equipped with a sharp silver tip. Since then, TERS spectroscopy has been
successfully employed for obtaining unique information on materials at the nanoscale
[299, 300].

As sketched in Figure 6.2, a typical AFM-based TERS setup consists of an
excitation laser focused onto the plasmonic-active tip of the AFM setup, with light
polarisation directed along the tip axis. The most common optical configuration
is the bottom-illumination, where the Raman setup is constituted by an inverted
microscope with the objective for illumitation and light collection placed under the
sample stage. Typically, oil immersion objectives with high numerical aperture (1.3
- 1.6) are used for maximising the acquisition signal. In this configuration, since
the excitation light must go through the substrate, materials transparent to the
laser frequency, such as thin glass slides or mica sheets, are required. In the case of
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Figure 6.2. (A) Sketch of a typical AFM-based TERS setup which consists of a laser,
an inverted microscope with high numerical aperture objective, a spectrometer and
a charge-coupled device (CCD) detector. Adapted from ref. [300]. (B) SEM image
of a TERS tip where the distribution of silver NPs upon metal evaporation is visible.
Adapted from ref. [301].

non-transparent substrates, other optical geometries with sample illumination from
the side or from the top have been developed [302].
The AFM head, positioned on top of the microscope stage, reconstructs the surface
topography of the sample by monitoring the deflections of an oscillating cantilever
while a sharp tip positioned at its edge interacts with the sample. AFM is typically
operated in intermittent contact mode, i.e. the cantilever oscillates close to its
mechanical resonance frequency and periodically touches the sample. The oscillation
amplitude is kept small, lower than 10 nm, in order to maintain the tip-sample
interaction region within the evanescent field generated by LSPs of the plasmonic
tip.

TERS tips are usually prepared by covering commercial silicon or silicon nitride
AFM tips by means of in vacuum deposition of gold or silver. Depending on
deposition parameters such as evaporation time and temperature, this procedure
leads to a continuous film or a layer of small NPs. To avoid contamination or
oxidation, tips are stored in protected Argon atmosphere before the use. During
TERS experiments, it is essential that the tip is maintained in the laser focus to
ensure the signal enhancement. Hence, before measurements, a tip scanning is
performed in order to identify the position of the cantilever that provides the highest
enhancement for a specific setup alignment. Once identified, the tip position is
locked and the TERS experiment is performed by moving the sample stage.

The fundamental mechanisms leading to the TERS signal enhancement are
analogues to SERS and originate from electromagnetic and chemical interactions
as explained in Section 1.3.2. Another aspect that contributes to the TERS signal
enhancement are atomic scale protrusions of the tip that can increase the spatial
resolution allowing for resolving spectral features at the Ångstrom scale [303].
As mentioned so far (Chapter 1), SERS spectra can appear very different with respect
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Figure 6.3. Examples of SERS and TERS spectra acquired on the same sample. (A)
SERS (left) and TERS (right) spectra acquired at different positions on thiophenol
monolayers. Image adapted from ref. [301]. (B) SERS (top) and average TERS (bottom)
spectra of phenylalanine. The yellow bars highlight the position of ring modes at 1007
cm−1 and 793 cm−1. Image adapted from ref. [299].

to Raman ones due to the interaction of the probed sample with the plasmonic
active surface. In the case of TERS these effects are even more pronounced [304].
Indeed, the formation of a water meniscus between the sample and the tip during
the scanning can induce the diffusion of some molecules leading to changes in their
orientation and polarisability [305]. Moreover, since the sampling volume in TERS is
reduced if compared to that of SERS, very few molecules are illuminated and signal
averaging effects do not occur. This phenomenon, besides leading to differences in
SERS and TERS spectra, has also the effects that TERS spectra acquired on the
same sample could show a great variability in the position of some bands. Therefore,
as reported in the example of Figure 6.3, the band frequency can vary considerably
and some band could entirely disappear.

6.2 Morphological and nanoscale spectroscopic charac-
terisation of lysozyme fibrils

The AFM and TERS analyses reported in this Section are aimed at characterising
the different stages of the lysozyme fibrillation process in terms of morphology and
surface amino acidic composition of the protein structures.
Lysozyme fibrillation was induced according to the following protocol: lysozyme 30
mg/mL solution was prepared at pH 2 and heated at 65◦C under continuous and
gentle stirring. The kinetic of fibrillation was followed in time for 48 h by AFM, hence
aliquots of the solution were collected at intervals and deposited onto pre-cleaned
glass slides. Representative AFM images of the samples are reported in Figure
6.4. In panel A it is possible to recognise the first stage of the fibrillation process
occurring during the first 2.5 h and consisting in the formation of globular protein
aggregates. The average size of 24 nm of such prefibrillar oligomers, extrapolated
by height profiles of the AFM frame as shown in the inset, is consistent with the
lysozyme fibrillation pathway [306], which proceeds by a hierarchical assembly of
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Figure 6.4. AFM study of the fibrillation kinetics of lysozyme: prefibrillar protein
aggregates after 2.5h of thermal treatment. The height profile corresponding to the
section depicted in the image is reported in the inset (A); mature fibrils formed after 48
h (B). Zoom image where it is possible to distinguish isolated fibrils and intertwined
structures (C). The sections 1 and 2 correspond to the height profiles reported in panel
(D) and (E), respectively. The vertical dashed lines indicate the minimum of the profiles
employed to calculate the fibrils periodicity.

protein oligomers. Mature fibrils start to appear after 48 h of thermal treatment
(panel B). Concurrently, the lysozyme solution starts to form a soft transparent gel.
The fibrils show an elongated structure extended for tens of microns. In the zoom of
panel C it is possible to distinguish single thin protofilaments and fibrils assembled in
intertwined structures. As showed in the representative profile of panel D, the fibrils
have a height of ∼ 5 nm and a width of ∼ 30 nm. An estimate of the periodicity of
the coils can be obtained by analysing the height profiles extrapolated along the fibril
axis. The representative example reported in panel E shows a periodicity of 105.2 ±
3.5 nm. According to literature [307], and consistently with previous studies on hen
egg white lysozyme [308], such periodicity is characteristic of structures composed
by 4 protofilaments twisted together.

For TERS measurements, fibrils were diluted 100 times in the pH 2 solution
before deposition to obtain samples with low surface density, allowing for nano-
spectroscopic measurements on single fibrils. TERS spectra were acquired by
employing an AFM silicon tip covered by silver NPs (see Appendix for experimental
details). Representative TERS spectra are reported in Figure 6.5, together with an
AFM image showing the spatial region of the acquisition. The tentative assignment
of the main TERS bands based on previous TERS studies on protein and protein
fibrils is reported in Table 6.1. Traditional Raman spectra are also taken as guideline
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Figure 6.5. TERS spectra acquired along a single lysozyme fibril with 2 nm step size.
Bands corresponding to the main amino acids vibrational modes are highlighted. The
AFM topography of the single lysozyme fibril scanned during the TERS experiment is
reported in the inset; the green box indicates the acquisition area.

for TERS modes assignment, accounting for possible band intensity redistributions
expected for TERS spectroscopy [304, 292]. The occurrence of specific amino acids
was calculated by the ratio between the number of their specific spectral markers
identified in the spectra and the total number of the analysed spectra. The obtained
values of the occurrence in the case of mature lysozyme fibrils are reported in the
histogram of Figure 6.6 for the amino acids and chemical groups of interest.

With reference to the TERS spectra of Figure 6.5, various sharp bands, related
to the aromatic side chains of some amino acids, are identifiable, analogously to
traditional Raman spectra of peptides and proteins. The amino acidic sequence of
lysozyme [309] includes 129 amino acids, 12 of which have aromatic side chains: 3
phenylalanine (Phe), 3 tyrosine (Tyr) and 6 tryptophan (Trp). Usually, for amino
acid with one aromatic ring as Phe and Tyr, the ring breathing mode is used as
marker band [310]. In the case of Trp, more bands relative to the indole vibration can
be found in the spectra [311]. In these TERS spectra, the marker band associated to
the Tyr ring breathing mode can be clearly recognised at 825-855 cm−1. Concerning
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Table 6.1. Peak assignment of the main TERS bands, according to ref. [310, 21, 315, 316,
284]. Greek letters indicate the vibrational modes: ν, stretching; δ, bending; ω, wagging.

Peak assignment TERS frequency (cm−1)

ν(S-S) Cys 510-550
ν(C-S) Cys 650-680
indole ring breathing Trp 740-770
ring breathing Tyr 825-855
ring breathing Phe 997-1014
indole ring breathing Trp 1004-1010
NH2 1050-1080
NH3+ 1144-1180
amide III 1220-1260
ν(C-C) indole ring Trp 1332-1335
δ(CH), ω(CH2) 1372-1377
δ(CH3) 1475
ν(C=C) indole ring Trp 1533-1552
amide I 1630-1680
COOH 1700

Phe, the marker peak associated to the ring breathing at 997-1014 cm−1 may overlap
the Trp indole ring breathing mode at 1004-1010 cm−1. Further marker bands
related to the Trp are the lower frequency indole breathing at 740-770 cm−1 and the
indole stretching vibrations at 1332-1335 cm−1 and 1533-1552 −1.
Several bands attributable to cysteine (Cys) can be recognised in the low frequency
region, below 680 cm−1, yielding an estimate of 74% occurrence on the fibrils surface
(Figure 6.6). The exact position of these bands could result shifted in the different
spectra due to the presence of different conformers [21]. In particular, bands in
the 510-550 cm−1 range are related to the presence of disulfide bridges [312]. By
considering only the spectral markers corresponding to disulphide bridges, the
occurrence of S-S bonds over the total number of spectra was 29.6%. The obtained
value corresponds to the 40% of the total cysteine content, pointing out that a
consistent number of Cys is involved in the formation of S-S bonds. In the folded
state, lysozyme proteins show 8 Cys forming 4 disulfide bridges, which help the native
protein to maintain a robust globular folding. Even though the partial denaturation
of the protein is considered a precondition for the onset of the fibrillation process, it
is still a matter of debate whether the rupture of all disulfide bridges represents a
necessary condition in this respect [313]. The TERS analysis suggests that at least a
fraction of the disulfide bridges is preserved without hindering the amyloidogenesis
of lysozyme. Similarly, the occurrence of disulfide bridges has been observed by
TERS on the surface of insuline fibrils [314].

A further worth noting aspect concerns the electrostatic surface properties of the
fibrils, which are mainly determined by amino acids with charged residues, namely
amines and carboxylic groups. Lysozyme is amongst the proteins that have the
highest value of the isoelectric point, occurring at pH 11.3, therefore it shows a
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Figure 6.6. Occurrence of specific amino acids and chemical groups along the fibril surface.

markedly positive net charge at pH 2, due the protonation of the majority of the
amines. A relevant amount of protonated amine groups NH3+, identified in the
spectra by their rocking vibrational mode (1144-1180 cm−1) [310], can be found
along the fibril surface. These residues are present in amino acids containing primary
amines in the side chain such as arginine (Arg), lysine (Lys), asparagine (Asn) and
glutamine (Gln), actually present in the primary structure of lysozyme. Asn and
Gln can be identified from the amino group vibration modes at 1060 cm−1 and 1135
cm−1, but due to their structural similarity these amino acids are not discernible
in the spectra. Instead, Arg e Lys residues can be identified by a combined two
peak assignment, as proposed in previous works [21]. Specifically, the concomitant
appearance of bands at 1070 cm−1 and 1150 cm−1 is attributed to Lys, while that of
bands at 1090 cm−1 and 1170 cm−1 is attributed to Arg. The simultaneous presence
of the two peaks, which allows the aforementioned assignment, occurs only in a
portion of the analysed spectra, resulting in 27% and 68% occurrence of Arg and
Lys, respectively. With regard to carboxyl groups, present in the side chains of
aspartic (Asp) and glutamic (Glu) acids, which contribute with a negative charge
on the fibril surface [314], spectral markers at 1700 cm−1 are found only in the 15%
of the spectra.

Although the majority of the hydrophobic amino acids is expected to be buried
into the fibrils core, the surface of the fibrils can be characterised by hydrophobic
domains [21]. The hydrophobic features are mainly determined by amino acids with
aliphatic side chains, namely those containing CHn chemical groups. In the CHn mode
spectral regions (1355 cm−1, 1372-1377 cm−1, 1457-1475 cm−1) a combination of
bands attributable to alanine, valine, leucine and isoleucine is present. Nevertheless,
their spectral similarities does non allows for unambiguous assignment.

The spectral bands providing information on the secondary structure of the
fibrils are the amide I (AI, 1630–1680 cm−1) and and Amide III (AIII, 1220-1260
cm−1) [314]. As can be easily seen, these bands are not always present in the spectra,
hampering a direct determination of the secondary structure. The reasons behind
this instability, frequently observed in enhanced Raman spectroscopies, are still
under discussion [183].

Depending on parameters such as propension in forming β-sheets, degree of
hydrophobicity and net charge, it is possible to predict the sequences of amino acid,
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called amyloidogenic regions, that act as nucleation centres and trigger the fibrils
formation [317]. Therefore, it is reasonable to assume that, due to their active role
in the protein assembly, these amino acidic motifs are exposed on the fibrils surface.
In this case, Trp and Cys are found to be the amino acids that are more frequently
present on the lysozyme fibrils surface. Interestingly, these amino acids are mostly
located in the four region of the protein that have been identified as amyloidogenic
regions [318].

6.3 Analysis of fibril-gold nanoparticles interaction

The interaction between lysozyme fibrils and AuNPs was primarily investigated
through UV-Visible absorption spectroscopy and AFM. The study was further
corroborated at the molecular level by a combined TERS and SERS analysis. With
the purpose of studying the interaction at the level of single fibrils, the fibrillar gel
was added to a solution of 60 nm anionic citrate-capped AuNPs, obtaining a final
dilution of 1000 times.

Figure 6.7. (A) UV-Visible absorption spectra of a solution with AuNPs and lysozyme
fibrils (grey) and of a solution of 60 nm AuNPs (black). Representative AFM images of
the lysozyme fibrils in interaction with AuNPs where it is possible to distinguish the
fibrils fragmentation (B) and the AuNP aggregation within fibrils network (C).

The absorption spectrum of the sample solution is reported in Figure 6.7 A.
By comparing it to the spectrum of the AuNPs stock solution (reported in the
same Figure), a marked decrease of the single AuNPs absorption peak at ∼530 nm
occurs, accompanied by the onset of a broad shoulder at higher wavelengths. These
spectral modifications point out the aggregation of the AuNPs upon interaction
with the lysozyme fibrils. To elucidate possible effects on the fibrils morphology,
the AuNP-fibrils solution was deposited onto a glass slide and scanned by AFM.
Representative images of the sample topography are reported in Figures 6.7B and
C. Noteworthy, fibrils do not appear as long as those reported in Figure 6.4, rather
appearing broken in fragments shorter than 1 µm, while clusters of AuNPs are
embedded in networks of fragments. Moreover, the AFM images point out also a
disassembling of the amyloid fibrils since only few of them are still assembled in
intertwined structures as reported in Figure 6.4. Therefore, AFM images clearly
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unveil that the interaction with AuNPs entails the disassembling and breaking of
the lysozyme fibrils. Similar effects have been observed in the case of insulin, whose
fibrils incubated with AuNPs prompted the formation of agglomerates where the
AuNPs behaved as aggregation centres for the fibrils [289]. This finding is worth of
further investigations since it could point out a new role of AuNPs as fibrillogenesis
inhibitors.

The mechanisms underlying the interaction of fibrils with AuNPs and the effects
of fibril rupture were studied at molecular level by comparing TERS and SERS
spectra of samples. While TERS allows for investigating the amino acidic surface
composition of fibril fragments away from the AuNP-fibrils agglomerates, SERS
intrinsically selects the spectroscopic signal of residues in the very proximity of
AuNPs clusters, thus identifying the residues involved in the interaction with AuNPs.
For these reasons the TERS and SERS combined analysis allows for a complete,
in-depth characterisation of the fibril rupture process.
TERS spectra are reported in Figure 6.8A together with a representative AFM
magnification of a fibril fragment. As compared to fibrils spectra of Figure 6.5,
slightly fewer spectral features can be identified and the signal is affected by higher
noise. This can be probably attributed to the structural destabilisation induced by
the interaction with AuNPs. The occurrence percentage of selected amino acids and
chemical groups is reported in panel B together with that obtained for intact fibers
(Figure 6.5C). The histogram highlights a marked reduction of the number of Cys
after fibril rupture, with an occurrence reduced to 43%. Notably, also the number
of S-S bonds is drastically reduced in broken fibrils, resulting more than halved. A
slight reduction is also observed in the amount of Tyr and Phe, while the number
of Trp remains substantially unmodified. The fibrils disassembling could lead to
changes in the orientation of some amino acids with respect to the fibril axis, thus
resulting in a decrease of the signal intensity, as observed in the case of Tyr and
Phe. Concerning the number of amino groups, this results to be unaffected by the
morphological changes of the fibrils, pointing out that the fibrils fragments preserve
the positive surface charge.

Representative SERS spectra are reported in Figure 6.8C, in comparison with
the Raman spectrum of lysozyme fibrils. The most significant peaks of the Raman
spectrum are highlighted and assigned in the image. The full spectral assignment
is reported in previous works [284]. The peaks corresponding to the two aromatic
amino acids (Trp at 753 cm−1 and Phe at 1004 cm−1) are prominent also in SERS
spectra, while amide I band at 1650 cm−1 almost completely vanishes. The intense
peaks appearing in the SERS spectra at around 1600 cm−1 can be attributed to
the citrate capping of the AuNPs [319]. Notably, also in TERS spectra acquired
on fibrils fragments some peaks appear in the spectral region around 1600 cm−1,
which are instead lacking in the TERS spectra of intact fibers (Figure 6.5). These
spectral features suggest the presence of citrate anions. Their possible interaction
with positively charged residues could affect the stability of the β-sheet network
linking the fibrils and eventually result in fibril dissociation [320].
It is worth to be stressed here that TERS and SERS spectra can be quite different be-
cause TERS spectroscopy probes an extremely small number of molecules, therefore
the averaging effect does not occur, differently from SERS and more markedly from
traditional Raman spectroscopy, where instead an ensamble of molecules is probed
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interaction with protein fibrils

Figure 6.8. (A) Representative TERS spectra acquired along fragments of lysozyme fibril
with 2 nm step size. Band related to the main vibrational modes are highlighted. In
the inset, representative AFM topography of a single fragment of lysozyme fibril with
the acquisition area indicated by the green box is reported. (B) Occurrence of specific
amino acids and chemical groups along the surface of intact fibrils and fragments. (C)
Representative SERS spectra of aggregates of AuNPs and fragments of lysozyme fibrils
(black) in comparison with the Raman spectrum of the lysozyme fibrils (grey).
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[305]. For this reason TERS spectra are affected by relatively large fluctuations in
the band positions as mentioned in Section 6.1.
The most relevant result of the SERS spectra is represented by the appearence of a
broad peak at ∼ 230 cm−1, corresponding to the S-Au stretching vibration [160, 17].
This finding points out the formation of a chemical bond between the sulfur of
Cys and the surface of the AuNPs. The comparative analysis of the TERS and
SERS results points out that the regions of the fibrils rich in Cys residues are more
prone to interact with the gold surface. On the basis of the obtained results, an
explanation of the how AuNPs can induce the fibril rupture can be hypotesised in
terms of two types of interaction. At first, long range electrostatic attraction induces
the accumulation of AuNPs clusters onto the lysozyme fibrils. As discussed above,
fibrils show a positive surface charge due to the high amount of residues containing
protonated amino groups, thus attracting anionic AuNPs. Once in contact, the high
affinity of the sulfur of Cys for the gold surface induces the rupture of the S-S bonds
in favor of the formation of S-Au bonds with the AuNPs surface. The breaking of
the S-S bonds destabilises the structure of lysozyme fibrils, resulting in their rupture
and fragmentation.

In this study, the nano-spectroscopic characterisation of lysozyme fibrils was
performed for the first time, providing information on the surface organisation
of amino acids on the fibrils surface. Moreover, novel insights on the interaction
between amyloid structures and AuNPs have been pointed out. The combined
study at morphological level by AFM and at molecular level by near-field enahnced
spectroscopies allowed for highlighting the role of AuNPs in disassembling and
breaking the fibrillar structures. The obtained results suggest that AuNPs could
be a promising candidate for the development of novel therapeutic and diagnostic
strategies for amyloid related diseases.
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Conclusions

Plasmonic NPs represent versatile building blocks for the realisation of multi-
component plasmonic systems with outstanding properties. The opportunity of
confining strong electromagnetic fields with a precision of few nanometres, together
with their easy synthesis and functionalisation, has made metallic NPs the most
employed substrate for surface enhanced spectroscopies allowing for achieving im-
pressive results in molecular detection. The possibility of tailoring their optical
response through NPs size, shape and spatial organisation, as well as by the dielectric
properties of the surrounding medium offers a broad palette of features to choose
from, depending on the desired application.

In this Ph.D. Thesis, gold NPs have been employed for developing plasmonic
nanostructures with highly tunable properties for applications in biophysics and
molecular sensing. The NPs were interfaced with molecules and macromolecules
with specific features chosen for controlling the plasmon coupling and the interaction
with the external environment. Great efforts have been made in combining the
applicative purposes with fundamental studies, and in optimising the sensitivity and
reproducibility of the adopted experimental strategies. The main original results
obtained, together with the related future perspectives are herein summarised.

The aggregation of gold NPs triggered by lysozyme was exploited for realising
a bioplasmonic system with a high degree of tunability in the structure, optical
response and antibacterial activity. The detailed analysis and rationalisation of the
aggregation process in the light of the theory of the charge patch interactions allowed
for gaining a close control on the formation of aggregates, yielding a dispersion
of stable clusters with selectable size. The spectroscopic study of the absorption
profiles assessed the strict correspondence between the clusters morphology and
their plasmonic response, pointing out the possibility of choosing the LSPR of the
system within a large range of frequencies spanning from visible to near-infrared.
Moreover, the assembly process and in turn the plasmonics of the system can be
reversibly modulated by acting on the pH of the dispersing solution. Quantitative
information about the adsorption of the protein onto the gold NPs surface were
inferred by exploiting the sensitivity of the LSPR to the dielectric environment,
providing a simple analytical model that can be employed to predict amounts of
protein down to pM concentrations. The biological functionality of the system
was investigated by testing the catalytic activity of the complexes on a bacterial
suspension. Interestingly, a modulation of the enzymatic activity depending on
the surface charge and on the size of the aggregates was observed, highlighting an
enhancement of the performances for clusters of the proper size.
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The conjugation of gold NPs with a pH-sensitive molecular probe allowed for
the realisation of an accurate SERS-active pH nanosensor. Special focus has been
paid to the reproducibility of the SERS response by optimising the assembly process
and the operating conditions. The calibration of the nanosensor was performed
in terms of the intensities of selected pH-dependent SERS bands, identifying the
dynamic range of sensitivity centered in the pH range between 5 and 7. The
detailed analysis of the whole SERS fingerprint allowed for identifying different
spectroscopic markers which remarkably strengthened the reliability of the local pH
measurements. The possibility of assembling pH nanosensor with adjustable working
point in the sensitivity region of interest has emerged by the careful analysis of the
acidic properties of the molecular probe. The whole experimental effort allowed for
the development of a measuring procedure successfully employed in detecting the
extracellular pH of normal and cancer cells. These experiments indeed demonstrated
the capability of the nanosensor to discriminate between the two cell types. The
overall obtained results pave the way for realising efficient SERS-active microplate
substrates suitable for biomedical applications, offering the possibility of performing
localised pH measurements at subcellular level.

SEIRA-active gold nanoprobes were employed as biorecognition tool following
their ultrasound mediated internalisation within fibroblast cells. The coupling be-
tween synchrotron radiation microFTIR spectroscopy and the considerable signal
enhancement supplied by the SEIRA effect enabled for recognising the spectral
fingerprint of the nanoprobe at the single cell level, providing convincing evidence
of a successful internalisation. The analysis of the high-quality spectra, supported
by biological assays, allowed for singling out the biological effects of the combined
nanoprobe-ultrasound treatments, pointing out the activation of apoptotic events.
The obtained results provide deep insights of theranostics relevance in develop-
ing novel strategies which combine ultrasound mediated NPs delivery and optical
detection.

The synthesis of SERS-active nanovectors based on the conjugation of gold
NPs with antifolate molecules, showing remarkable theranostic potentialities in
providing a strong therapeutic action against the HeLa human tumourigenic cells was
presented. The opportunity of employing SERS as a fast technique for spectroscopic
titration was assessed by estimating the drug conjugation through the spectral
weight redistribution observed in the nanovector spectra. By taking advantage
of the high conjugation efficiency of aminopterin, a comparative SERS screening
and cytotoxicity study was performed onto aminopterin conjugated nanovectors,
comparing the effects on tumourigenic HeLa cell line with the non-tumourigenic
HaCaT cell line.
Single cell SERS screening on treated cells allowed for comparatively monitoring the
nanovector binding efficiency on the two cell lines by measuring the nanovector SERS
signal intensity. Screening data allowed for retrieving a preferential targeting to
HeLa cells. Moreover, a promising enhancement of the aminopterin cytotoxicity was
recorded when it is supplied to cells in the nanostructured form. The optimisation of
the nanovector selectivity in favour of cancer cell targeting was proposed through the
coloading of folate and antifolate molecules on the same NP. A deeper insight into
the drug metabolism and into the induced cell-death process would possibly allow
for further optimising the coloaded nanovector design and the treatment protocol,
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in view of biomedical applications.
The nano-spectroscopic characterisation of amyloyd fibrils was performed by

exploiting the peculiar high spatial resolution of TERS. The surface composition of
the fibrils was determined with a precision of few nanometres allowing for identifying
the most exposed amino acids. The interaction of the fibrils with gold NPs was
analysed by combining TERS, atomic force microscopy and SERS with the aim
of identifying potential mechanisms of elimination of such pathological species.
The study enlightened the disassembling and breaking the fibrillar structures upon
interaction with NPs. TERS and SERS analyses revealed a decrease in the number
of sulfur containing amino acids on the fibrils surface, along with the formation of
sulfur-gold covalent bond with the NP surface. The obtained results represent a
starting point for the study of gold NPs as potential candidates for developing novel
therapeutic and diagnostic strategies in amyloidogenesis related diseases.
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Appendix A

Experimental details

In this Appendix, the experimental details and the employed instrumental setups
are described. Absorption spectroscopy, dynamic light scattering and near field
microscopies, basic techniques for the characterisation of colloidal systems and
employed for most of the samples, are reported at first. Afterwards, the instrumental
setup for Raman spectroscopy, also used for all the Raman and SERS measurements
herein reported, is described. The details of other experimental apparatuses and
protocols are reported separately, divided according to Chapters.

Materials All the gold nanoparticles employed in the experiments were provided
by Ted Pella Inc. Sodium citrate buffers at pH 6.5 and pH 4.0 were provided by
Merk Millipore. Unless otherwise indicated, all materials and chemicals involved in
sample preparation were purchased from Sigma-Aldrich and used without further
purification.

UV-Visible absorption spectroscopy Absorption spectroscopy is employed for
monitoring the absorption peak corresponding to the LSPR of metallic NPs. Being
the LSPR very sensitive to the NPs dielectric environment, indirect information on
the NP coverage and functionalisation can be inferred from the observed wavelength
shift. Measurements were performed employing a v-570 double ray spectrophotometer
(Jasco), with a resolution of 0.1 nm in the UV-Vis region and 0.5 nm in the NIR
region. The spectrophotometer is equipped with a ETC-505T Peltier thermostat
(Jasco).

Dynamic Light Scattering and ζ-potential The size of sigle NPs and aggre-
gates was measured by employing a Malvern NanoZetaSizer apparatus equipped
with a 5 mW HeNe laser (Malvern Instruments Ltd, UK). This system uses quasi-
backscatter detection, i.e. the scattered light is collected at an angle of 173◦. In
order to obtain the size distributions, the measured autocorrelation functions were
analysed by using the CONTIN algorithm. Decay times are used to determine
the distribution of the diffusion coefficients D of the particles, which in turn are
converted to a distribution of apparent hydrodynamic radii RH using the Stokes
Einstein relationship RH = KBT/6πηD, where KBT is the thermal energy and η the
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solvent viscosity. The reported values are the average of at least three measurements
and are obtained by intensity weighted distributions.

The electrophoretic mobility of the suspended particles was measured by means
of the same NanoZetaSizer apparatus employed for the DLS measurements. The
instrument is integrated with a laser Doppler electrophoresis technique, and the
particle size and electrophoretic mobility are measured almost simultaneously in the
same cuvette. The measurements were performed employing a palladium electrode
dip cell ZEN 1002 (Malvern, UK). The runs were set up in triplicate, each consisting
of at least 30 sub-runs. Electrophoretic mobility is determined using the Phase
Analysis Light Scattering (PALS) technique. The measured values were converted
into the ζ-potential using the Helmholtz Smoluchowski relation

ζ = µe η

ε
(A.1)

where η is the solvent permittivity.

Atomic Force Microscopy and Scanning Electron Microscopy Samples
for near-field microscopy imaging were prepared at room temperature by a drop
casting procedure or by incubating 50 µl of sample solution onto a silicon substrate
previously derivatised with (3-Aminopropyl)triethoxysilane (APTES). The APTES-
functionalised silicon substrates were obtained by incubating a silicon wafer with 3%
APTES ethanol solution for 3 hours. The droplet of sample solution was incubated
for 15 minutes and subsequently removed by gently rinsing the substrate with MilliQ
water. The samples were finally dried under a gentle nitrogen flow.

Atomic Force Microscopy (AFM) images were recorded using a Dimension Icon
Bruker microscope in tapping mode, with a scan rate of 0.5 Hz. A cantilever with a
spring constant of 42 N/m and a tip with a nominal radius of curvature of 2 nm was
employed. AFM images were analysed by Gwyddion software, version 2.52.

Scanning Electron Microscopy (SEM) images were recorded using a Zeiss Au-
riga 405 Field Emission Scanning Electron Microscope at Sapienza Nanoscience &
Nanotechnology Laboratories (SNN-Lab) of the Research Center on Nanotechnology
Applied to Engineering of Sapienza University (CNIS).

Raman and SERS spectroscopy Raman and SERS measurements were per-
formed by employing a Horiba HR-Evolution microspectrometer in backscattering
geometry, equipped with a He-Ne laser, λ = 632.8 nm and 30 mW output power
(∼ 15 mW at the sample surface). Using proper optical filters, it is possible to
reduce laser power to avoid laser heating and sample degradation. The elastically
scattered light is removed by a state-of-the-art optical filtering device based on three
Bragg Grate notch filters which also allows to collect Raman spectra at very low
frequencies (down to 10 cm−1 from the laser line). The detector was a Peltier-cooled
charge-coupled device (CCD). A 600 lines/mm diffraction grating ensures a spectral
resolution of 3 cm−1. The spectrometer is equipped with an automatic mapping
stage with sub-micrometric precision (∼0.3 µm). The spectrometer was coupled
with a confocal microscope supplied with a set of interchangeable objectives with
long working distances and different magnifications.
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Small angle X-ray Scattering Small Angle X-ray Scattering (SAXS) measure-
ments were performed at the SWING beamline of Synchrotron SOLEIL (Saint
Aubin, France). The sample-to-detector distance was 6.5 m. Scattering patterns
were recorded with a two-dimensional EigerX 4-M detector (Dectris, Baden, Switzer-
land) at 12 keV, allowing measurements in the q-range from 0.002 to 0.18 Å−1.
The q-vector is defined as q = (4π/λ) sin θ, where 2θ is the scattering angle. The
investigated samples were filled in capillaries with a diameter of 1.5 mm and exposure
time of 1 s was used for acquisitions. Scattering patterns of an empty capillary
and of a capillary filled with MilliQ water were recorded for intensity background
subtraction. Data processing of the recorded 2D images was performed by the
FOXTROT software.

The scattered intensity I(q) from a collection of particles can be expressed in
terms of the particle form factor P (q) and of the system structure factor S(q),
according to the equation:

I(q) = nv2∆ρ2P (q)S(q) (A.2)

where ∆ρ is the contrast in electron density between sample and solvent, n is the
scattering particle concentration and v the volume of scattering particles. The
form factor P (q) describes the ensemble averaged shape of scattering objects in
solution whereas the structure factor S(q) accounts for the interference introduced
by interparticle correlations.

Chapter 4

Cell culture The cell lines employed in the experiments were obtained from
Interlab Cell Line Collection (Istituto Nazionale per la Ricerca sul Cancro, Genoa,
Italy) and kindly provided by the Molecular Medicine Department of Sapienza
University of Rome. Non-tumorigenic human keratinocyte (HaCaT) and tumorigenic
human skin melanoma (SK-Mel5) cell lines were grown, respectively, in Dulbecco’s
Modified Eagle Medium (DMEM; Euroclone, Life Science Division, GB, Pero, Italy)
and Minimum Essential Medium (MEM; Euroclone). All media were supplemented
with 1% penicillin/streptomycin, 10% fetal bovine serum and 2mM L-Glutamine
(Euroclone). MEM was also supplemented with 1% non-essential amino acids and 1%
Na pyruvate. Before experiments cells were plated onto a glass coverslip deposited
in a cell culture Petri dish and then incubated at 37◦C under 5% CO2.

Chapter 5

microFTIR spectroscopy The infrared spectra were acquired using a JASCO
Irtron IRT-30 Fourier Transform infrared (FTIR) microscope, equipped with a
nitrogen cooled MCT detector and a Cassegrain objective 16×. The spectra were
acquired with a resolution of 4 cm−1. The microscope is coupled with a FTIR/410
Jasco spectrometer equipped with a conductive ceramic coil mounted in a water-
cooled copper jacket source and a KBr beamsplitter. The optical path was purged
continuously with gaseous nitrogen. For the microFTIR measurements, the samples
were dried onto CaF2 substrates.
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Synchrotron Radiation microFTIR spectroscopy Synchrotron Radiation
(SR) microFTIR measurements were performed at Diamond Light Source Syn-
chrotron (Oxfordshire, UK) at the MIRIAM beamline B2246. A Bruker Vertex 80 V
in vacuum FTIR with 4 cm−1 resolution was employed. Each spectrum was acquired
accumulating 256 scans. A Hyperion 3000 microscope was used for microFTIR
in the 700-4000 cm−1 spectral range by means of a 36× Cassegrain objective and
condenser optics for transmission mode.

Cytotoxic test: Annexin V-propidium iodide apoptosis assay Annexin V-
Propidium Iodide assay was used for analysing cell death according to the following
protocol. After the treatments, cells were dispersed in Dulbecco’s PBS and trans-
ferred in Falcon tubes for centrifugation. The pellet was then suspended in 1 mL
buffer solution at pH = 7.4 (named binding buffer: 10 mM of Hepes - NaOH, 140 mM
of NaCl, 2.5 mM of CaCl2) filtered by sterile pore filter with cut-off of 0.2 µm, taking
care of maintaining a cell number density of about 2÷5 × 105 cells/mL to ensure
their detection by flow cytometry. A cell suspension volume of 195 µL was mixed
with 5 µL of FITC-labeled Annexin V in buffer solution at pH 7.4 (50 mM TRIS,
100 mM NaCl, 1% BSA, 0.02% Sodium Azide) followed by 10 minutes incubation
at room temperature in the dark. Immediately after incubation, the solution was
dispersed in Hepes (final volume of 2 mL) and centrifuged. The cell pellets were
re-dispersed in 400 µL of the binding buffer and just before flow cytometry reading,
10 µL of Propidium Iodide (PI) stock solution (100 µg/mL in PBS) was added.
Flow cytometry analysis was performed by flow cytometer FACSCalibur (BD Bio-
sciences, Singapore) endowed of Argon ion and visible red diode lasers at 488 nm
and 635 nm wavelengths, respectively. Fluorescence emission was detected at 530 ±
15 nm (AnnexinV) and 585 ± 21 nm (PI), respectively; for each sample 10000 events
were acquired. The results were analysed by CellQuest software (Becton Dickinson)
and reported as percentage of positive cells.

Genotoxic test: Cytokinesis-block micronucleus assay The genomic in-
stability at chromosomal level was evaluated by Cytokinesis Block MicroNucleus
(CBMN) assay. The cells (8 replicas per treatment) were added with 6 µg/mL Cy-
tochalasin B (Sigma-Aldrich) immediately after treatment and grown for 24 hours to
accumulate bi-nucleated cells. Afterwards the cells were centrifuged and suspended
in a preheated hypotonic solution of 75 mM KCl and fixed using Carnoy’s solution
(acetic acid:chloroform:methanol,1:3:6 v/v/v). The fixed cells were dropped onto
precleaned microscope slides and stained by adding 10 mg/mL of 4’,6’-diamidino-
2-phenylindole (DAPI, Sigma, St. Louis, MO, USA) in antifade solution (Vector
Laboratories, Burlingame, CA, USA). Micronuclei were scored at 1000× total mag-
nification by means of Fluorescence Microscope Zeiss, with ApoTome (Axio Imager
Z1 Stand).

Chapter 6

Cell culture HaCaT, spontaneously immortalized human keratinocyte line, and
HeLa, a human cervical cancer cell line, used in the experiments were obtained
from InterLab Cell Line Collection (ICLC) (Istituto Nazionale per la Ricerca sul
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Cancro, Genoa, Italy). The cells were grown at 37◦C and 5% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM, (Euroclone, Life Science Division, GB, Pero,
Italy) supplemented with 100 mL−1 penicillin, 100 µg/mL streptomycin and 10%
fetal bovine serum (Euroclone).

Cytotoxic test: MTT viability assays Cell viability was measured using the
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium) (Sigma-Aldrich, Saint
Louis, Missouri, USA) colorimetric assay. For this purpose, cells were seeded in
96-well flat plate at a density of 5 × 103 cells per well in culture medium in triplicate.
Following 24 hours, different concentrations of antifolate nanovectors, aminopterin
and metotrexate were added in triplicate. After 24 hours of treatment, 20 µL of
MTT solution were added to each well and cells incubated at 37◦C and 5% CO2 for
4 hours. 100 µL of dimethyl sulfoxide (DMSO) were added to dissolve the formed
formazan crystals. After 15 minutes of incubation, the absorbance was measured in a
plate reader spectrophotometer (Labsystem Multiskan MS), using a test wavelength
of 540 nm and a reference wavelength of 690 nm. The cells incubated with culture
medium alone represented the controls, and wells containing the medium alone
served as blanks. All the results were analysed by ANOVA. The significance was
evaluated by the Tukey honestly significant difference (HSD) post hoc test and data
were expressed as means ± standard deviation (SD) of independent samplings from
different experiments. The level of significance was established at p value <0.05.
The high reproducibilityof the results was ensured by the consistent outcome of at
least three repeated experiments.

Titration measurements A colorimetric assay with Orange II dye, using stan-
dard addition method, was performed on the NPs in order to assess the number
of 4ATP and drug molecules conjugated to the nanoparticle surface. Typically,
known amounts of the Orange II dye solution (1 mg/mL, pH 3) were progressively
added to the NPs samples. At each addition step, the nanoparticles were incubated
for 15 min at 40◦C, and then centrifuged for 15 min at 3200 rpm. Orange II is
susceptible to bind to free primary amines of the 4ATP ligand molecules on the
nanoparticle surface via the sulfonate moiety. The absorbance of the unbound dye in
the supernatant wasnmeasured at 485 nm. As the amount of Orange II is in defect,
it will totally bind to the nanoparticle surface, leaving therefore the supernatant free
of dye. After multiple additions and saturation of the 4ATP groups with Orange II
dye, the concentration of unbound dye in the supernatant increases. The absorption
of unbound dye as a function of the added amount allows for extrapolating the total
number of 4ATP binding sites available for the dye and thus to calculate the number
of 4ATP molecules per nanoparticle. By comparing the result on 4ATP-AuNPs and
on the drug conjugated nanovector, the number of drug molecules can be derived by
difference.

Chapter 7

TERS spectroscopy The TERS setup comprised an atomic force microscope
(AFM, Nanowizard III, JPK Instruments AG, Berlin, Germany) mounted on an
inverted microscope (Olympus IX71, Olympus, Hamburg, Germany). For irradiation,
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a laser (λ = 532 nm, P = 660 µW, Cobolt Samba, Cobolt AB, Sweden) was focused
through a 60× (NA = 1.45) oil immersion objective (Olympus, Germany) on
the sample. Spectra were acquired in back reflection geometry with a confocal
spectrometer (SP2750A, Acton Advanced, Princeton Instruments) and a CCD
camera (PIXIS 256 Princeton Instruments, Trenton). The acquisition time for all
measurements was 1 s. TERS tips were prepared by evaporating 25 nm silver on
AFM tips (Tap190Al-G, Budget Sensors, NanoAndMore GmbH, Wetzlar, Germany).
Tips were stored under argon prior to use.
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