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Introduction

In recent years, researchers have exploited the unique optical properties of gold
nanoparticles (NPs), for a wide range of diagnostic and therapeutic biomedical appli-
cations. In noble metals, the coherent collective oscillation of electrons in the conduc-
tion band (Surface Plasmon Resonance, SPR), induces large surface electric fields which
greatly enhance the radiative properties of gold and silver NPs when they interact with
resonant electromagnetic radiation. This makes the absorption cross section of this NPs
orders of magnitude larger than that of the most strongly absorbing molecules and the
light scattering cross section orders of magnitude more intense than that of organic dyes.
These properties are directly related to the size and shape of the gold nanoparticles. Fur-
thermore, the conjugation of gold NPs to probe molecules such antibodies or fluorophores
has been thoroughly developed over the last several decades, allowing for reliable and spe-
cific targeting of the cellular lever. The use of NPs in medicine is one of the important
directions that nanotechnology is taking at this time. Their applications in drug delivery,
cancer cell diagnostics, and therapeutics have been active fields of research.
The coupling of the SPR with dye electronic levels becomes also particularly important
under two-photon excitation (TPE), which consists in the simultaneous absorption of
two photons, each carrying about half the energy necessary to excite the molecule. This
excitation technique has been particularly useful in the context of this work because it
induces a significant luminescence emission of non spherically symmetric NPs: due to
non-linear phenomena such as the TPE, the two-photon luminescence (TPL) intensity
is enhanced by many order of magnitude with respect to the single photon excitation,
improving the usefulness of these nanoparticles for in-vivo imaging in the NIR region of
the electromagnetic spectrum.

TPE offers a series of unique features for biological investigation both in vitro and
in vivo. First, the two-photon absorption bands of the used dyes commonly in biological
studies are wider than their one-photon analogous allowing the simultaneous excitation of
multiple fluorophores with a single excitation wavelength. Second, the stimulating light
beam has a high penetration depth because of the infra-red wavelengths used, allowing
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2 Introduction

experiments in turbid media and biological tissues. Third, excitation takes place only in
the focal plane, due to the superlinear scaling of the probability of simultaneous photon
absorption with the light intensity.
According to these considerations I have developed our project on three lines related to
the use of gold nanoparticles for sensing, non linear imaging and photothermal therapy.
In the first part of this work I have introduced the materials and methods used: in Chap-
ter 1 and 2, are presented the most relevant features of the surface plasmon resonance, the
properties of spherical symmetric, asymmetric gold nanoparticles and magnetic nanopar-
ticles and the basics of fluorescence emission and two-photon excitation.

In Chapter 3 I have studied the interaction of gold nanoparticles a few nanometers
in size with fluorophores and to exploit the changes of the dye excited-state lifetime and
brightness induced by ther interaction in solution under physiological conditions. I have
investigated the system based on 5 and 10 nm gold NPs coupled (via a biotin-streptavidin
linker) to a fluorophore (FITC) and to a specific protein antibody. The binding of pro-
tein to the gold NPs through antigen-antibody recognition modifies the dye excited-state
lifetime, whose change can then be used to measure the protein concentration. In partic-
ular, I have tested this nanodevice measuring the change of the fluorophore excited-state
lifetime after the binding of the model protein bovine serum albumine (BSA). The in-
teraction with p53 protein, a marker for early cancer diagnosis and prognosis has been
the focus of this application and the measurements has been performed both in standard
solution and in total cell extracts.
In the second part of the project (Chapter 4) I focused on the exploitation of anisotropic
gold nanoparticles as probes for cellular imaging. I have studied the optical properties of
gold nanorods obtained by synthesis with the standard surfactant CTAB (cetyl trimethil-
ammonium bromide). Moreover, a new NP shape, obtained using for the first time in the
seed growth method approach a zwitterionic surfactant, laurylsulphobetaine (LSB), has
been developed by the University of Pavia (Prof. P. Pallavicini, General Chemistry De-
partment, University of Pavia). Using several structural techniques, I have characterized
optical and diffusional properties of samples synthesized at increasing levels of surfac-
tants. It has been shown that LSB concentration in the growth solution allows to control
the dimension of the NPs and the SPR position, that can be tuned in the 700-1100 nm
near infrared range. From the analysis of these data, I have reached information on the
nanoparticles shapes, dimensions and aggregation. With these studies and using TPL of
NPs, has been performed a study of cellular uptake and toxicity of the nanoparticles by
different cell liner (macrophages, HEK and A549 cells).

In the last part of this work (Chapter 5), I have demonstrated the potential use of
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NPs, gold nanorods and magnetic nanoparticles (MNPs), for selective thermal therapy of
cancer cells using a near-infrared low energy laser and an AC magnetic field, respectively.
Photothermal therapy for cancer have been widely investigated as a minimally invasive
treatment modality in comparison with other methods. The appeal of gold NRs as con-
trast agents is amplified by their additional capability to absorb photons and to convert
into heat by nonradiative processes (phonon-phonon interaction). Magnetic nanoparti-
cles heat inductively due to magnetic losses associated with three mechanisms: hysteresis,
Néel relaxation and Brownian relaxation. These two kinds of NPs (gold and magnetic
nanoparticles) are delivered to cancer cells and heated to induce apoptosis (programmed
cell death).
Within this last part of the project, I have first evaluated the increase in temperature
of NR and MNP solutions, using a direct visualization by means of a sensitive thermo-
camera. Then I have developed a nano-sensor to measure the local temperature on the
surface of the nanoparticles under excitation, in order to control locally the temperature
change due to heating. The rationale is to bind an organic chromophore whose excited
state lifetime is particularly sensitive to the temperature, and to refer to its lifetime
which is an intensive parameter. Rhodamine B is such a fluorophore, with a temperature
dependence of the excited state lifetime ≈ 0.029 ± 0.001 ns/◦C, as we also measure here.
Moreover this nanoconstruct can target tissues or single cells and used for imaging before
the therapy.
Part of these experimental results have been successfully composed to numerical sim-
ulations of light induced heating of gold nanorods, using the Two Temperature Model
in order to calculate raising in temperature due to laser irradiation. Finally, we have
developed methods and knowledge in the field of the use of NPs made of gold or oxide
in biological and medical research and applications.





Chapter 1

Metal Nanoparticles

E lucevan le stelle, e olezzava la
terra, stridea l’uscio dell’orto...

G. Gicosa, Tosca
G. Puccini

Metal nanoparticles (MN), with diameters ranging roughly between 1
and 100 nanometers, are natural bridges between molecules and extended
solids. They are complex many-electron systems, where reduced sizes and
quantum confinement of electrons and phonons give birth to fascinating

new effects, potentially tunable with particle size and shape. Metal nanoparticles attract
strong interest both because they open up a new field in fundamental science and because
of their potential technological applications. They are convenient components for sub-
wavelength optical devices, for nonlinear optics, for optical data storage, for surface-
enhanced spectroscopy, for biological labelling and sensing, and even for cancer therapy.

1.1 Nanoscaled materials

The general vision of nanoscience depends strongly on the ability of creating and ma-
nipulating matter at the nanoscale. Figure 1.1 shows the nanoscale in context illustrating
the size of a football compared to a carbon 60 (C60) molecole. Nanoscaled materials are
ussually categorized as materials having structured components with at least one dimen-
sion less than 100 nm. The research in nanoscaled matter began to grow exponentially
when it became recognized that the bulk properties of materials change drastically as
their sizes decrease from the bulk material to small cluster of atoms. Suitable control
of the properties of nanometer-scale structures can lead to new science as well as new
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6 Metal Nanoparticles

products, devices and technologies. Two principal factors are responsible for causing the
properties of nanoscaled materials to differ significantly from their behaviour in bulk con-
dition. Firstly, there is the increased relative surface area and secondly size-dependent
properties begin to dominate when matter is reduced to the nanoscale. Nanoparticles,
in the 1-100 nm range can be said to bridge the gap between small molecules and bulk
materials [14]. As a class of materials, NPs offer a variety of opportunities to investigate
the evolution of material properties with particle dimensions. Metal NPs, especially Au,
Ag and CU NPs, have been extensively investigated over the past decade due to their
unique electronic, optical and catalystic properties [26] [16].

Figure 1.1: Nanoparticles in comparison with other biological entities.

These properties are neither those of bulk metal nor those of molecular compounds as
has been widely demonstrated in both experimental and theoretical investigations, but
they strongly depend on the particle size, shape and interparticle distance as well as the
nature of the protecting organic shell [17]. The chemical stability of NPs is crucial to
avoid degradation processes such as partial oxidation or undesired sintering of particles.
The most striking phenomenon encountered in metal nanoparticles are electromagnetic
resonances due to the collective oscillation of the conduction electrons. These so-called
localized Surface Plasmon Resonance (SPR) have been widely investigated in the past
decade, during which metal nanoparticles have been used for catalysis, sub-wavelength
optical devices, surface enhanced Raman spectroscopy, diagnostic application, biologi-
cal imaging, sensing and for cancer treatment. Moreover, the compatibility of NPs and
biological systems, proteins and oligonucleotides is well established. Small particles of
different sizes and shapes have been shown to be suitable markers, contrast and thera-
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peutic agents applications [18] [19] [20]. For all these issues, it is advantageous to be able
to tune the particle plasmon resonance to the near-infrared region between 650 and 900
nm, where water and hemoglobin have their lowest absorption coefficient [21] [22] [23].
This tunability is provided by engineering the shape and the dimension of the particles.
In the following sections describe the properties and the origin of the plasmon resonances
in spherical and ellipsoidal metal nanoparticles.

1.2 Historical Overview

Since ancient times, gold has been valued in every culture for its beauty as weel as
for its unique physical and chemical properties. Gold is probably one of the first metals
known to man. The ancient civilizations of Egypt and Mesopotamia developed a high
degree of technical skill in metallurgy. Greeks and Romans used many colored pigments
for the decoration of their buildings, ceramics and glass-ware [1].

Figure 1.2: The Lycurgus Cup.
British Museum

The use of gold and silver particles in glass-
blowing can be seen in the famous Lycurgus Cup
exposed in the British Museum. The most un-
usual feature of this cup however is its color. When
viewed in reflected light, for example in daylight, it
appears to be green, but when light is transmitted
from the inside of the vessel through the glass, it
appears to be red [2]. Chemical analysis of the Ly-
curgus cup shows that it is similar to most other
Roman glass, but it contains very small amounts of
gold (about 40 parts per million) and silver (about
300 parts per million). The crystalline nature of the
Ag/Au particles and their fine dispersion in the glass suggests that this colloidal metal
was precipitated out from solution by heat treatment [3]. Roman glass makers were used
to make red glass using copper, but this was nearly always opaque. They added scrap
metal to color their glass and sometimes these materials contained small amounts of gold
and silver. In the Middle Ages, chemistry developed mostly through the protoscience of
Alchemy. Alchemical processes required the construction of scientific apparatus and the
invention of many laboratory techniques like heating, refluxing, extraction, sublimation
and distillation to treat metals with various chemical substances [4]. Gold was the only
metal that did not corrode. It symbolized immortality and so it was recommended for
medical use in a form that could be consumed internally as potable gold. In the middle
of the nineteenth century a more scientific interest in colloidal systems arose. In the
early thirteenth century the improvement of distillation methods resulted in the discov-
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ery of the mineral acids which greatly increased the power of the alchemist to dissolve
substances and to carry out reactions in solutions. The royal solvent for gold was found
to be aqua regia, created by adding salt ammoniac to aqua fortis HNO3) [5].

Figure 1.3: Title page of De Auro
by Andreas Cassius published in
Hamburg 1685 [1]

Paracelsus severely criticized the alchemists for
their fascination for gold and in- sisted that they
should be better spending their time in the prepara-
tion of drugs to relieve suffering. He recommended
potable gold in the sixteenth century as a cure
for heart disorders. Closely related to its use in
medicine, the colloidal gold preparations were used
to produce gold ruby glass; a first treatise on glass
making appeared, written by the Florentine priest
Antonio Neri. The purple precipitate of gold is
mostly referred to as the Purple of Cassius. The
reason is that in 1685 a doctor called Andreas Cas-
sius published a basic alchemical work De Auro. In
this book he described a method for the precipita-
tion of gold [1].

Dr. Michael Faraday published a comprehen-
sive paper about the preparation and properties of gold sols which can now be seen as
the foundation of modern colloid science. He was the first to recognize that the red color
of gold colloids was due to the minute size of the Au particles and that one could turn the
preparation to blue by adding salt to the solution. Faraday’s discovery that metals could
form colloids was a breakthrough, although the importance of his observations was not
fully realized at that time: today his studies are generally considered to mark the foun-
dations of modern colloid science [6] [7]. Thomas Graham (1805-1869), who is referred to
as "the father of colloid chemistry". The first theoretical description was given by Gus-
tav Mie in the beginning of the twentieth century; he described the optical properties of
small metal particles. In 1925 Richard Adolf Zsigmondy (1865-1929) was awarded by the
Nobel price [8] for his demonstration of the heterogenous nature of colloid solutions and
for the methods be used, which have since became fundamental in modern colloid chem-
istry. Finally, he showed that colloidal gold particles have a negative electrical charge,
which largely determined their stability. An interesting investigation of various prepa-
rations of colloidal gold using the electron microscope as the main tool started in 1948
at Princeton University and the RCA Laboratories by John Turkevich and colleagues,
who studied the reduction of gold salt with sodium citrate extensively. G. Frens used
the citrate reduction method studied by Turkevich to control the size of gold particles
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ranging from 16 nm to 150 nm simply by varying the concentration of sodium citrate
added to the solution during the nucleation of the particles [9]. The real renaissance
of gold nanoparticles, however, started when M. Brust and coworkers reported a simple
reductive method using the borohydride reduction of chloroauric acid in the presence of
alkane thiols [10]; functionalized groups on gold colloids surface allow their incorporation
in three dimensional networks and make then useful in a wide range of applications in
the fields of sensors and molecular electronics.

1.3 Gold

Gold is a chemical element with symbol Au (from the Latin aurum), atomic number
79 and atomic weight of 196.967.

Figure 1.4: Mask of Agamemnon.
National Archaeological Museum of
Athens

It is a soft, yellow metal (mp 1063 ◦C ) with
the highest ductility and malleability of any ele-
ment: a single gram can be beaten into a sheet of
one square meter. The transmitted light appears
greenish blue, because gold strongly reflects yellow
and red. Gold is a good conductor of heat and elec-
tricity, and is not affected by air and most reagents.
Heat, moisture, oxygen, sulfur and most corrosive
agents have very little chemical effect on gold, mak-
ing it weel-suited for use in coins; but reacts readily
with alogens or with solutions containing or gener-
ating chlorine such as aqua regia, that dissolves it
via formation of the chloraurate ion. In addition,
gold is very dense, a cubic meter weighing 19300
Kg ; by comparison, the density of lead is 11340 kg/m3. Gold is reactive with sulfur: in
particular in the case of organic thiols, ligation to nanoparticles surface is particularly
effective for the contemporary presence of a σ type bound, in which sulfur is the elec-
tron density donor and the metal atom is the acceptor, and a π type bound, in which
metal electrons are partially delocalised in molecular orbitals formed between the filled
d orbitals of the metal and the empty d orbitals of sulfur [11]. When nanoparticles size
becomes comparable to the de Broglie’s wavelength of an electron at the Fermi energy
(0.5 nm for gold and silver), quantum size effects on the optical properties of metal
nanoparticles induce fluorescence emission, due to transitions between discrete electronic
states [12]. Finally, when a metal particle decreases in size to become a nanoparticle or
a nanocrystal, a larger proportion of atoms is found at the surface. This observation
together with the fact that catalytic chemical reactions occur at surfaces leads to much
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more pronunced reactivity when a given mass of gold is used in nanoparticulate from
compared to the case in which microscope particles are used [13].

1.3.1 Stability and chemical reactivity

Gold is probably the most noble of the metals, being the only one which is not at-
tacked in water by either oxygen or sulphur at any temperature. To understand this
nobility of gold, it is useful to consider the redox potentials of gold in the absence of co-
ordinating ligands. Thus, gold must be oxidized for a reaction to take place. For example,

Au −−→ Au +(aq) + e−

The tendency for this reaction to take place is given by Nernst equation or the re-
duction potential:

E = E	 − 2.303
RT

F
log10

[Au]
[Au+]

= 1.7 + 0.059log10[Au+] (1.1)

where R is the gas constant, F the Faraday constant, T the absolute temperature
and E	 the standard potential for the reaction (∼ 1.7 V). Gold is the only metal with
this property and therefore one can say that it is truly the most noble of the metallic
elements.
However, gold can dissolve in aqueous solutions containing good ligands for gold and an
oxidizing agent. For example, gold does not dissolve appreciably in hydrochloric or nitric
acid separately, but dissolves readily in aqua regia to give tetrachloroauric(III)acid.

1.4 Optical properties of small metal particles

Metal colloids exhibit colors that often differ from the color of their bulk materials.
For example, a dispersion of gold colloids is red and of silver colloids yellow. The origin
of these color changes are explained by surface plasmon resonances, which are electrons
oscillating collective in response to an applied field. For example, when a metal particle is
decreased below the wavelength of visible light and when the visible light has a frequency
close to that of the oscillating electrons, then the surface plasmon resonance absorbs
energy. In this section a theoretical understanding of the optical response of small metal
particles shall be given. The surface plasmon resoncances are explained by the Lorentz-
Drude-Sommerfeld Model, which gives us an intuitive basis for the understanding of free
electrons moving in response to an electric field. Furthermore, the absorption of light by
metal colloids is explained by the application of the Mie theory.
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1.4.1 Surface Plasmon Resonances

The optical response of metal colloids to an electric field of incident wavelength, with
radius r << λ, is schematically shown in Figure 1.5. In the quasi-stati regime the positive
charges in the metal colloids are assumed to be immobile, while the negative charges (the
conduction electrons) are allowed to move under the influence of an external field. Hence,
when metal colloids are placed in an electric field, a displacement of the negative charges
from the positive ones occurs. These collective resonances from the negative electrons
are denoted as Mie resonances or surface plasmon resonances.

Figure 1.5: A scheme of surface plasmon absorption of spherical nanoparticles illustrating
the excitation of the dipole surface plasmon oscillation

The optical properties of metal colloids are described by the optical material function
or the dielectric function ε(ω). For metal colloids with a diameter larger than 10 nm, the
dielectric functions have the values of the bulk material. For smaller metal colloids, the
dielectric functions vary as a function of particle size and for sub-nm nanoclusters.

1.4.2 Light absorption by spherical Metal Colloids

The optical properties of a metal particle in terms of absorption and scattering cross
sections σabs and σsca are related to the intensity loss of the incident light due to ab-
sorption or elastic scattering. In practice, both absorption and scattering contribute,
resulting in a total extinction cross section

σext = σabs + σsca (1.2)

The measured attenuation of a parallel beam of incident light with intensity I0, over
a path length x cm in a spectrophotometer is given by the Lambert-Beer law. For a
colloidal solution containing N particles per unit volume, the transmitted light I(x) is

I(x) = I0e
−Nσextx (1.3)

However, the Lambert-Beer law is usually expressed as
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A = log10(
I0

I(x)
) =

Nσextx

2.303
(1.4)

where A is the solution absorbance. The extinction cross section is calculated from
Mie theory by series expansion of the involved fields into partial waves of different spher-
ical symmetries. For spherical particles with a complex dielectric function, embedded in
a medium of dielectric function εm, the extinction cross section according to Bohren and
Huffman, is written as

σext =
2π
k2

∞∑
n=1

(2n+ 1){anbn} (1.5)

where k = 2π
√
εm/λ. an and bn are the scattering coefficients which are functions

of the radius r and the wavelength λ in terms of Ricatti-Bessel cylindrical functions.
However, when the size of the metal particle is much smaller than the wavelength of the
exciting radiation (r << λ), the effects of higher multipoles are neglected and only the
first, electric dipole term is significant. Hence, the Mie formula (eq. 1.5) is simplified and
given by

σext(ω) = 9
ω

c
ε3/2m V0

ε2(ω)
[ε1(ω) + 2εm]2 + ε22(ω)

(1.6)

with V0 = 4/3πr3 the particle volume, εm the dielectric function of the embedding
medium and ε(ω) the dielectric function of the particle. Taking interband and core
transitions into account, the real part of the dielectric function in the Drude model can
be rewritten as

ε1(ω) = ε∞ −
ω2
p

ω2 + ω2
d

(1.7)

with ω∞ the high frequency dielectric constant. The cross sectionωext(ω) has a reso-
nance at the frequency where the denominator [ε1(ω) + 2εm]2 + ε22(ω) takes its minimum.

1.4.3 An exact solution

Solving the problem of absorption and scattering of light by a small particle involves
solving Maxwell’s equations with the correct boundary conditions. We use the general
formulation of the problem as shown in figure 1.6. Assuming harmonic time dependence
of the light source, we can rewrite Maxwell’s equations into the vector wave equation

∇2E + k2E = 0

∇2H + k2H = 0 (1.8)
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where k is the wave number. Both the particle and the medium can be described by
two non-dimensional parameters, the dielectric function ε and the magnetic permeability
µ, that enter in the wave number as k2 = ω2εµ. At the boundary between the particle
and the medium, ε and µ are discontinuous. It follows from Maxwell’s equations that the
tangential components of the fields are continuous. For points x on the particle surface,
we can write

[E2(x)−E1(x)]× n̂ = 0

[H2(x)−H1(x)]× n̂ = 0 (1.9)

Only if we restrict ourselves to spherical particles, is this problem exactly solvable.

Figure 1.6: A particle is embedded in a
medium and illuminated by a plane wave,
which generates an electric and magnetic
field inside the particle.

This was first shown in 1908 by Gustav
Mie. A complete derivation of Mie theory
is given by Bohren and Huffman. From
Mie theory scattering matrices can be de-
rived, from which information about, e.g.,
the direction and polarization dependence
of the scattered light can be extracted. An
important parameter that can be calcu-
lated with Mie theory is the cross section,
a geometrical quantify that relates the in-
cident light to the scattered, absorbed or
excincted power.

σsca =
Psca
Iinc

σabs =
Pabs
Iinc

σext =
Pext
Iinc
(1.10)

From Mie theory, absorption, scatter-
ing and extinction cross sections for an arbitrary spherical particle with dielectric function
εp can be calculated. Since extincted power is the sum of the scattered and absorbed
power, the absorption cross section is simply

σabs = σext − σsca (1.11)

while the scattering and extinction cross sections can be calculated from
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σsca =
2π
k2

∞∑
n=1

(2n+ 1)(|an|2 + |bn|2) (1.12)

σext =
2π
k2
Re(an + bn) (1.13)

The coefficients an and bn in eq. 1.12 are given by

an =
mψn(mx)ψ

′
n(x)− ψn(x)ψ

′
n(mx)

mψn(mx)ξ′n(x)− ξn(x)ψ′n(mx)
(1.14)

bn =
ψn(mx)ψ

′
n(x)−mψn(x)ψ

′
n(mx)

ψn(mx)ξ′n(x)−mξn(x)ψ′n(mx)
(1.15)

in which ψ and ξ are Ricatti-Bessel functions of order n, x = kR is a size parameter
(R is the radius of the particle) and m =

√
εp/εm is the square root of the ratio of the

dielectric functions of the particle and of the medium. The prime indicates a derivation
to the parameter in parentheses. The complex dielectric function ε = ε1 + iε2 is related
to the particle’s complex refractive index n̂ = n + ik, whose real andd imaginary parts
describe the spatial varieties of respectively the phase and ampliutude of a wave in matter.
Assuming the material is not magnetic (µ ≈ 1), the dielectric function and the refractive
index are related by ε = ñ2.

Figure 1.7: (A) Imaginary (circles) and real (triangles) part of the dielectric function of
gold. (B) Imaginary (circle) and real (triangles) part of the refractive index of gold. Data
measured by Johnson and Christy.
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1.4.4 Size dependence of spherical metal nanoparticles on the
plasmon absorption band

The Mie theory within the dipole approximation, which has been described in the
previous section, has the advantage that it is conceptually easy to understand. However,
there is no size dependence within this dipole approximation except for a varying intensity
due to the dependence of the volume V0 on the particle radius r. Furthermore, a strong
dependence of spherical metal nanoparticles on the plasmon absorption bandwidth is
experimentally observed. The position of the plasmon absorption maximum (λmax) is
also affected with decreasing particle size although both a blue-shift and a red-shift have
been observed. The size effect on the plasmon absorption band was examined by Link
et al. by studying colloidal gold nanoparticles with an average diameter between 9 and
99 nm [24]. The gold nanoparticles were prepared following the method introduced by
Turkevich [25] and modified by Frens [9].

Figure 1.8: UV-Vis absorption spectra of 9,
22, 48 and 99 nm gold nanoparticles in wa-
ter taken by Link et al [24]. The spectra
are normalized at their plasmon absorption
maxima, which are 517, 521, 533 and 575 nm
respectively.

Figure 1.8 shows the absorption spec-
tra of four different size gold nanoparti-
cles where λmax of the plasmon absorp-
tion red-shift with increasing particle di-
ameter. Furthermore, it is seen that the
plasmon absorption bandwidth decreases
with increasing particle size and then in-
creases again with a minimum for the 22
nm nanoparticles. A modification to the
Mie theory for small metal particles is
the assumption that the dielectric func-
tion of the metal nanoparticles itself be-
comes size-dependent [ε = ε(ω, r)] and this
size dependence is introduced as the diam-
eter of the particle becomes smaller than
the mean free path of the conduction elec-
trons. Moreover, this results in a size-
dependent absorption cross section within
the dipole approximation which is regarded as an intrinsic size effect [26].

1.5 Light Absorption by Metal Nanorods

For rodlike nanoparticles the direction of the plasmon oscillation depends on the
orientation of the particle axis with respect to the oscillating electric field of the incident
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light. This results in two plasmon absorptions, instead of one single plasmon band for
spherical metal colloids, being the transverse resonance and the longitudinal resonance.
This is shown schematically in figure 1.9.

Figure 1.9: Schematic representation illustrating the optical response of rodlike nano
particles to an electric field E. Two oscillating modes can be possible: (a) the transverse
oscillation along the B or C axis and (b) the longitudinal oscillation along the A axis.

The optical properties of metal nanorods can be theoretically described using the
Gans theory, which is an extension of the Mie theory with a geometrical factor [27].
According to this theory, the extinction coefficient κ for N particles of volume V0, within
the dipole approximation is given by [28] [29]

κext =
2πNV0ε

3/2
m

3λ

∑
j

( 1
P 2
j

)ε2

[ε1 + (PjPj )εm]2
+ ε2 (1.16)

whereby the Pj values are the depolarization factors to calculate the absorption of
light by the nanorods for the three axes A, B and C as indicated in figure 1.9. The
B anc C axes correspond to the particle diameter (d), while the A axis represents the
particle length (L). The geometrical factors Pj for nanorods along the A, B and C axes
are respectively

PA =
1− e2

e2
[

1
2e
ln(

1 + e

1− e
)− 1] (1.17)

PB = PC =
1− PA

2
(1.18)

with

e =

√
1− (

d

L
)2 =

√
1− 1

R2
(1.19)
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with R=L/d the aspect ratio. Link et al. calculated the absorption spectra of gold
nanorods using equation 1.16 for various aspect ratios and with the measured dielectric
functions of gold. This can be seen in figure 1.10a where the medium dielectric constant
was chosen to be 4. The maximum of the longitudinal plasmon band red-shift 150 nm
when the aspect ratio increases from 2.6 to 3.6. Moreover, figure 1.10b shows that the
increase in the peak position of the longitudinal plasmon ban with increasing nanorod
aspect ratio follows a linear trend. The data points shown correspond to the absorption
maxima of the longitudinal plasmon band as calculated in figure 1.10a. The dotted line
represents a plot of an equation derived by Link et al, in order to predict the maximum
of the longitudinal plasmon band λmax

λmax = (33.34R− 46.31)εm + 472.31 (1.20)

It follows from equation 1.20 that the maximum of the longitudinal plasmon resonance
also linearly depends on the medium dielectric constant εm.

Figure 1.10: Simulation of the surface plasmon absorption for gold nanorods of different
aspect ratio by Link and coworkers.

Hence, figure 1.10c shows that with increasing medium dielectric constant, there is
also a red-shift of λmax for a fixed aspect ratio R = 3.3.

1.6 Magnetic Nanoparticles

Magnetic nano-structured materials have attracted much attention due to their unique
properties and potential applications. Magnetic induction heating behavior in magnetic
particles provides a benefit for biomedical applications, such as targeted drug delivery[30],
[31], diagnostics[32], and magnetic separation[33], [34]. The magnetic nano-structured
materials are also being explored as contrast agents in MRI[35], [36], thermo responsive,
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drug carriers[37], and the hyperthermia[38], [8]. Hyperthermia is a promising approach for
the thermal activation therapy of tumor. Inevitable technical problems for hyperthermia
are the difficulty of heating only the local tumor to the intended temperature without
damaging much of the surrounding healthy tissue and precise control of temperature.
induction heating of magnetic nanoparticles in an alternating field can solve the above
problems with their unique characters of self-heating, self-temperature controlling due to
the magnetic loss in AC magnetic field.

Figure 1.11: Biomedical appli-
cations based on the controlled
interactions between living cells
and biologically activated magnetic
nanoparticles.

Since these are nanoscale devices, the energy
deposition in the cancer cells would be extremely
localized. This should cause very minimal damage
to surrounding tissue, making these systems supe-
rior to traditional hyperthermic treatment.
Magnetic particles heat inductively due to mag-
netic losses associated with the magnetiza-
tion/demagnetization cycling. Magnetite particles
(Fe3O4) have attracted much interests because they
are considered as a material with non-toxicity and
biological compatibility due to their main compo-
sition of Fe ions. The raising of an organism’s
body temperature to about 5 or more degrees Cel-
sius above its normal value, is referred to as hyper-
thermia. A sustained temperature above 42 ◦C can
cause cell apoptosis, and a sustained temperature
above 45 ◦C causes cell necrosis, resulting in irre-
versible damage to cell function, or heat-induced
sensitization of cells to radiation and some cyto-
toxic drugs.

1.6.1 Basic knowledge of magnetic induction heating of ferrite
nano-materials

The magnetic induction heating of ferrite materials is originated from their power
loss in alternating magnetic field. The total power loss (PL) is composed of three parts,
hysteresis loss (Ph), eddy current loss (Pe) and residual loss (Pr). Hysteresis loss is due
to the irreversible magnetization process in AC magnetic field. Eddy current loss is the
Joule loss due to eddy current induced by alternating magnetic field and hence depende
much on the electrical resistivity of the material. The residual loss is originated from
various relaxation effects of magnetization in magnetic field. The hysteresis loss refers
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to the loss due to irreversible magnetization process in AC field. The hysteresis loss for
one cycle can be easily estimated from the area of the hysteresis loop, Wh and the power
loss is expressed as Ph = f ·Wh, where f is frequency. For nano-sized magnetic particles,
the eddy current loss can be calculated without considering the effect of skin depth by
assuming uniform distribution of magnetic field in the particle. The calculated eddy
current power loss of the spherical particles is expressed by the following expression:

Pe =
π

20
B2
md

2σf2 [10−10w/cm2] (1.21)

in CGS unit, where d is the diameter of the particle and σ is the conductivity, Pe is
generally very small in ferrite materials. The mechanism of residual loss is complicated
and the value can only be determined from experiment.
Magnetic anisotropy is the direction dependence of a material’s magnetic properties. In
the absence of an applied magnetic field, a magnetically isotropic material has no pref-
erential direction for its magnetic moment, while a magnetically anisotropic material
will align its moment with one of the easy axes. An easy axes is an energetically fa-
vorable direction of spontaneous magnetization. Magnetic anisotropy is a prerequisite
for Hysteresis in ferromagnets; without it, a ferromagnet is superparamagnetic. The en-
ergy associated with magnetic anisotropy can be expressed as E = KV , where K is the
anisotropy constant and V is the volume of the magnetic particle. When the particle size
is smaller than a single domain critical value the superparamagnetic behavior appears,
in which the thermal agitation helps the magnetization reversal to overcome the energy
barrier. Then, for magnetic nanoparticles, induction heating can be due to so-called Néel
relaxation process and rotational Brownian motion (see fig. 1.12). The Néel relaxation
process refers to the heat assisted domain rotations in the particles by the AC magnetic
field as mentioned above. The Brownian relaxation refers to the rotation of the magnetic
particle as a whole because of the torque exerted on the magnetic moment by the external
AC magnetic field, and the energy barrier for reorientation of a particle is determined
by rotational friction in the surrounding liquid. The total relaxation losses due to both
processes could be calculated by the following equation:

P =
(mHωτeff )2

2τeffκTV (1 + ω2τ2
eff )

(1.22)

Here, m is the particle magnetic moment, ω is the AC field frequency, H is the AC field
amplitude, V is the nanoparticle volume and τeff is the effecive relaxation. When the
AC magnetic field is applied to magnetic nanoparticles, their magnetic moments attempt
to rotate following the magnetic field with time lag. The effective relaxation time (τeff )
is given by
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τeff =
τBτN
τB + τN

(1.23)

in which in the Brownian relaxation is

τB =
3ηVH
kT

(1.24)

where η is the viscosity of the carrier fluid, k is the Boltzmann constant, T is the ab-
solute temperature, and VH is the hydrodynamic volume of the particle. Néel relaxation
is

τN = τ0exp

(
KV

KT

)
(1.25)

where τ0 is on the order of 10−9 s, and K is the anisotropy constant of the magnetic
nanoparticle.

Figure 1.12: Schematic demonstrating the difference between Néel and Brownian relax-
ation.

The clinical use of magnetic nanoparticles requires that enough volumetric heating
power to destroy tumor cells must be produced, while maintaining safe magnetic field
strengths and frequencies. The safe and useful range of magnetic field strengths and
frequencies for these applications are considered to be 0 < H < 15kA/m and 0.05 < f
< 1.2 MHz. Higher field strengths can lead to various problems such as aggregation of
magnetic materials, leading to embolisms. Lower frequencies can cause stimulation of the
skeletal or peripheral muscles, or even stimulation of the cardiac muscles and arrythmias.
Is has also been established that exposure to fields where the product of H0f (where H0 is
the magnitude of the applied magnetic field) is less than 4.85 × 108 A m−1 s−1 is safe for
use in human. Heat generation of magnetic nanoparticle fluids has a square dependence
on H leading to greater heating than ferromagnetic or paramagnetic materials at the
same magnetic field strength. Heat generation for magnetic fluids is often expressed in
terms of the specific absorption rate (SAR), where
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SAR× particle density = P (1.26)

For example, at f = 300 kHz, H = 14 kA m−1, SAR = 209 W g−1 or 75 W g−1 for
superparamagnetic ferrofluids or for ferromagnetic magnetite, respectively.
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Chapter 2

Background Theory

solo quando la luce splenderá,
sulla tua bocca lo diró fremente...

G. Adami, Turandot
G. Puccini

Luminescence is the emission of light from any substance and occurs from
electronically excited states [1]. Luminescence is formally divided into two
categories, fluorescence and phosphorescence, depending on the nature of the
excited state. In excited singlet states, the electron in the excited orbital is

paired (of opposite spin) to the second electron in the ground state orbital. Consequently,
return to the ground state is spin-allowed and occurs rapidly by emission of a photon.
The emission rates of fluorescence are typically 1× 108 s−1, so that a typical fluorescence
lifetime is near 10 ns (10× 10−9 s). As will be described in section 2.1.3, the lifetime (τ)
of a fluorophore is the average time between its excitation and its return to the ground
state. Because of the short timescale of fluorescence, measurement of the time-resolved
emission requires sophisticated optics and electronics.
Phosphorescence is emission of light from triplet excited states, in which the electron in
the excited orbital has the same spin orientation as the ground-state electron. Transitions
to the ground state are forbidden and the emission rates are slow (103 - 1 s−1), so
that phosphorescence lifetimes are typically milliseconds to seconds. Phosphorescence
is usually not seen in fluid solutions at room temperature. This is because there exist
many deactivation processes which compete with emission, such as nonradiative decay
and quenching processes. The first observation of fluorescence from a quinine solution in
sunlight was reported by Sir John Frederick William Herschel in 1845 [2].

27
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2.1 Principles of Fluorescence

2.1.1 Absorption

Amolecule, interacting with a photon that carries an energy hν, equal to the difference
between energy levels, can absorb the photon and reach in this way an excited state. This
absorption process happens on a very short time scale (10−15 s) so that the molecule does
not undergo any alteration of its structure. The equation that correlates the fraction of
light absorbed by the molecule and its quantity is known as the Beer-Lambert law:

A(λ) = log
I0

I
= Cελl (2.1)

where A is a dimensionless quantity called absorbance or optical density, I0 is the
intensity of the incident radiation while I is the intensity of the radiation transmetting
through the sample, C is the molar concentration of the absorber and ε its molar ex-
tinction coefficient. This parameter is proportional to the one photon absorption cross
section of the molecule, σ, through the following equation:

ε =
σN0

2.303
=
πr2PN0

2.303

[ε] = M−1cm−1 =
(
mol

l

)−1

cm−1 =
cm2

mol
(2.2)

where P is probability for the light to hit the molecule, r the molecular radius and
N0 the Avogadro number. One is usually interested in the absorption spectrum of the
molecules, that represent the probability for a photon endowed with a particular value
of energy to be absorbed by the molecules. There are three main contributions to the
overall absorption spectrum:

• Electronic spectrum: it corresponds to the electronic gap transition. This absorp-
tion process involves energies falling in the UV-visible spectrum (between 200 and
900 nm).

• Vibrational spectrum: it corresponds to the transition between vibrational levels
inside the same electronic level (these are transitions triggered by IR radiation).

• Rotational spectrum: it corresponds to transitions between rotational states within
to same vibrational state (the energies involved correspond to the wavelengths of
the microwaves).
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2.1.2 Jablonski Diagram

The process which occur between the absorption and emission of light are usually
illustrated by a Jablonski diagram [3]. This is shown in figure 2.1. The singlet ground,
first, and second electronic states are depicted by S0, S1 and S2 respectively. At each
of these electronic energy levels the fluorophores can exist in a number of vibrational
energy levels, denoted by 0, 1, 2, ect. The transitions between states are depicted as
vertical lines to illustrate the instantaneous nature of light absorption. Transitions occur
in about 10−15 s, a time too short for significant displacement of nuclei. This is the
Franck-Condon principles. At room temperature, thermal energy is not adequate to
significantly populate the excited vibrational states. Absorption typically occurs from
molecules with the lowest vibrational energy.

Figure 2.1: One form of a Jablonski diagram

Of course, the larger energy difference between the S0 and S1 excited states is too
large for thermal population of S1, and it is for this reason we use light and not heat
to induce fluorescence. Following light absorption, several processes usually occur. A
fluorophore is usually excited to some higher vibrational level of either S1 or S2. With a
few rare exceptions, molecules in condensed phases rapidly relax to the lowest vibrational
level of S1. This process is called internal conversion and generally occurs in 10−12 s or
less. Since fluorescence lifetimes are typically near 10−8 s, internal conversion is generally
complete prior to emission. Return to the ground state typically occurs to a higher excited
vibrational ground-state level, which then quickly (10−12s) reaches thermal equilibrium
(figure 2.1). An interesting consequence of emission to higher vibrational ground states is
that the emission spectrum is typically a mirror image of the absorption spectrum of the
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S0 → S1 transition. This similarity occurs because electronic excitation does not greatly
alter the nuclear geometry. Hence, the spacing of the vibrational energy levels of the
excited states is similar to that of the ground state. As a result, the vibrational structures
seen in the absorption and the emission spectra are similar. Molecules in the S1 state can
also undergo a spin conversion to the first triplet state, T1. Emission from T1 is termed
phosphorescence and is generally shifted to longer wavelengths (lower energy) relative to
the fluorescence. Conversion of S1 to T1 is called intersystem crossing. Transition from T1

to the singlet ground state is forbidden, and, as a result, rate constants for triplet emission
is several orders of magnitude smaller than those for fluorescence. Other two features
of fluorescence emission spectra deserve consideration: the Stokes’ Shift [4] and Kasha’s
rule [5]. Examination of the Jablonski diagram (figure 2.1) reveals that the energy of the
emission is typically less than that of absorption. Hence, fluorescence typically occurs
at lower energies or longer wavelengths. This phenomenon is called Stokes’ shift and
was first observed by Sir G. G. Stokes in 1852 in Cambridge. Another general property
of fluorescence is that the same fluorescence emission spectrum is generally observed
irrespective of the excitation wavelength. This is known as Kasha’s rule. This is because
after absorption the fluorophores rapidly relax to the lowest vibrational state of S1 from
which any transition to S0 starts. The relaxation is probably the result of the overlapping
among numerous states of nearly the same energy.

2.1.3 Fluorescence lifetime and quantum yields

The fluorescence lifetime and quantum yield are perhaps the most important charac-
teristics of a fluorophore. The quantum yield is the number of emitted photons relative
to the number of absorbed photons. The lifetime is also important, as the lifetime deter-
mines the time available for the fluorophore to interact with or diffuse in its environment,
and hence the information available from its emission.

Figure 2.2: A simplified Jablonski
diagram

The meaning of the quantum yield and lifetime
is best represented by a simplified Jablonski dia-
gram (figure 2.2). In particular, we are interested
in the emissive rate of the fluorophore (Γ) and its
rate of nonradiative decay to S0(knr). The fluo-
rescence quantum yield is the ratio of the number
of photons emitted to the number absorbed. The
processes governed by the rate constants Γ and knr
both depopulate the excited state. The fraction
of fluorophores which decay through emission, and
hence the quantum yield, is given by



Chapter 2 31

Q =
Γ

Γ + knr
(2.3)

We note that the energy yield of fluorescence is always less than unity because of
Stokes’ losses. The lifetime of the excited state is defined by the average time the molecule
spends in the excited state prior to return to the ground state. For the fluorophore
illustrated in figure 2.2, the lifetime is

τ =
1

Γ + knr
(2.4)

One should remember that fluorescence emission is a random process, and few molecules
emit their photons at precisely t = τ . The lifetime is an average value of the time spent
in the excited state. For a single exponential decay, 63% of the molecules have decayed
prior to t = τ and 37% decay at t > τ . An opportunity to control the radiative rates
arises from the interactions of fluorophores with nearby metallic surfaces or particles.
Nearby metal surfaces can respond to the fluorophore oscillating dipole and modify the
rate of emission and the spatial distribution of the radiated energy. The electric field felt
by a fluorophore is affected by the interactions of the incident light with the nearby metal
surface and also by interaction of the fluorophore oscillating dipole with the metal sur-
face (excitation enhancement). Additionally, the fluorophores oscillating dipole induces
a field in the metal (emission enhancement). These interactions can increase or decrease,
depending on distance, the field incident on the fluorophore, its radiative decay rate and
the spatial distribution of the radiated energy.

2.2 Metal Enhanced Fluorescence

Metal surface and particles can have dramatic effects on fluorescence, including lo-
calized excitation, increased quantum yields, increased photostability and increased dis-
tances for resonance energy transfer (RET), and directional emission. Figure 2.3 (top)
shows the classical Jablonski diagram for excitation (E) and emission; in this case the
quantum yield is the same of eq. 2.3. The unique opportunities of metal to modify
fluorescence is due to changes in the rates of excitation and emission. Several effects are
possible. One effect is the so called "lightning rod effect". A metal particle can amplify
the incident light field by interactions of the light with the freely mobile electrons in the
metal. This effect is shown in fig. 2.3 (bottom) by an additional excitation field Em.
Another effect of metals is to increase the radiative decay rate. This is an unusual effect
which is not encountered for fluorophores in the absence of metallic surfaces, for which
the intensities and lifetimes typically increase or decrease in unison. The consequences
of increasing the radiative decay rate Γm can be understood from a modified Jablonski
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diagram which includes the metal-induced radiative rate Γm. If Γm increases, weakly flu-
orescent molecules can become fluorescent while the lifetime decreases, opposite of that
found for decreases in knr. For a fluorophore at an appropriate distance from a metal
surface the quantum yield (Qm) and lifetime (τm) are given by:

Qm =
Γ + Γm

Γ + knr + Γm
(2.5)

τm =
1

Γ + knr + Γm
(2.6)

As the value of Γm increases, the quantum yield increases while the lifetime decreases.
We may observe then a variety of favorable effects due to metal particles, such as increased
fluorescence intensities, increased photostability, and increases distances for FRET. We
refer to these favorable effects as metal-enhanced fluorescence (MEF). The most dramatic
relative changes are found for fluorophores with the lowest quantum yields.

Figure 2.3: Modified Jablonski diagrams which include metal-fluorophore interactions.
The thicker arrows represent increased rates of excitation and emission.

2.3 Two-Photons Excitation (TPE)

2.3.1 Theoretical Basics

From a theoretical stand point, we can talk of TPE processes when one atom or
molecule simultaneously absorb two photons (carrying both the same or different energy)
in the same quantum event[6]. The keyword simultaneously here means within a temporal
windows of 10−16 sec1. It is used to induce emission in fluorescent molecules and in
imaging techniques that allows observation of biological specimens in conditions very close
to their natural environment. From a quantum point of view, during a TPE process, the
electron jumps form an electronic ground state S0 to an excited level S1 passing through

1This quantum process has been hypothesized for the first time by Maria Goppert-Mayer in 1931.
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an intermediate virtual state [7]. The electron with non resonant energy (that means
carrying an energy not equal to any energy separation in the target structure) stays
on the virtual levels only for some10−16s [8] this means that if another photon hits the
molecule within this time window the electron will reach the excited level otherwise it
will fall back down to the ground state S0. This is the reason why, in order to obtain a
TPE absorption, it is necessary to irradiate the sample with a very high photons density
(0.1− 10MW/cm2).

Figure 2.4: OPE vs TPE

In fact, one of the main reason of the
wide spreading of the two-photon excita-
tion microscopy has been the development
of mode-locked lasers that allow the pro-
duction of pulsed laser beams with pulse
width varying from ps to fs. By employ-
ing highly focused pulsed beams, the pho-
ton flux is very high and that implies a
rise in the TPE probability, that in other
conditions would be completely neglegible.
In order to have a practical example, a
molecule with high absorption cross sec-
tions, when exposed to white light, undergoes to about one one-photon excitation every
minute, whereas a TPE event may occurs once in 107 years, on the average.
To summarize the two-photon excitation is made possible by the use of a laser source
emitting very narrow pulses with a peak power as high as possible and by the focaliza-
tion of these pulses on the sample with a high aperture number objective. As briefly
mentioned above the energy of the two photons have the only requirement to be able to
fill up, once summed, the energy gap between the two levels involved in the absorption.
This concept expressed in term of wavelength lead to this condition:

λ1−F ≈
(

1
λA

+
1
λB

)−1

(2.7)

where λ1−F is the wavelength necessary to perform an OPE absorption process [9].
For the sake of experimental simplicity it is useful to have the two photons with the same
energy:

λA = λB ≈ 2λ1−F (2.8)

so that it is possible to have only one light source. TPE is a non-linear process of the
second order and has therefore a quadratic dependence on the instantaneous intensity of
the excitation beam. It is then possible to write the fluorescence rate If as the product of
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the second order cross section δ2 times the square of the excitation intensity: If = δ2I
2.

If we employ a high NA objective the fluorescence rate If is then:

If (t) ≈ δ2I(t)2 ≈ δ2P (t)2

(
π

(NA)2

hcλ

)2

(2.9)

where P(t) is the laser power and NA is the aperture number of the objective used to
observe the sample. It can be useful to define the time-averaged two-photon fluorescence
intensity defined as:

< If (t) >=
1
T

∫ T

0
If (t)2dt (2.10)

As mentioned before, if a TPE fluorescence experiment is performed using a pulsed
laser beam with pulse width τP , repetition rate fP , and average power PAV E = D ·
Ppeak(t), where D = τP fP , the P(t) profile, in a simple but effective approximation, can
be described as:

P (t) =

 Pave
τP fP

, per 0 < t < τP

0, per τP < t < 1
fP

Equation 2.10, when integrated in the time interval in which P(t) is nonzero becomes:

< If,P (t) >= δ2
P 2
ave

τ2
P f

2
P

[
π(NA)2

hcλ

]2 1
T

∫ τP

0
dt = δ2

P 2
ave

τP fP

[
π(NA)2

hcλ

]2

(2.11)

The conclusion that can be drawn here is that continuous wave (CW) and pulsed
lasers operate at the same excitation efficiency if the average power of the CW laser is
kept higher by a factor of (τP fP )−1/22. This leads to the commonly used relationship
for pulsed beam focused on the sample through an high-numerical aperture objective.
In this case the probability na for a generic chromophore to absorb simultaneously two
photons during the same quantum event is:

na ∝
δ2P

2
ave

τP f2
P

(
(NA)2

2~cλ

)2

(2.12)

From this last relationship it follows that for optimal fluorescence generation, the
desirable repetition rate of pulses should be of the order of a typical excited-state lifetime,
which is a few nanoseconds for many of the fluorescent molecules used in fluorescence
imaging. In practice, this is what sets the suitable repetition rate at around 100 MHz.

2This means that 10 W delivered by a CW laser becomes nearly equivalent to 30 mW for a pulsed
laser.
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The laser source used during this work had a pulses repetition rate of 80MHz. The other
condition for the validity of equation 2.12 is that the probability for each fluorophore to
be excited during a simple pulse has to be less than unity: that means saturation effects
are not taken into account. The reason for this lies in the observation that there is a
probability for the excited molecule not to have enough time to relax to the ground state.
And this can be considered a prerequisite for absorption of another photon pair. The
use of equation 2.12 allows one to choose optical and lasers parameters that maximize
excitation efficiency without saturation.

Figure 2.5: Profile of pulsed laser

2.3.2 One-photon and two-photon excitation Point Spread Functions

The three dimensional image plane distribution of the light collected from a point
source in the focal plane, called Point Spread Function (PSF), is given by[10]:

h(u, v) = −i2πnsin
2(α)

λ
exp

(
iu

sin2(α)

)∫ 1

0
J0(vρ)e

iuρ2

2 ρdρ (2.13)

where λ is the light wavelength, n is the refractive index, N.A. = nsin(α) is the
numerical aperture of the objective lens, J0 is the zeroth order Bessel function and v and
u are normalized optical coordinates defined respectively as:

v =
2πnrsin(α)

λ

u =
2πnzsin2(α)

λ
(2.14)

where r =
√
x2 + y2 is the distance from the z axis taken as the optical axis. Therefore

the intensity PSF for one-photon excitation is:

PSFOPE(u, v) = |h(u, v)|2 = h(u, v)h∗(u, v) (2.15)

One-photon excitation does not provide optical sectioning capabilities since the total
power released per cross-section of the laser beam along the optical axis is constant as
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can be verified from equation 2.15. On the other hand, TPE is axially confined since its
intensity PSF[11] is the square of equation 2.15:

PSFTPE(u, v) = |PSFOPE(u, v)|2 (2.16)

Therefore at fixed u, the integral over v assumes a half bell shape[12] (see figure 2.6)

Figure 2.6: Axial confinement of two-photon excitation PSF

More precisely the excitation rate (proportional to PSFTPE) falls off as the fourth
power of the distance from the focal plane. The TPE excited volume can be calculated
by approximating the PSFTPE as a three-dimensional Gaussian volume. This is not a
volume with distinct walls but rather one based on averaging the TPE potential over all
space. Integrating over all space the three-dimensional Gaussian yields:

VTPE = π3/2ω2
xyωz (2.17)

where ωxy and ωz are calculated as:

ωxy =


0.320λ√

2NA
, if NA ≤ 0.7

0.325λ√
2NA0.91

, if NA > 0.7

ωz =
0.532λ√

2

[
1

n−
√
n2 −NA2

]
(2.18)

For example, the effective two-photon excitation volume for a 1.2 NA lens[13] at λ=
900 nm, Vexc is ≈ 0.113 µm3.

2.3.3 OPE versus TPE

For optical sectioning, i.e. for microscopy applications, the most important con-
sequence of two-photon excitation, TPE, or non-linear excitation in general, is the fact
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that the molecular excitation is limited to a sub-femtoliter region around the focal plane.
While in one-photon excitation, OPE, the excitation volume is not confined in the focal
plane (see figure 2.7).

Figure 2.7: Excited volumes by two
photon laser source of λ = 760 nm
(upper) and by one photon laser
source λ = 380 nm (lower) in flu-
orescein solution.

For OPE the optical sectioning is obtained by
spatial filtering the emission in front of the detec-
tor in the so called confocal detection scheme. The
rejection of out of focus plane is achieved by plac-
ing a screen with a pinhole in front of the detector.
The focal point of the objective lens forms an im-
age onto the pinhole screen: the specimen plane
and the pinhole screen are conjugate planes (and
hence the name confocal). The ability of a confocal
microscope to create sharp optical sections makes
it possible to build 3D renditions of the specimen.
One drawback, using a lamp source, with imaging a
point onto the specimen is that there are fewer emit-
ted photons to collect at any given instant. Thus,
to avoid building a noisy image each point must be
illuminated for a long time to collect enough light to make an accurate measurement. In
turn, this increases the length of time needed to create a point-by-point image. The solu-
tion is to use a light source of very high intensity. The modern choice is a laser light source,
which has the additional benefit of being available in a wide range of wavelengths[14].
Unfortunately, fluorescence emission has not an infinite duration: molecules can undergo
photobleaching. The phenomenon of photobleaching occurs when a fluorophore perma-
nently loses the ability to fluoresce due to photon-induced chemical damage and covalent
modification. Upon transition from an excited singlet state to the excited triplet state,
fluorophores may interact with another molecule or with light to produce irreversible
covalent modifications. The triplet state is relatively long-lived with respect to the sin-
glet state, thus allowing excited molecules more time to undergo chemical reactions with
reactive components in the environment. The average number of excitation and emission
cycles that occur for a particular fluorophore before photobleaching is dependent upon
the molecular structure and the local environment. The excitation power released per
plane is independent of the focusing plane position along the optical axis. Thus, the main
drawback of OPE confocal microscopy is the photobleaching of molecules in out of focus
planes: when the focal plane moves to their plane they are no longer fluorescent. Since
TPE requires the molecule to interact simultaneously with two photons (within 10−16

s), a high flux of photons (1024 photons cm−2s−1) is needed at the focal plane. Only in
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the Ô90s, the development of mode-locked laser sources, that provide high peak power
femtosecond pulses with a repetition rate of ≈ 100MHz and the introduction of high
efficiency detectors (cooled photo-multiplier tubes, or single photon avalanche diodes),
allowed laser scanning microscopy to take full advantage of TPE. Non-linear excitation,
in fact, offers a series of unique features that make TPE very suitable for many applica-
tions. First, the two-photon absorption bands of the dyes commonly used in biological
studies are wider than their one-photon analogous allowing the simultaneous excitation
of multiple fluorophores with a single excitation wavelength. Second, the excitation light
beam has a high penetration depth because IR radiation allows to penetrate deeper in-
side the tissues than in the conventional OPE excitation, in fact the longer wavelength
employed in TPE are less affected by scattering. The scattering is the deflection of the
light rays away from their original direction. Its angular distribution depends on the
refractive index inhomogeneities, objects size and beam wavelength. For small objects in
homogeneous media the scattering angular distribution is described by Rayleigh’s law:
it is isotropic and strongly ?-dependent ∝ λ−4 (for dipoles) ≈ λ−2 (for larger scatterer).
Third, excitation takes place only at the plane of focus, due to the scaling of the prob-
ability of simultaneous photon absorption with the square of the light intensity. As a
consequence TPE avoids the simultaneous absorption of photons outside the specimen
drastically reducing both photo-toxicity and fluorophore bleaching. Moreover the fact
that excitation, and therefore emission, take place only in a tiny well defined volume,
makes unnecessary to place a pin-hole aperture in front of the detectors for the purpose
of rejecting the signal arising from out of focus region. This latter fact simplifes the
optical set-up and reflects also in a reduction of the background noise.

2.4 Optical pathway

In Figure 2.8 is reported an overview of the two-photon excitation setup used to
perform FCS, time-domain lifetime measurements and spectra using nano-molar concen-
tration. It is based on a mode-locked Ti:Sapphire laser (Tsunami 3960, Spectra Physics,
CA) pumped by a solid state laser at 532 nm (Millennia V, Spectra Physics) coupled
to a Nikon (Japan) TE300 inverted microscope. The laser provides 280 fs pulses on the
sample plane at a repetition frequency of 80 MHz in the range of 700 - 1000 nm. Mirrors
and beam steering are used to direct light to the back door of the microscope. Here, the
fluorescence signal is collected by the objective (Plan Apochromat 60 X water, NA =
1.2, Nikon, Japan), is separated from the excitation beam by the dichroic mirror to be
detected by a CCD camera (spectra measurements) or APDs. Except for spectra mea-
surements, light is further selected by emission filters and split by a non-polarizing 50
% cube splitter to perform cross correlation functions. The minima values of the radial
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and axial FHWM of the microscope point spread function (PSF) are 240 ± 40 nm and
780 ± 50 nm, respectively, at a wavelength of 800 nm. With the introduction of a beam
expander on the optical pathway, it is possible to change the excitation volume reducing
the laser beam diameter at the entrance pupil of the objective lens. Typical excitation
volume employed in this work ranges 0.5 to 0.8 µm3. Fluorescence signals and auto-
correlation functions are acquired by an ALV5000E (ALV, Langen, D) board and then
analyzed by means of the non least-squares routine of the Origin 7.0 software (OriginLab
Inc., Northampton, MA).

(a) 1) Tsunami, 2) Gray filter, 3) Beam
Expander, 4) Pin-hole, 5) Photodiode, 6)
Beam stearing.

(b) 1) Microscope, 2) Spectral camera, 3)
SPAD, 4) Grin Lens, 5) RF source.

Figure 2.8: Schematic representation of the experimental setup.

The RF source and Grin Lens (figure 2.8) required for the measurements with mag-
netic nanoparticles will be described later (Chapter 5).
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Chapter 3

Hybrid FITC-Gold Nanosensor for
protein detection

questa sera spirerá...sotto i pini
del boschetto

L. Da Ponte, Le Nozze di Figaro
W. A. Mozart

Immunological methods have a large impact on tumor treatment. For example
the detection, through the use of specific antibodies, of protein (receptors) over-
expressed on malignant cells is a good candidate to recognize very small tumors.
Recent statistical data that indicate that micro-metastasis detected and treated at

early stages correspond to a better patient prognosis[1], have motivated a large interest in
the detection of cancers based on traces of tumor markers. Immuno-targeting is possible
due to a number of receptors that are slightly more specifically expressed by some cancer
cells. For example, epithelial precancers express EGFR receptor[2] and LNCaP prostate
cancer cells over-express the Her-2/neu receptor[3] while B16 melanoma cells have some
definite over-expression of the TRP1 receptor[4].Immune recognition has been coupled
to a variety of optical detection methods: changes in the optical response of thin gold
layers[5] or in the fluorescence signal from antibody functionalized surface by total in-
ternal reflection methods[6], or colorimetric assays based on immuno-driven aggregation
of gold colloids[7]. The sensitivity reached by these methods is of the order of 1 pM[8]
and the in vitro selectivity depends on the availability of monoclonal antibodies for the
specific protein or protein mutant. The selectivity for the malignant cell line, instead,
depends on the relative abundance of the receptor on the malignant cells with respect to
the healthy ones. This difference is unfortunately not very large and its estimate is not
straight forward[9].

43
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Biotechnology is pushing the minimum amount of detectable material toward lower and
lower values. The limiting values of detection depend on the experimental method, and
they are of the order of 1-10 pM that, for a 60 000 Da molecular weight protein, cor-
respond to about 6-60 ng/L. One of the best known detection methods is the so-called
surface plasmon resonance (SPR) assay. This method is based on the change of the
position of the plasmonic band induced by the binding of a biomolecule to a comple-
mentary molecule attached to the surface of a thin gold layer. The shift is measured by
detecting the angular dependence of the reflectivity of the thin gold layer. The sensi-
tivity in the concentration measurement is related to the amplitude of the shift of the
reflectivity minimum. It has been also shown that gold NPs coverage of the SPR chip
enhances the detection sensitivity. Recently it has been suggested that biorecognition
on the surface of gold and silver NPs can provide large sensitivity, also depending on
the NPs form anisotropy. Gold or silver nanoparticles, 5 - 20 nm in size, are endowed
with a characteristic extinction spectrum that lies in the visible near infrared region of
the electromagnetic spectrum. We have studied the interaction of gold nanoparticles a
few nanometers in size with fluorophores and exploit the changes of the dye excited-state
lifetime and brightness induced by our interaction in solution under physiological con-
ditions. We have investigated the system based on 5 and 10 nm gold NPs coupled (via
a biotin-streptavidin linker) to a fluorophore (FITC) and to a specific protein antibody.
The binding of protein to the gold NPs through antigen-antibody recognition modifies
the dye excited-state lifetime, which change can then be used to measure the protein
concentration. In particular, we have tested the nanodevice measuring the change of the
fluorophore excited-state lifetime after the binding of the model protein bovine serum al-
bumine (BSA) and p53 protein, a marker for early cancer diagnosis and prognosis (both
in standard solution and in total cell extracts).

3.1 p53: the guardian of the genoma

The history of cancer brings us back some thousands years B.C. to Egypt where
the first descriptions of what we today call cancer, were recorded on papyri. About
2000 years later the name of carcinoma from karkinos (the Greek name for crab) was
implemented by Hippocrates, (460 - 370 B.C.) after his observations where he noticed
that blood vessels around a malignant tumor looked like the claws of a crab. Today,
cancer is a general term whose definition can be shortened to the pathology related to
abnormal and uncontrolled cell growth. The disease is divided in four major groups,
carcinomas, sarcomas, lymphomas and leukemias which are themselves subdivided into
subgroups leading to a total of over 200 types of cancers. Even if they all share the
same definition, there is a wide range of variations between them in their origins and



Chapter 3 45

causes, their symptoms and their treatments. Cancer has become one of the leading
causes of death in the world after cardio-vascular related diseases. In the year 2002,
there were 10.9 million new cases, 6.7 million deaths and 24.8 million persons living
with cancer. Although epidemiological evidence has shown a causative link between
genetic predisposition, tobacco consumption, diet, sexual habits, environmental exposure
or viral infection, cancer can affect all human beings independently of social rank, ethnic
background, education level or geographic location as illustrated in figure 3.1.

Figure 3.1: World map of the age standardized (A) incidence and (B) mortality rate
per 100,000 males of all cancer sites but non-melanoma skin, the GLOBOCAN database
2002, WHO, IARC (http://www-dep.iarc.fr/)

The development of cancer, carcinogenesis, is a long and complex accumulation of
genetic and epigenetic alterations. It can take years to decades from the first hit to the
development of a tumor. There are six major cellular functions governing cell prolifera-
tion and homeostasis that need to be acquired by the cells in order to become malignant.
These acquired capabilities are insensitivity to growth-inhibitory signals, autosufficiency
with growth signals, evasion from apoptosis, limitless replication, sustained angiogenesis
and tissue invasion. Alterations leading to these phenotypes are genetic, including point
mutation, deletion, chromosomal translocation and gene amplification, as well as epige-
netic including DNA hypermethylation and histone modification. They generally lead to
the activation of proto-oncogenes to oncogenes (K-ras, src, c-myc) and/or to the inacti-
vation of tumor suppressor genes (p53, Rb, APC). As genetic alterations of these genes
occurs, they confer to the cells a growth or survival advantage. They can then expand
as they proliferate more than their normal neighbors. According to both theories, cancer
appears as a multistep process of accumulation of alterations on specific genes leading to
clonal expansions and tumor formation.

3.1.1 The History

During the 1960s and 70s when studies on tumor viruses and oncogenes was the
focus of many cancer researchers, several groups reported about the existence of a cellu-
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lar protein that was overexpressed in many tumors. This protein, with an approximate
molecular weight of 53 kDa was termed p53 (protein p53). In one of the first studies,
p53 was identified in complex with the simian virus 40 (SV40) large-T oncoprotein in
SV40-transformed cells. Subsequently, p53 was shown to bind several other oncoproteins
produced by different tumor viruses, including the human papillomavirus (HPV) E6 pro-
tein and the adenovirus E1B 55K protein. The ability of p53 in cooperation with ras,
a well known oncogene to transform rat embryo fibroblasts further confirmed the "onco-
genic" property of p53. Together these findings led to the conclusion that p53 may be
a novel cellular oncogene whose overexpression associated with cellular transformation
when coexpressed with viral oncoproteins and mutant Ras.
Overexpressed p53 in tumors was later shown to be a result of accumulation of mutant
p53 and missense mutations in the p53 gene indeed conferred strong transforming poten-
tial. Also the originally cloned p53 cDNAs used in the early studies contained dominant
negative missense mutations within a region important for the biological activity of wild
type (wt) p53 protein. The idea of p53 as an oncogene was in transition and the wt p53
was instead considered a key tumor suppressor. Furthermore, binding of p53 to the viral
oncoproteins was shown to cause inactivation or degradation of p53. These oncoproteins
through complex formation with p53 abrogated p53 transactivation function, an activity
that was later found to be essential for its role in tumor suppression. Other observation
that further strengthened this new view of p53 was that certain cellular stresses such
as DNA-damage caused by UV-irradiation or chemicals increased the cellular level of wt
p53 in non-transformed mouse cells. Such genotoxic agents are known to act in a cyto-
static manner, forcing cells to either arrest their progression through cell cycle or trigger
activation of cell suicide program.

3.1.2 p53 the Gatekeeper

The most important due on p53 function as a tumor suppressor emerged from the
findings that p53 deficient mice are susceptible to spontaneous tumorigenesis. p53 null
mice, although develop normally, show high incidence of sarcomas and lymphomas at
an early age. Another crucial piece of evidence came from the observation that patients
with the cancer-prone Li-Fraumeni syndrome, an inherited susceptibility disorder, carry a
gremlin mutation in the p53 allele. These patients have an increased risk of developing a
variety of cancers including soft tissue sarcoma, tumors of breast, bone, brain and bladder.
Subsequently, mutations in the p53 locus have been identified in nearly half of all human
tumors. It is well established that the tumor suppressor p53 is a loyal cellular watchman
in charge of ensuring the maintenance of the cellular household in order. The level of p53
in normal cells is tightly controlled by its major inhibitor MDM2 that binds and targets
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p53 for cytoplasmic shuttling and degradation. When the genomic integrity of a cell is
threatened by metabolic or genetic disorder such as oncogene activation, DNA-damage,
nutrient deprivation and hypoxia, latent p53 is stabilized and transformed into an active
form. Upon activation it triggers a wide range of cellular responses depending on the type
of cell and stress. These processes include cell cycle arrest, DNA-repair, programmed cell
death (apoptosis), differentiation, senescence, inhibition of angiogenesis and metastasis
and possibly other unknown cellular responses (figure 3.2). Cell cycle arrest and apoptosis
are the two most studied p53-mediated cellular responses that reflect the choice of p53
leading to a cell’s ultimate fate, life or death.

Figure 3.2: p53 activating signals and its downstream cellular responses

How does p53 function? The molecular functions of p53 have been a subject of
intensive research over the past 25 years. The first activity to be depicted was p53 ability
to bind DNA in a sequence specific manner through its central core domain. When fused
to a DNA-binding polypeptide GAL4, p53 mediates transcriptional activation function.
These groundbreaking findings laid the foundation for the future characterization of the
major p53 function, the transcriptional regulation of target genes. Numerous targets of
p53 that participate in various cellular processes have been identified and actions of these
targets ultimately decide the final destiny of a cell in stress. Recent data suggest that
p53 can induce apoptosis directly at the mitochondria and indeed, the tumor suppressive
function of p53 also comprises transcriptional independent mechanism which is a growing
field of research today.

3.1.3 The protein structure

The p53 gene is located on the short arm of the chromosome 17 at the locus 17p13.
The genomic sequence is transcripted into a mRNA transcript composed of 11 exons
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but whose first exon is non-coding. mRNA is then processed and translated into a 393
amino acid nuclear protein conserved throughout evolution. Based on structural and
functional analysis, p53 is subdivided in 5 domains, the transactivation domain at the
N-terminus, the proline rich domain, the DNA binding domain, also called core domain,
the oligomerization domain followed by the nuclear localization signals at the C-terminus
(figure 3.3). Each domain has a specific function.

Figure 3.3: Schematic representation of the p53 protein. The protein is made of 5 do-
mains, both C- and N-termini are prone to post translational modifications as indicated.
The majority of p53 mutations are clustered in the DNA binding domain. The so called
hot spot mutants are illustrated with bar indicating the frequency of reported mutations.

The transactivation domain, located between amino acids 20-60, is split into two
smaller sub- domains both required for full p53 transactivation activity. p53 negative
regulator, MDM2 or viral proteins such as E1B 55K can bind this domain repress-
ing p53 transcription activity. Next the proline-rich domain made of the five repeats
PXXP has been shown to be implicated in the p53-dependent apoptosis. In the cen-
tral part of the protein, the DNA binding domain stretched between amino acids 100-
300. This domain binds to the p53 consensus DNA sequences which consist of two
PuPuPuC(A/T)(A/T)GPyPyPy palindromes separated by a 0 to 21 base pair spacers,
where Pu is a purine and Py is a pyrimidine. Through its binding p53 can transactivate
or transrepress specific genes containing a consensus p53 response element. The structure
of the core domain is made of 3 loops. The first loop binds the major groove of the DNA
strand and the second loop binds its minor groove. The third loop stabilizes the second
loop. This structure is maintained by a zinc ion which binds to the core cysteine residues
Cys176, Cys 238 and Cys242, and the histidine His179. A total of 10 cysteines residues
are localized in the DNA binding domain. Interestingly the majority of p53 mutations
tend to be clustered within the DNA binding domain and tend to result in a loss of p53
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DNA binding and transactivation potential. The oligomerization domain is located at the
C-terminus, between amino acids 320-360. It is involved in the formation of dimers and
tetramers which are dimers of dimers. Upon stabilization p53 monomers form tetramers
leading consequently to a higher p53 affinity to bind DNA and thus transactivation of
downstream target genes.

Figure 3.4: Dimeric form of p53 in-
teracting with DNA.

The last 30 amino acids, also called the basic
domain, contain two nuclear localization signals.
This last part of the C-terminus is a negative reg-
ulator of DNA binding. Post translational modifi-
cations of this terminus increase p53 stability and
transactivation activity. Interestingly in response
to DNA damage, Ser315 and Ser392 are phospho-
rylated, Lys320, 373 and 382 are acetylated, and
Lys386 is sumoylated. Overall following stress,
both termini are highly post-translationnaly modi-
fied as reviewed by Appella & Anderson. While the
N-terminus is more prone to phosphorylation, the
C-terminus is subject to more diverse modifications.

3.1.4 p53 Regulation

When activated p53 has the ability to determine between life and death of a cell by in-
ducing cell cycle arrest or apoptosis. Therefore, in normal undamaged cells it is extremely
important to keep it under strict control to avoid unnecessary killing by unleashed p53.
The protein half time is about 30 minutes. Regulation of p53 occurs at both mRNA and
protein levels, although most published data deals with protein regulation. Upon cellular
stresses p53 due to oncogenic stress, hypoxia or UV irradiation, p53 is stabilized mainly
via post-translational modifications, such as phosphorylation, acetylation, ubiquitination
and glycosylation. One of the major players protein in p53 regulation is MDM2, however
other proteins can also, directly or indirectly, affect p53 stability and thus activity. It
includes MDMX, JNK1, ARF, and the more recently identified Pirh2 and COP1.

Stabilisation

MDM2, in humans also referred to as HDM2, plays the most central role in p53 regula-
tion. Originally identified as overexpressed in a large proportion of sarcomas, MDM2 was
demonstrated to co-purify and interact with p53 in vitro. Subsequent analysis showed
that MDM2 binds to the N-terminal (aa residues 17-27) part a region containing several
phosphorylation sites of p53 and inhibits p53-dependent transcription. MDM2 functions
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as an E3 ligase, the final component of the enzyme cascade that leads to the conjugation
of ubiquitin to their substrate proteins and the following degradation by the proteosome.
It binds and ubiquitinates p53 already in the nucleus and shuttles it to the cytoplasm
where proteosome-mediated degradation takes place. MDM2 also contributes to its own
degradation as it can auto ubiquitinate itself. The promoter of MDM2 gene carries
a p53-binding motif and is transcribed in a p53-dependent manner. Thus, high lev-
els of MDM2 by increased p53 activity generate an autoregulatory loop that leads to
rapid turnover of the p53 protein, allowing induced p53 to act during a short time win-
dow before it is withdrawn to its normal cellular levels. The critical role of MDM2 for
p53 regulation is further supported by the rescue of the embryonic lethal phenotype of
MDM2 null mice through elimination of p53. Furthermore, two other ubiquitin ligases,
COP1 and Pirh-1 independently of each other form autoregulatory loop by promoting
p53 degradation. Clearly, inhibition of MDM2 is a prerequisite for p53 stabilization which
is accomplished by various independent pathways. Upon DNA damage one of the key
p53 stabilization process involve phosphorylation of p53 by its upstream DNA-damage-
induced kinases. The checkpoint kinases Chk1 and Chk2 phosphorylate p53 at several
DNA-damage-inducible sites. More specifically phosphorylation of p53 on Ser20 by Chk2
counteracts MDM2-p53 binding to stabilize p53 after DNA damage. It was later shown
that Ckh2 is dispensable for p53-dependent G1 arrest but is required for p53-mediated
apoptosis. ATM, a further upstream kinase and a sensor of double-stranded DNA breaks
causes phosphorylation of p53 on Ser15 after IR-induced DNA-damage and this phospho-
rylation although not essential contributes to efficient p53 stabilization and activation.
Interruption of MDM2-p53 interaction is also achieved by phosphorylation of MDM2.
The non receptor tyrosine kinase, c-Abl positively regulates p53 by targeting MDM2.
It phosphorylates MDM2 on Tyr394 in vivo and inhibits MDM2-mediated degradation
of p53 and thereby promotes p53 accumulation and p53-induced cell death upon DNA
damage.

Activation

Several forms of stress can lead to DNA damage and consequently p53 activation such
as genotoxic chemicals such as cisplatin, UV radiation, shortening of telomeres, ROS (re-
active oxygen species), ionizing radiation. p53 can also be activated by non genotoxic
stress such as oncogenic stress caused by over activity of a proto-oncogene as for example
the amplification of the proto-oncogene c-myc which leads to DNA damage by inducing
ROS. Following stress p53 is stabilized and protein accumulates due to a longer halt life
and to an increase rate of translation while mRNA level does not change. The activation
of p53 is also modulated by phosphorylation events mediated by effector protein kinases.
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DNA-PK belongs to PI3-kinase family and is activated following DNA strand breaks as
the ones induced by ionizing radiation. Moreover DNA-PK phosphorylate Ser15 in the
N-terminus of p53. As expected exposing cells to ionizing radiation leads not only to an
increase of p53 level but also to Ser15 phosphorylation. The stabilization of p53 can be
explained by the phosphorylation which disrupts p53-MDM2 interaction, as the amount
of MDM2 protein coimmunoprecipitated with p53 protein strongly decreased upon phos-
phorylation by DNA-PK . However DNA-PK is not required for p53 response following
DNA damage as shown in DNA-PK deficient MEF cells which upon ionizing radiation still
had p53 accumulation, Ser15 phosphorylation and p53 DNA binding. Another member
of the PI3-kinase family, ATM can also phosphorylate Ser15 following ionizing radia-
tion. However phosphorylation of this residue following UV radiation was not induced
by ATM, but by ATR 66. Moreover ATM activates downstream Chk2 kinase, and ATR
activates downstream Chk1 kinase, in both cases resulting in Ser20 phosphorylation and
p53 stabilization. However when mutating the murine Ser23 to Ala23 (equivalent to
human Ser20), it did not prevent p53 accumulation nor p21 and MDM2 upregulation,
suggesting that Ser20 is not required for p53 stabilization. Phosphorylation of Thr18
is also induced by DNA damage, and is known to be responsible for the disruption of
the MDM2-p53 interaction. However the responsible kinase is not known, but casein
kinase I has been suggested as a candidate by in vitro study using recombinant proteins.
However inhibing phosphorylation of Ser15 prevent phosphorylation of Thr18 by casein
kinase I. Stabilization of p53 may be achieved via modifications of other proteins as well.
Phosphorylation of MDM2 at Ser395 by ATM inhibits the binding of MDM2 to p53. Be-
side phosphorylation, dephosphorylation can happen also in a ATM-dependent manner.
Indeed Ser376 is dephosphorylated after ionizing radiation, creating a binding site for
14-3-3 which has been shown to activate p53 DNA binding activity. As discussed later,
activity of p53 can also be regulated by its interaction with other proteins such as the
ASPP1 and 2, p300, and the two other members of the p53 family p63 and p73.

Cellular Localization

Nuclear import and export of p53 is a tightly controlled process. Nuclear localization
is required for p53-mediated transcriptional regulation. p53 contains three nuclear local-
ization signals (NLS) that upon stimuli enable its nuclear import whereas nuclear export
of p53 is mediated by two nuclear export signals (NES). However, efficient nuclear export
of p53 to the cytoplasm requires the ubiquitin ligase function of MDM2. Mutations of the
lysine residues in the C-terminus, where MDM2-mediated ubiquitination of p53 occurs,
abrogate MDM2-directed nuclear export. This is possibly due to the exposure or acti-
vation of the nuclear export sequence of p53 caused by MDM2-mediated ubiquitination
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which affects p53 oligomerization state. Nuclear export of p53 is necessary for efficient
p53 degradation. Loss of p53 function in some tumor types such as in neuroblastomas
carriyng wt p53 is coupled with its failure to accumulate in the nucleus. The observed
nuclear exclusion may be an effect of hyperactive MDM2 or the activity of glucocorticoid
receptors (GR). The latter involves complex formation between p53 and GR, resulting in
cytoplasmic sequestration of both p53 and GR. Dissociation of this complex by GR antag-
onists, results in accumulation of p53 in the nucleus, activation of p53-responsive genes,
growth arrest and apoptosis. Other proteins that directly or indirectly effect p53 nuclear
import/export are importin-α, PI3/Akt, p14ARF, Pacr, actin, vimentin and mot2.

3.1.5 p53 in cancer - loss and consequences

The p53 function is disrupted by mutations, in about 50 % of all sporadic human
tumors and in the other half the p53 protein is inactivated by various cellular and viral
antagonists, including MDM2. in fact, p53 mutation is the most frequent genetic event
found in a broad range of human tumors to date including cancers of the ovary (48%),
stomach (45%), colon (43%), esophagus (43%), lung (38%), and breast (25%)

Figure 3.5: Frequency of mutant p53 allelels in human
tumor cell genomes as recorded in the IARC database,
2006. (http://www-p53.iarc.fr/P53main.html).

Unlike other tumor suppres-
sor genes that are inactivated by
truncation or deletion of their
gene more than 80% of p53 al-
terations are caused by missense
point mutations that result in full
length stable p53 levels. There-
fore, high expression of mutant
p53 is often detected in human
tumors. In tumors, p53 muta-
tions are distributed in all coding
exons, however with a strong pre-
dominance in exons 5-8, encoding
the DNA-binding domain. Mu-
tation of p53 typically occurs in
one allele whereas the other one
is often lost by loss of heterozygosity (LOH). Some mutants exhibit dominant-negative
activity that disrupts the p53 function produced by the wt allele through hetero-
oligomerization of mutant p53 with the wt p53. Mutant p53 is capable of activating
alternate subset of promoters such as of c-myc oncogene and MDR1 induction of these
genes facilitates cell proliferation and multiple drug resistance respectively. Mutant p53



Chapter 3 53

also interacts with transcriptional co-activators including p300 and CBP to promote
deregulated gene expression. Thus, human tumors favor selection for accumulation of
p53 mutations bestowing growth advantage properties by mutant p53 to endorse tumor
progression.
Most of the point mutations (90%) occur in the hot spot region (as residues 110 - 290),
targeting the sequence-specific DNA-binding core domain and thereby rendering p53
transcriptionally inactive. The p53 mutations can be divided into two groups. Group
I mutations e.g. codon R248, the most frequently occurring mutation in tumors, affect
DNA-binding of p53 but generate a protein with wt conformation. The second group of
mutations e.g. codon R175 produces a protein with altered conformation conferring more
severe phenotype in vitro. As mentioned earlier in half of the tumors p53 inactivation
occurs via non-mutational mechanism (i.e. in the p53 gene). Instead, the p53 pathway
is disrupted either through inactivation of p53 protein by its antagonizers or via disrup-
tion of its upstream regulators. Overexpression of the p53 negative regulator MDM2,
through gene amplification is a common strategy that appears in a variety of tumors.
Deregulated expression of MDM2 leads to continuous degradation of p53 rendering the
cell with p53 null condition. Disruption of the p53-MDM2 complex is the critical step for
activation of p53 during stress. The upstream kinase such as the DNA-damage-induced
protein kinase, ATM in the human disease ataxia-telangiectasia (AT), renders p53 un-
phosphorylated at Ser15, Ser20 and MDM2 at Ser395 and thus abrogating IR-induced
p53 activation. The AT-patients show multiple abnormalities including increased risk for
lymphomas, Chk2, another DNA-damage-checkpoint kinase and a major effector of ATM
also phosphorylates p53 at Ser20 upon γ-irradiation and enhances apoptotic response.

3.1.6 Choice of Response - Life or Death

When a cell faces cancer threats p53 gets activated to elicit a response that either
repairs the damage and keeps the cell halted but alive or eliminates the damaged cell
from the system. An obvious question is how p53 makes the decision between life and
death. This choice is primarily dependent on the balance between the availability of
cellular factors as well as the extracellular signaling events. Firstly, the type of stress
versus the extent of damage that triggers p53 is an important factor since the damage
caused by it dictates whether or not it is worth repairing the injury. If the damage is
too extensive apoptotic response might be the preferred choice. In addition, the survival
signals such as high levels of secreted growth factors, cell-matrix interactions conferring
anti-apoptotic features render cells resistant to apoptosis. In these cells p53 activation
may facilitate transient or irreversible termination of cell cycle. Secondly, the intracellu-
lar molecular events, that in various ways affect p53 and thus also determine the outcome
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of its effects. This includes the availability and activity of p53 regulators, positive and
negative. The genetic alterations, characteristics of a cancer cells are potential modula-
tors of p53-mediated responses. Hence, the specific genotype of a cancer cell governs the
biological consequence of p53 activation.
p53 is primarily a sequence-specific transcription factor and the proteins encoded by its
target genes contribute to the biological outcome of p53 induction. However, transcrip-
tion independent function of p53 also has substantial impact on its effects. The choice
between life and death will ultimately depend on its ability to preferentially switch on or
off particular subsets of genes, i.e. cell cycle inhibitory genes or pro-apoptotic genes. The
first studies separating the two functions of p53 i.e. activation of cell cycle arrest genes
and pro-apoptotic genes came from the analysis of tumor-derived p53 mutants capable
of activation of p21 promoter and G1 arrest but not of BAX or IGF-BP3. These apop-
tosis deficient mutants with slight conformational changes can interact with high affinity
binding sites but are unable to bind lower affinity motifs present in pro-apoptosis genes.
This model has been supported by others confirming the presence of high or low affinity
binding sites in different p53 target gene promoters. Furthermore, earlier work demon-
strated differential binding affinity of p53 by the observation that low levels of p53 induces
cell cycle arrest but higher levels or DNA-damage-induced p53 triggers apoptosis. Many
other molecular mechanisms participate in p53 target gene selectivity. Post-translational
modification of p53 has been shown to affect promoter selectivity by p53. The selective
DNA binding caused by covalent modifications is possibly a result of changes in p53
conformation altering its DNA binding specificity. Recent data suggests that the E2F1
transcription factor, in the absence of mouse p19ARF, can induce phosphorylations of
p53 at multiple sites with striking similarity as observed upon DNA damage. These p53
modifications were shown to be crucial for E2F1-mediated apoptosis. An example of a
modifier that favors p53-mediated apoptosis without inducing covalent modifications of
p53 is the p300 coactivator JMY, which during stress interacts with p300 and is recruited
to activated p53 to conduct transactivation of BAX and induction of apoptosis.
Although most work has identified pro-apoptotic modulators of p53, factors that direct
p53 selectivity to growth inhibitory, DNA repair or anti-apoptotic genes also have been
identified. The WT-1 tumor suppressor has been shown to stabilize and lead p53 towards
cell cycle arrest but inhibit p53-mediated apoptosis. Likewise, the BRCA1 tumor sup-
pressor can shift p53-mediated transcriptional response en route for cell cycle arrest and
DNA repair. In contrast upon DNA-damage p53 can switch to apoptotic response by
downregulating BRCA1. The corepressor mSin3a and histone deacetylases play an im-
portant role in repression of several p53-downregulated targets and p53-mSin3a-mediated
transrepression has been shown to trigger apoptosis. Presence of mSin3a in cells overex-
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pressing p53-repressed proteins can facilitate the apoptotic response by assisting p53 to
downregulate these targets. The RB tumor suppressor can enter the MDM2-p53 complex
and prevent p53 degradation. Formation of this trimeric complex contributes to regained
repression function by p53 and increased apoptosis but no effect on its transcriptional
activation function (figure 3.6).

Figure 3.6: Decision making by p53. The coactivator and corepressor proteins as well as
posttranslational modifications of p53 dictate the choice between life and death decision
by p53.

Evidence suggests that ER (endoplasmic reticulum) stress caused by protein mis-
folding can induce p53-mediated cell cycle arrest involving MDM2. ER stress enhances
interaction between MDM2 and ribosomal proteins inhibiting MDM2-mediated ubiqui-
tination and degradation of p53. The role of p21 seems to be important for p53-induced
cell cycle arrest by ER. The p53 family members, p63 and p73 are also contributors to
the choice of apoptotic response. p53 needs at least one of its relatives for activation of
apoptotic genes upon DNA damage. In the p63/p73 double knockouts, p53 fails to bind
the promoters of specific apoptotic genes. The significance of this finding is currently
unknown as wt p53 does not interact with p63 or p73 suggesting an indirect mechanism
of this cooperative action.

3.1.7 p53 functions

p53 exerts its various cellular functions by transcriptional-dependent and indepen-
dent pathways. The transactivating function was established by the discovery that p53
interacts with specific double stranded DNA sequences. Subsequent analysis revealed the
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consensus sequence and its presence in many p53 activated gene promoters. Function of
multiple p53 targets has been analyzed and linked to diverse cellular processes including
cell cycle arrest, apoptosis, DNA repair, senescence, angiogenesis and metastasis. In-
formation on cell cycle arrest and in particular, apoptosis by p53 nonetheless beat the
other events by many publications which is not surprising since p53-induced apoptosis is
crucial for tumor suppression. However, knowing the complexity of cellular mechanisms
it is logical to assume that some of the other events may ultimately diverge by one or
the other way into the apoptotic response.

Cell Cycle Arrest

Cell cycle is a complex process and is tightly regulated by multiple actors with cyclins
and their corresponding cyclin dependent kinases (CDKs) and the CDK inhibitors being
the core components of this process. Successful completion of cell cycle is monitored and
controlled by cell cycle checkpoints that block progression when flaw in terms of damage
DNA is detected. p53 transactivates components of both G1/S and G2/M checkpoints
upon physiological stress.

Figure 3.7: The different phases of
cell cycle.

In the first phase (G1) the cell grows. When
it has reached a certain size it enters the phase of
DNA-synthesis (S) where the chromosomes are du-
plicated. During the next phase (G2) the cell pre-
pares itself for division. During mitosis (M) the
chromosomes are separated and segregated to the
daughter cells, which thereby get exactly the same
chromosome set up. The cells are then back in G1
and the cell cycle is completed (figure 3.7).

p21 is the most famous p53-induced cell cycle
inhibitory gene that can induce both G1 and G2 ar-
rest by inhibiting cyclinE/CDK2 and cyclinB/Cdc2
respectively. Cdc2 (also known as CDK1) required
for entrance to mitosis is downregulated at RNA
and protein level in a p53-dependent manner after
IR and involves p21 for this negative regulation.
Furthermore, p21 is also involved in activation of the RB tumor suppressor pathway. RB
is inactivated through hyperphosphorylation mediated by cyclin/CDKs during active cell
cycle process. Upon induction, p21 inhibits cyclinE/CDK2 causing hypophosphorylation
of RB that binds E2F to inhibit E2F-mediated transcription of cell cycle genes. Hence,
p21 integrates the two tumor suppressor pathways following cellular stress. Others have



Chapter 3 57

demonstrated that activation of p21 protects cells from Fas-mediated apoptosis by direct
binding and inhibition of pro-caspase-3 (one of the downstream effectors of apoptosis sig-
naling). Protein kinaseA-mediated phosphorylation of p21 is essential for this complex
formation that takes place at the mitochondria. This could be an additional strategy for
cells to avoid cell death. Another p53-induced target 14-3-3σ (sigma) belongs to a family
of proteins that regulate cellular activity by binding and sequestrering phosphorylated
proteins. Induced 14-3-3σ inactivates Cdc25 and Cdc2 by sequestering them to the cy-
toplasm to trigger pre-mitotic G2/M block upon DNA damage. Furthermore, 14-3-3σ
has been shown to promote translocation of pro-apoptotic Bax out of the cytoplasm and
thereby delay apoptotic signal and enforce cells into G2 arrest.

Apoptosis

The first proof of p53 function is apoptosis comes from studies of temperature sensitive
mutant p53 that acquires the conformation of wt p53 when the cells are grown at a
permissive temperature of 32 ◦C. The first proof of p53 function in apoptosis comes from
studies of temperature sensitive mutant p53 that acquires the conformation of wt p53
when the cells are grown at a permissive temperature of 32 ◦C. The observed rapid cell
death upon temperature shift to 32 ◦C implicated a role of p53 in cell death. p53-mediated
tumor suppression is primarily dependent on its apoptotic function. This notion is based
on several mouse model studies. in one such model where p53-dependet growth arrest
is defective due to expression of SV40 large T-antigen whereas the apoptotic pathway is
intact, the mice develop slow growing tumors. In contrast crossbreeding of these mice
on p53 null background generates mice with aggressive tumor growth. Another study
showed that in myc-driven lymphoma, block of p53-mediated apoptosis does not confer
any selection for inactivating p53 mutations unlike their apoptosis proficient counteparts
and that no cell cycle defects could be detected in the apoptosis defective cells. Hence, the
function of p53 as an inducer of apoptotic cell death is the most significant one. According
to some analyses, p53 DNA binding is crucial for tumor suppression, whereas other
studies have shown that transactivation mutant p53 can still or even more potently induce
apoptosis and therefore p53-mediated transactivation is dispensable for this function.
Many transcriptional dependent and independent p53 targets have been implicated in
p53-mediated apoptosis. However, only a few seem to be essential for induction cell
death. Members of both the extrinsic and intrinsic apoptotic club have been identified.
Although initiated by different actors both lead to caspase-mediated apoptosis.
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Senescence

Cellular senescence is a program that is triggered by normal cells in response to differ-
ent types of stress such as telomere shortening, oxidative stress and DNA damage. Upon
entering senescence, cells cease to divide and undergo a number of morphological and
metabolic changes. Although detailed description of its in vivo manifestation is lacking,
cellular senescence is considered to have a key role in tumor suppression and organismal
aging. Both p53 and RB pathways are active during senescence and inactivation of p53
in MEFs is sufficient to prevent senescence. p53-induced p21 seems to be important for
activation of the RB pathway and for triggering cellular senescence in response to DNA
damage and telomere uncapping. Telomere shortening can be prevented by activation or
everexpression of the human telomerase catalytic subunit, hTERT that facilitates tumori-
genesis overexpression of the human telomerase catalytic subunit, hTERT that facilitates
tumorigenesis.Interestingly, hTERT is downregulated by p53 and overexpressed hTERT
exhibits anti-apoptotic activity. This suggests that the two anti-tumor events senescence
and apoptosis are linked via p53 and p53-regulated proteins. Moreover, recent evidence
suggest that restoration of p53 function in sarcomas leads to tumor regression via cell
cycle arrest with features of cellular senescence.

DNA repair

Damage to DNA triggers signaling that involves activation of multiple factors that
act in parallel to repair the damage. Involvement of p53 in both base excision repair
(BER) and nucleotide excision repair (NER) has been demonstrated. p53 enhances NER
mainly by induction of target genes such as GADD45, a gene induced by IR in cells with
wt p53 cells. Regulation of the BER by p53 is on the other hand, correlated with its
ability to directly associate with AP endonuclease (APE) and DNA polymerase β (DNA
polβ). The interaction between DNA polβ and the abasic DNA sites is further stabilized
by p53. Moreover, following γ-irradiation p53 induction is accompanied by increased
activity of the 3-methyladenine DNA glycosylase (3-MeAde), the first enzyme acting in
the BER pathway.

Mechanisms of repression

In contrast to p53-activated genes that almost exclusively require p53 binding to their
consensus sequence, negative regulation by p53 can be mediated by different mechanisms.
Moreover, binding of p53 to novel DNA sequences in some repressed promoter has been
shown. Downregulation by p53 probably occurs by any of the three mechanisms that
transcriptional repressors are thought to function through.
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The first comprises interference with other activators at the target promoter. In this
model, transcriptional repression by p53 falls into two categories. In the first category,
downregulation takes place through p53 binding to the consensus DNA elements. For
instance, repression of the alpha-fetoprotein gene (AFP) mediated by p53 results in in-
hibition of the activating transcription factor HNF-3. Competitive binding to the AFP
promoter containing overlapping binding sites for p53 and HNF-3 results in displacement
of HNF-3 and net repression by p53. However, repression via noncompetitive binding,
where p53 interferes with the function of an activator, but not its DNA binding has been
shown for repression of Bcl-2. In the second category, repression occurs in the absence
of apparent p53 binding to the consensus sites. Downregulation of hTERT occurs in
this manner by physical interaction of p53 with in this case with the coactivator Sp1and
consequent inhibition of Sp1 without p53 DNA binding, resulting in hTERT downregu-
lation. Recent analysis using ChiP on ChiP assay revealed direct binding of p53 to the
DNA-binding NF-Y complex for repression of target genes.

3.1.8 p53 and cancer therapy

The requirement of p53 inactivation for tumor cell survival makes it an attractive
target for cancer therapy. Recent studies suggest that restoration of p53 function alone
causes regression of various established tumors in vivo confirming that it indeed represents
an effective therapeutic strategy to treat cancer. Many scientists are devoted to develop
strategies for reinstalling the p53 tumor suppressor function. These include wild type
p53 gene therapy, reactivation of mutant p53 and relief of wt p53 from overexpressed
MDM2.

Gene Therapy

The p53 gene is mutated in almost 50 % of all human tumors. Several approaches
have been taken to reintroduce wt p53 into tumor cells using gene transfer. In most
cases an adenoviral vector (Adp53) has been used to insert an intact cDNA copy of the
p53 gene. Although the outcome of these trials has not been that promising, stabilized
tumor growth and even tumor regression has been observed in some treated patients.
Treatment of head and neck cancer with Adp53 gene therapy has shown clinical effect
in half of the patients and has advanced into phase III trials in USA. Several tumor
promoting genes including VEGF, MMP and MDR1 have been shown to be repressed
upon Adp53 gene delivery. Another approach utilizes a mutant adenovirus lacking the
E1B 55K gene, ONYX-015 that replicates and lyses tumor cells lacking wt p53. Upon
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systemic administration ONYX-015 inhibits tumor growth in animals in vivo, and its
anti-tumor effect is enhanced by combination treatment with chemotherapeutic drugs.

Reactivation of mutant p53

The missense p53 mutations primarily affect p53 interaction with DNA as these mu-
tations most commonly occur in the DNA-binding core domain leading to defective ac-
tivation/repression of target genes. Several small molecular compounds able to restore
the wild type function of mutant p53 have been identified by screening of chemical li-
braries of low molecular weight compounds. An example of such compound is PRIMA-1.
Treatment of tumor cells carrying mutant p53 e.g. the R175H with PRIMA-1 efficiently
induces apoptosis in a mutant p53-dependent manner. The conformation of mutant p53
is altered by PRIMA-1 treatment that promotes p53-mediated transcriptional activation
of target promoters such as PUMA, MDM2 and p21, possibly by facilitating mutant p53
DNA binding.

3.2 Experimental details

Our aim is to exploit changes of the dye excited-state lifetime and brightness induced
by its interaction with the gold surface plasmons for detection of tiny amounts of protein
in solution under physiological conditions. The system we investigated is based on 10
and 5 nm diameter gold NPs coupled (via a biotin-streptavidin linker) to the FITC dye
to a specific antibody (AbBSA, Abp53). The interaction of the fluorophore with the gold
surface plasmon resonances, mainly occurring through quenching, a effects the excited
state lifetime that is measured by fluorescence burst analysis in standard solutions. The
binding of protein to the gold NPs through antigen-antibody recognition further modifies
the dye excited-state lifetime. This change (as explained below) can therefore be used to
measure the protein concentration.

3.2.1 Materials and Methods

Chemicals, Proteins and Nanoparticles

Gold colloids 10 and 5 nm in size, functionalized by streptavidin, were purchased from
Ted Pella Inc. (Redding,CA, code 15840 and 15841) and purified by two steps of 13000
rpm centrifugation. As reported on the product data sheets, the 10 nm and 5 nm gold
NPs have an average number of 20 and 5 streptavidins and a concentration of 28 and 280
nM, respectively (stock solutions). The p53 protein, its monoclonal antibody and the
monoclonal antibody of BSA protein were obtained from Abcam (Cambridge, UK, P53,
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ab43615-50, mAb to p53 (biotinylated) ab27696-100, RbpAB to BSA (BIOTIN) ab7636-
1) and the biotinylated fluorescein isothiocyanate (FITC) dye from Pierce (Rockford,
IL, code 22030). Bovine serum albumin (BSA), beta-lactoglobulin (BLG) and lysozyme
proteins were purchased from Sigma-Aldrich (codes A-0281, L-8005, L-6876) and used
without further purification. After the NP-fluorophores binding reaction, all the solutions
of gold colloids were dialized (15000 D molecular weight cut-off) against phosphate buffer
in order to separate the unlabeled fraction of the fluorescent molecules. The solutions
were then centrifuged twice at 13000 rpm before use. For the fluorescence experiments,
the stock solutions were diluted 1:1000 in phosphate buffer at pH 7.5.

Cell Lines, Culture Conditions and Treatments

Human HCT116 colon cancer cells (wild type p53, wt p53) and H1299 lung cancer
cells (homozygous partial deletion of the TP53 gene1[10]) were maintained as monolayers
in DMEM supplemented with 10 % heat-inactivated fetal calf serum, 2 mM L-Glutamine,
Penicillin-Streptomycin (EuroClone) at 37 ◦C in a 5 % CO2 atmosphere. The HCT116
line expresses the wild-type p53 (wt p53) protein. The H1299 cells have a homozygous
partial deletion of the TP53 gene and as a result do not express the tumor suppressor p53
protein, which in part accounts for their proliferative propensity[10]. For DNA damage
induction, sub-confluent cells were UV irradiated with 20 J cm−2 for 30 seconds and
harvested 18 h later. Cell pellets were stored at 80 ◦C until lysed for further analysis.
TCEs were obtained by incubating the cells for 30 min with lysis buffer [50 mM Tris HCl
(pH 7.5), 5 mM EDTA, 250 mM NaCl, 1 % NP-40, 0.5 % sodium deoxycholate, 0.1 %
SDS] supplemented with a protease inhibitor mix.

Nanoparticle-Dye Complexes

In order to understand the changes in the fluorescence emission of the dye when cou-
pled to the gold NPs we devised a series of constructs all based on the strong streptavidin-
biotin interaction. The basic sensor construct (NP-FITC-Ab) is obtained by binding
biotin-FITC and the protein biotinilated antibody (Ab) to the gold NP functionalized
with streptavidin (Sav), as shown in Figure 3.8. As reported on the product data sheets,
the 10 and 5 nm gold NPs have an average number of 20 and 5 Sav, respectively. The
binding of the two components, FITC and Ab, to the Sav-NP was performed in a single
step in order to avoid saturation of the binding sites on the NP with either the Ab or the
FITC. All binding reactions were performed overnight in the dark under mild stirring
conditions in phosphate buffer. The ratio, RFITC = [Ab] : [FITC], of the sites on the gold

1special thanks to Silvia Soddu, Experimental Oncology Department, Molecular Oncogenesis Labo-
ratory, Regina Elena Cancer Institute, Rome.
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NPs occupied by the antibodies to those occupied by FITC was tuned by changing the
stoichiometric ratio of the two components during labeling. We performed preliminary
tests on various RFITC ratios and found that the best sensitivity in terms of the relative
change in the FITC excited state lifetime and limited reduction of the FITC fluorescence
signal when bound to the gold NP corresponds to a ratio [Ab]:[FITC] = 3:1 (construct
A in Figure 3.8). The ratio R = [Ab]:[protein] was varied in the experiments as detailed
in successive section.

Figure 3.8: (A-C) Basic constructs used to investigate the possibility of fluorescence
detection of proteins at picomolar concentrations. The symbols refer to Streptavidin
(Sav), gold nanoparticles (NP), fluorescein isothiocyanate (FITC). Relative sizes not
drawn to scale. The constructs are (C) the gold NP conjugated to the biotinilated FITC
through the Sav-biotin binding (NP-FITC); (A) gold NP coupled to the biotin-FITC and
the protein antibody at a ratio [Ab]:[FITC]=3:1 (NP-FITC-Ab); (B) construct A after
reaction with the protein BSA or p53 (NP-FITC-Ab-protein).

Absorption Spectroscopy and Dynamic Light Scattering

The spectrophotometric measurements were performed on a Jasco V750 spectropho-
tometer (Jasco, Japan). For Dynamic Light Scattering (DLS) a home-made setup[15] for
variable angle measurement of the scattered light autocorrelation function has been used
with a He-Ne 30 mW polarized laser source. The correlator board was an ISS (Urbana
Champaign, IL) single photon counting acquisition board and the data were analyzed as
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described below. The normalized intensity ACFs were fit to a multiexponential decay

G(τ) =
< I(t+ τ)I(t) >t

< I >2
= 1 + fcoh

(∑
k

Akexp[−Dkq
2t]

)2

Q =
4πn
λ
sin

(
θ

2

)
(3.1)

where Dk is the translational diffusion coefficient of the k-th species of the NPs or
NP aggregates, q is the wave vector, n is the solution (water) index of refraction, and λ
is the laser light wavelength (633 nm). The parameter fcoh is an indication of the ratio
of the detector to the coherence area and was left as a free fitting parameter, typically
in the range 0.35 - 0.15. The pre-exponential factors, Ak, which are proportional to the
product of the square of the molecular mass Mk times the number concentration nk can
be used as an estimate of the relative concentration of the particles according to

Ak ≈ nkM2
k ≈ nkV 2

k (3.2)

where Vk is the hydrated volume of the k-th species. The cumulant analysis of the data
was performed by fitting the ACFs (maximum lag time = 600 - 800 µs) to a third-order
cumulant function

G(τ) =
< I(t+ τ)I(t) >t

< I >2
= Aexp

[
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2
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(3.3)

The polydispersity of the samples, σ, depends on the NP construct as discussed
later. The analysis of p53 protein based constructs was performed both with cumulant
analysis and, in a more exhaustive way, with the Maximum Entropy Method, through
the procedure described in the following.

The second order autocorrelation functions (ACFs) of scattering light (GE(τ)) were
first converted into the first order ACFs, G(t), and the first order ACFs were analyzed by
means of the Maximum Entropy Method obtaining the distribution of relaxation times
according to the relation:

G(t) = A

∫ ∞
−∞

dlog(τ)Pτ (log(τ))exp[−t/τ ] (3.4)

The relaxation time τ is inversely proportional to the particles diffusion coefficient,
D, and the exchanged wave vector, Q, by the relation τ = 1/(DQ2). The Q vector is
computed from the solution refraction index, n ≈ 1.33, the laser light wavelength, λ =
633 nm, and the scattering angle θ, as:

Q2 = (4πn/λ)2sin2(θ/2) (3.5)
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The diffusion coefficient is related to the particle average hydrodynamic radius, Rh,
as, D = KBT/(6πηRh). We assume here an average globular shape of the bare and the
protein coated nanoparticles. Therefore the linear relation between the relaxation time
and the hydrodynamic radius,

τ =
Rh(6πη)

(KBTQ2)
=
Rh
ρ

(3.6)

can be used to compute the number distribution of particles with radius Rh by fitting
the Pτ distributions to a sum of log-normal functions of the type:

PR(log(Rh))|Rh=ρτ = A
∑
j

αj < R >6
j exp

[
−(log(Rh)− log(< R >j))2

2σ2
j

]
(3.7)

where < R >j and σj are the average values of the hydrodynamic radius and the
width of the distribution component and αj is the number fraction of the j-th component
(
∑

j αj = 1) in the distribution. The number distribution of size shown is given by the
computation of the function:

Pn,R(log(Rh))|Rh=ρτ = A
∑
j

αjexp

[
−(log(Rh)− log(< R >j))2

2σ2
j

]
(3.8)

with the parameters obtained by the best fit of the experimental distribution of the
relaxation times.

Fluorescence Spectroscopy

The fluorescence spectroscopy and lifetime measurements were performed on a custom-
made micro-spectrometer. We have exploited the two-photon excitation of the fluo-
rophore at 800 nm in order to achieve a small excitation volume. The average laser
power was 40 mW for 10 nm and 80 mW for 5 nm NP samples. The fluorescence emis-
sion was acquired by a Single Photon Avalanche Diode (SPCM-AQR15 Perkin-Elmer,
USA) whose signal was fed to a digital TimeHarp 200 (Picoquant, Berlin, D) board.
The analysis was performed either with a dedicated software written in CVI (National
Instruments, USA) or with the SymPhoTime program by Picoquant in order to compute
the rate trace at the desired sampling time and the lifetime histograms. For the lifetime
histogram analysis the setup impulse response function (IRF), close to 350 ps, was mea-
sured by collecting the signal scattered from the pure solvent. The IRF and the decays
were then deconvoluted by means of the SymPhoTime program.
In the fluorescence traces, distinct photon bursts approximately 10 - 200 ms wide were
detected and ascribed to the passage of the NP constructs through the excitation beam
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waist. The diffusion coefficient of the constructs can be evaluated as D ≈ ω2
0/8τD, where

the diffusion time, τD, is taken here as the FWHM of the burst. The lifetime histograms
were computed on the selected bursts and, for comparison, on the background. The
lifetime histograms have been fitted to a multiexponential decay according to

I(t) =
∑
i

αiexp(−t/τ) (3.9)

where αi are the pre-exponential factors of the i-th component with lifetime τi. The
pre-exponential factors are related to the fractional intensities fi by

fi =
αiτi∑
i αiτi

(3.10)

For a double-exponential decay the average lifetime can be defined as

< τ >= f1τ1 + f2τ2 since f2 = 1− f1 (3.11)

The fitting of the FCS autocorrelation function, G(t), was performed according to a
3D diffusion model with a Gaussian-Lorentzian beam profile described by the function

G(t) =
0.076
< N >

(
1 +

t

τD

)−1
(

1 +
(

λ√
2πω0

)2 t

τD

)−0.5

(3.12)

where <N> is the average number of molecules in the excitation volume, τD is the
diffusion time, and ω0 is the beam waist, typically 0.67 µm. The typical excitation
volume, at an excitation wavelength λ = 800 nm, was Vexc = πω4

0/λ = 0.8± 0.1 µm3.

Photon Counting Statistics In order to estimate the particle brightness we have
computed the first two moments of the photon counting distribution according to the
Photon Counting Histogram (PCH) method[12] and its subsequent modification to Pho-
ton Counting Moment Analysis (PCMA)[13, 14]. The photon counting was computed
over 50 µs sampling time, much shorter than the diffusion time both of the free FITC
dye and the gold NPs, and the average number of particles per observation volume, N,
and the average brightness, ε, where computed according to the relations:

< k >=< N > ε

<k2>−<k>
<k> − 1 = 0.076 · ε

Dead-time and afterpulsing corrections were applied as is[14].
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3.3 Results and Discussion

3.3.1 Characterization of the Gold NPs

The effective radii of these constructs can be estimated by taking into account the
size of the streptavidin (4.5× 4.5× 5.0 nm )[16], of the BSA specific antibody (RH = 5.5
nm)[17], and of the BSA itself (RH = 3.4 nm)[18]. Since the Sav completely covers the
gold nanoparticle surface we can estimate the NP-Sav radius as Rmon ≈ (5+4.5+4.5)/2 ≈
7 and (10 + 4.5 + 4.5)/2 ≈ 9.5 nm for the 5 and 10 nm diameter NPs, respectively. Upon
antibody addition the maximum radius that can be obtained at the highest degree of
saturation is Rmon ≈ 12.5 and 15 for the 5 and 10 nm diameter NPs, respectively. When
BSA is also added these values become Rmon ≈ 15.9 and 18.4 nm, at most, for the 5 and
10 nm diameter NPs, respectively. The monomer NP with its Sav and antibody layer
cannot be easily obtained from DLS analysis due to polydispersity of the solutions. The
absorption spectrum of both the 10 and 5 nm size colloids is well superimposed on the
dye absorption and emission spectra (fig. 3.9), and therefore, we expect a substantial
interaction of the plasmon resonance with the dye transitions in both cases.

Figure 3.9: Absorption spectra of the solutions of Sav-NP. Blue squares and green trian-
gles refer to the 10 and 5 nm diameter gold NPs, respectively. The solid lines superim-
posed on the data are the best fit functions to eq. 3.13. The thick dashed and solid red
lines refer to the biotin-FITC absorption and emission spectrum.

The absorption spectra of the 5 and 10 nm gold NPs can be fit to a single Lorentzian
peak superimposed on a smooth 1/λ4 scattering law according to

y = b+
2A1

π

Γ1

(4(λ− λ2
1) + Γ2

1)
Bscatt
λ4

(3.13)

as shown in fig. 3.9 and table 3.1. The plasmon peak occurs at slightly different
wavelengths, 530 and 536 nm (table 3.1) for the two size of NPs, due to the dependence
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Table 3.1: Analysis of the Sav-NP Absorption Spectra

A1 Γ1 λ1 (nm) Bscatt (nm−4) b

10 nm NPs 8.3± 0.5 116± 1 530± 0.2 1.7× 109 0.001
5 nm NPs 4.0± 0.1 112± 2 536± 0.2 5.7× 108 0.001

of the resonance on the particle sizes [22] and the effect of the surface dielectric constant
(here affected by the presence of Sav) on the plasmon peak wavelength[18, 24].

For AFM (Atomic Force Microscope) experiments NPs were deposited on Si wafers
covered with a thermal silicon dioxide layer, 100 nm thick. Prior to deposition sub-
strates were cleaned by piranha solution, washed thoroughly with twice-distilled water,
and silanized. AFM analyses were performed using a commercial system (TopoMetrix,
Accurex II). Measurements were acquired in noncontact mode using silicon probes. Al-
though the image resolution is 300 × 300 dots per lines, use of a large tripod scanner
(100 µm maximum scan area), which was necessary to locate the particles on the sur-
face, resulted in a reduced resolution for small area measurements. EFM (Electric Force
Microscopy) measurements were performed using an in-house developed extension. An
AC signal with amplitude ranging from 0.5 to 2 V and frequency ranging from 20 to
40 kHz was applied to the conductive AFM probe while operating in noncontact mode.
The resulting oscillating electrostatic force arising between the probe and the sample was
analyzed at each point by a lock-in amplifier at either the first or the second harmonic
and registered simultaneously to the morphology image. The signal at the first harmonic
is proportional to the surface potential distribution, whereas the signal at the second har-
monic accounts for the local probe-sample capacitance variations. The images reported
(fig. 3.10) are obtained by analyzing the second-harmonic component of the electric
signal. Direct characterization of the aggregation number and shape of the aggregates,
spread on solid substrates, was performed by means of AFM imaging, as shown in figure
3.10. In order to better distinguish the gold NPs, EFM measurements were also per-
formed. Figures 3.10 A and 3.10 C show the morphology and corresponding electrostatic
force contrast image of a sample surface. The detected particles show a significant dark
contrast in the EFM image, thus revealing their conductive nature against the dielectric
surface. The size of the single NPs could be recovered with sufficient accuracy only for
the 10 nm NPs due to the x-y resolution of the AFM microscope, which is close to the
size of the smallest NPs investigated here. Concerning the single particles or unresolved
aggregates (see fig. 3.10 A) of gold NPs we measure a diameter distribution peaked at
20±6 nm with an average size of 27±4 nm (fig. 3.10 D). These values must be compared
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to the estimated diameter of the functionalized NPs that is ≈ 19 nm. The measured in-
creased lateral size is due to the convolution of the particle with the AFM probe, which
has a nominal curvature radius of few nanometers. We can estimate the average aggre-
gation number from the average size by assuming a fractal shape for the NP aggregates
as indicated by the AFM images (fig. 3.10 B) and substantiated by the diffusion-limited
aggregation theory[25, 26]. The aggregation number Nagg scales according to the metal
colloids fractal dimension[27, 28], df ≈ 1.9, and is related to the aggregate and monomer
size by

Nagg =
(
Rave
Rmon

)df
(3.14)

Our experimental estimate of the average aggregate size made on the distribution
reported in fig. 3.10 D leads to an average aggregation number ≈ 2.5.

Figure 3.10: AFM and EFM analysis of the NPs size and aggregation: 10 nm NP-ab. (A
and B) Wide field AFM images of gold colloids on Si/silicon dioxide surfaces. Several
single gold NPs are visible together with small aggregates. (C) EFM image (second-
harmonic component) of sample A. (D) Distribution of the diameter of the particles
detected in AFM images.

We notice that this low value of the aggregation number depends on the fact that the
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size distribution reported in fig. 3.10 D was obtained from single particles or unresolved
aggregates. A direct visual estimate on the larger aggregates visible, for example, in fig.
3.10 B provides aggregation numbers Nagg ≈ 10− 15.

3.3.2 Characterization of FITC and bound to the Gold NPs

We characterized the fluorescence response of biotinilated FITC (pH ≈ 7) in terms
of its fluorescence brightness and excited-state lifetime. Since we want to reach low limit
of detection values we investigated highly diluted (nanomolar to picomolar) solutions by
performing single-particle detection. The excitation mode used here, based on two-photon
absorption, allows reducing the contribution of the Rayleigh and Raman scattering to
the dye fluorescence emission. Negligible direct absorption of the gold NPs in the near-
infrared is expected for isotropic gold NPs[12], though the nonlinear cross-section of
fluorophores bound to the gold surface[30] may be enhanced by the plasmon-fluorophore
interaction. The fluorescence traces of 10 nM solutions of FITC coupled to biotin at
pH = 7 are relatively uniform, and the excited-state lifetime histogram can be fit to a
single-exponential decay finding τFITC = 3.50±0.05 ns (computed over 10 measurements
of 105 photons each) as shown in fig. 3.11 A. This value, smaller than that measured in
solution at basic pH values, τ0

FITC ≈ 3.9 ± 0.04 ns, or on the polystyrene microspheres
surface, agrees with the lifetime value measured for FITC coupled to antibodies.

Figure 3.11: Left: Fluorescence traces of the biotin-FITC (upper trace) and NP-FITC-Ab
for the 5 nm NP (lower trace). Right: Excited-state lifetime decays of the biotin-FITC
(upper curve) and NP-FITC-Ab for the 5 nm NP (lower curve). Solid lines represent fits
obtained with eq. 3.15 and the fitting parameters are reported in table 3.2

The brightness (fluorescence rate per molecule) can be obtained from the average
fluorescence rate divided by the number of molecules in the excitation volume, ε =
〈F (t)〉/〈N〉. The diffusion time and average number of molecules per excitation volume
are derived from the fitting of the fluorescence ACFs to eq. 3.12. This procedure provides
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Table 3.2: Excited-State Lifetime Values for the FITC and NP-FITC-Ab constructs

Construct τ1 (ns) f2 τ2 (ns) 〈τ〉 (ns)

Biotin-FITC 3.50± 0.05
NP-FITC-Ab (10 nm) 3.3± 0.1 0.06± 0.04 0.8± 0.1 3.2± 0.3
NP-FITC-Ab (5 nm) 3.2± 0.1 0.04± 0.02 0.6± 0.1 3.1± 0.3

the value τD ≈ 85 ± 15 µs that corresponds to a translational diffusion coefficient D ≈
300± 30 µm2/s, in agreement with literature results.

Absence of BSA

When the biotin-FITC is bound to the gold NP (NP-FITC-Ab) the fluorescence
fluctuations correlate over relaxation times systematically longer than that of free FITC
diffusion that correspond to the best fit values D = 9 ± 4 (5 nm gold NP constructs)
and 11± 4 µm2/s (10 nm gold NP constructs). In the case of monomeric NP constructs
the diffusion coefficients should be D5nm ≈ 13.3 µm2/s and D10nm ≈ 11.5 µm2/s. If
we additionally take into account some aggregation (Nagg ≈ 10) as suggested by AFM
measurements, according to the relation

D ≈
(

kBT

6πηRave

)
=
(

kBT

6πηRmon

)
(Nagg)−1/df (3.15)

we obtain 〈D5nm〉agg ≈ 4.2 µm2/s and 〈D10nm〉agg ≈ 3.7 µm2/s. The ACFs fitting is
then compatible with a distribution of sizes ranging from the monomer to small aggregates
with Nagg ≈ 10 − 15. The histograms of the excited-state lifetime of NP-FITC-Ab
constructs can be fit by two exponential decays (table 3.2) where the weight of the
shortest component (0.6 - 0.8 ns) is f2 = 4 − 6%. The corresponding average lifetime
values are 〈τ〉 ≈ 3.1± 0.3 and 3.2± 0.3 ns for FITC complexed to the 5 and 10 nm gold
NPs, respectively.

Presence of BSA

We investigated the effect of the binding of BSA to the gold NPs through its spe-
cific antibody (Ab) on the FITC lifetime and brightness as a function of the ratio R
=[Ab]:[BSA] in the range 5:1 to 1:1 with an average constant concentration of antibodies
≈ 1500 and 180 pM for the 10 and 5 nm gold NP, respectively. The concentration of
protein was varied in the range 60 - 1500 pM, and the RFITC between the antibodies and
the biotinilated FITC dyes on the gold NPs was kept at 3:1 in all experiments reported
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Table 3.3: Analysis and fitting parameters of the DLS ACFs. The scattering angle was
90, and the laser wavelength was λ = 633 nm.

NPs A1 D1 Rh1 A2 D2 Rh2 Nagg Rcum
(µm2 s−1) (nm) (µm2 s−1) (nm) (nm)

5 nm 0.22± 0.02 52± 5 82± 8 0.76± 0.02 9.3± 0.3 0.45± 0.02 10± 3 55± 5
10 nm 0.30± 0.05 19.5± 0.7 215± 15 0.59± 0.07 1.4± 0.1 3± 0.2 25± 5 100± 10

hereafter unless otherwise explicitly stated. In order to detect any change in the FITC
brightness upon BSA addition it is important to know the degree of aggregation of the
constructs.
For this purpose, dynamic light scattering studies have been performed on these same
compounds. The high scattering cross-section of the gold NPs allowed us to perform
experiments on the same diluted solutions (n10nm ≈ 100 pM; n5nm ≈ 50 pM) used in
the fluorescence experiments. Typical ACFs of the scattered light collected from 5 to 10
nm NP-FITC-Ab-BSA at R = 1:1 are reported in fig. 3.12. The cumulant analysis of
the ACFs according to eq. 3.3 yields a polydispersity σ ≈ 0.6 for the 5 nm NPs and
σ ≈ 1.6 for the 10 nm NPs. For the smaller constructs a continuous mass distribution is
present, whereas for the 10 nm NPs the contribution of larger aggregates gives rise to a
separate component in the ACF decay. The average hydrodynamic radius obtained by
the cumulant analysis is Rcum = Dcum/(kBT ) = 55 ± 5 and 100 ± 10 nm for the 5 and
10 nm gold NPs solutions, respectively, yielding through eq. 3.14 N (DLS)

agg ≈ 10 ± 3 and
25± 5 for 5 and 10 size gold NPs respectively (table 3.3).

A fit of whole ACFs decay can be performed by a double-exponential analysis ac-
cording to eq. 3.1, and it provides the average diffusion coefficients for each component
together with their amplitudes, summarized in table 3.3. The faster component corre-
sponds to an average hydrodynamic radius of 〈Rh1〉 ≈ 82 nm for the 5 nm NPs and
〈Rh2〉 ≈ 215 nm for the 10 nm NPs, while the slower component corresponds to a size
〈Rh2〉 ≈ 0.45 µm for the 5 nm NPs and 〈Rh2〉 ≈ 3 µm for the 10 nm NPs.
As derived from eq. 3.3 the molar concentration of each species is proportional to
ni = (Ai)/(〈Rhi〉2df ). Therefore, the concentration ratio of the two populations can
be estimated as n1/n2 ≈ 200 for the 5 nm gold NPs and ≈ 104 for the 10 nm gold NPs.
This finding indicates the presence of less than 1% in number of very large aggregates.
Since n1 ≈ 100 pM, the corresponding number concentration of these large aggregates
should be n2 ≈ 0.5−0.01 pM. It must be noted that the size derived from DLS is related
to the mass average through the relation

1
〈R〉

=

∑
i

1
Ri
niM

2
i∑

i(niM
2
i )

(3.16)
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Therefore, more massive aggregates give a larger contribution to the ACFs, thus
explaining the more marked presence of the larger aggregate component for 10 nm NPs
ACFs in spite of their lower number concentration compared to the 5 nm constructs.

Figure 3.12: ACFs of the light scattered by the 5 (open squares) and 10 nm (full squares)
NP-FITC-Ab-BSA constructs at [Ab]:[BSA] = 1:1. Lines represent best fit to a two-
component decay as discussed in the text. The inset shows the cumulant analysis
expressed by a log-lin plot of the field correlation function ≈

√
G(τ) together with a

third-order polynomial fit (solid lines). The symbols are as in the main panel. The
best fit polynomials are as follows: −025 − 135t + 11243t2 − 570842t3 (5 nm NPs) and
−0.61 − 47.4t + 3801t2 − 129334t3 (10 nm NPs). DLS parameters are reported in table
3.3

3.3.3 Dynamic Light Scattering of p53 construct

The estimate of the average size of the antibody and the streptavidin is not straight
forward. From the pdb data bank (www.pdb.org) we evaluate radii of about 4 and
8 nm for the streptavidin (entry 2IZJ, http://www.rcsb.org/) and the antibody (en-
try 1 IGT, http://www.rcsb.org/), respectively. We then estimate an average radius
R

(5)
mon
∼= 2.5 + 8 + 16 ∼= 26.5 nm for a 5 nm diameter gold colloid and R(5)

mon
∼= 29 nm for

the 10 nm size gold colloid. This implies that the diffusion time of the construct through
the laser beam waist falls in the tens of millisecond range allowing us to collect several
thousands of photons per burst, enough to estimate the lifetime of the fluorophore with
a few percent of uncertainty on a single burst.
This is actually found in the fluorescence traces acquired on the NP-FITC-Abp53 con-
structs. The bursts that occur as multiple peaks were analyzed by multi-component
Gaussian fit and the most likely value of their FWHM, assumed here as the diffusion
time, was τD ∼= 45 ms, for both the NP size, with an average value 〈τD〉 = 60 ± 10 ms.
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These values correspond to an average hydrodynamic radius 〈Rh〉 = 230±50 nm and to a
most likely value Rh ∼= 170 nm, substantially larger than the estimated monomer radius,
indicating that some degree of aggregation must be present at least when the protein is
interacting with the gold constructs. The Maximum Entropy analysis of the first order
scattered light ACFs (fig. 3.13) indicates the presence of at least two populations with
widely different number concentrations and sizes (table 3.4). For the NP-FITC-Abp53

construct in the absence of p53, the major population in terms of number concentration,
has an average radius ∼= 45 ± 20 nm, independently of the size of the NP used for the
construct (table 3.4). This is consistent with the observation that most of the size of the
NP-FITC-Abp53 construct is due to the streptavidins and to the antibodies.

Figure 3.13: Left: the ACFs of the light scattered by the 5 nm NP-FITC-Abp53 constructs
without (filled symbols, R = ∞) and with (open symbols, R = 5:1) p53, together with
their MEM best fit functions (red solid lines). Right: the number distributions of the
RH computed from the best fit parameters of the relaxation time distribution functions
(MEM analysis). The solid and dashed lines refer to the R = ∞ and R = 5:1 cases (NP
size 5 nm), respectively. The relaxation time distribution functions are reported in the
inset with the same symbols as in panel on the left.

The MEM analysis indicates also the presence of tiny amounts (< 0.1% in number
concentration) of larger aggregates in the sample, that correspond to sizes ∼= 500 − 600
nm. If we assume that the NP-FITC-Abp53 constructs have a fractal shape and that
the aggregation number scales as Nagg = (Rave/Rmon)df , where df ≈ 1.9 is the fractal
dimension of the aggregates, we can estimate, from the average size of 45 nm, aggregation
numbers of the order of 2.8 ± 0.8 and 2.3 ± 0.8 for the 5 and 10 nm NP constructs in
the presence of p53. For the case of the NP-FITC-Abp53 constructs interacting with
the p53 we measure, through the MEM analysis, that the major component of the size
distribution has an average hydrodynamic radius, 〈R5nm〉 = 200± 60 nm and 〈R10nm〉 =
170 ± 70 nm, for a 1:1 stochiometric ratio between the protein and the NP-FITC-Abp53

construct. In the computation of the aggregation number we can also take into account



74 Hybrid FITC-Gold Nanosensor

Table 3.4: The hydrodynamic radii, < Rh1 > and < Rh2 >, and the number fractions,
α2, were obtained by fitting the MEM distributions of the relaxation times to eq. 3.7 as
described in the text. R = [Abp53] : [p53] = ∞ indicates that no p53 was added to the
sample.

Construct 10 nm 5 nm
R =∞ R = 5:1 R =∞ R = 5:1

< Rh1 > [nm] 130± 30 166± 70 45± 24 210± 60
< Rh2 > [nm] 1100± 400 1400± 600 700± 400 1200± 450
α2(%) ∼= 0.003 0.01± 0.005 ∼= 0.001 0.5± 0.3

the small increase of the monomer size due to the p53 binding, ∼= 2 nm (entry 2J0Z,
http://www.rcsb.org), and evaluate Nagg = 5± 0.8 and 7± 0.6 for the 5 and 10 nm NP
constructs. It should however be noted that for such low aggregation numbers the fractal
aggregation assumption may fail.

3.3.4 Burst Analysis

BSA protein The time fluorescence traces of (NP-FITC-Ab-BSA) are shown in fig.
3.14 for the 5 and 10 nm NPs at the maximum [AB]:[BSA] ratio R = 1:1. Several
fluorescence bursts are evident. The average width of the fluorescence bursts during the
BSA titration experiments can give information on the average aggregate size, and from
each burst, the number of photons emitted and the lifetime histogram can be computed.

Figure 3.14: Left: Fluorescence traces of the NP-FITC-Ab-BSA constructs at a molar
ratio R=[Ab]:[BSA]=1:1 for the 10 (upper trace, 40 mW excitation power) and 5 nm
(lower trace, 100 mW excitation power) NPs. Right: Excited-state lifetime decays cal-
culated on the bursts of NP-FITC-Ab-BSA 5 nm NPs at R=1:1, bottom curve, and 5:1,
middle curve, and calculated on the background (top curve).

For the maximum ratio R = 1:1 typical burst width values are ∼ 150 and 90 - 100 ms
for the 10 (under 40 mW excitation power) and 5 nm (under 100 mW excitation power)
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gold NPs, respectively. The diffusion coefficients for NPs in the presence of BSA are
D5nm

∼= 13.3 µm2/s and D10nm
∼= 11.5 µm2/s. These values imply average diffusion

times of the NPs through the excitation volume, Vexc ∼= 0.8 µm3, of approximately
τD,5nm = 4.2 ms and τD,10nm = 4.9 ms, much smaller than the observed value of the
burst width ∼= 100 - 60 ms. If we additionally take into account the aggregation number
(table 3.3) we compute values of the diffusion coefficients 〈D5nm〉agg ∼= 4.0 µm2/s and
〈D10nm〉agg ∼= 2.3 µm2/s, yielding diffusion times τD,5nm = 13.4 ± 3 ms and τD,10nm =
25±4 ms, still smaller than the experimental data. However, the burst width depends on
the excitation power, as shown in fig. 3.15, suggesting the occurrence of optical trapping
for the gold NPs.

Figure 3.15: Zoom of fluores-
cence bursts in a time trace for
the NP-FITC-Ab-BSA constructs
at R=1:1, excitation power P=100
(B1) and 40 mW (B2). Inset: power
dependence of the peak FWHM
width for the same constructs.

In fact, by performing experiments at decreas-
ing laser excitation power on the 5 nm gold NPs
constructs we found that the average burst width
decreases linearly with the excitation power (insert
of fig. 3.15) and reaches, in the limit of vanishing
excitation power, a value of the width ∼= 18 ± 3
ms, in good agreement with the theoretical esti-
mate made above for an average aggregate size of
approximately 10 NPs.
A further indication in this sense comes from mea-
surements of the recurrence frequency of the flu-
orescence bursts, γR ∼= 0.1 ± 0.06 Hz (fig. 3.14).
A similar value can be recovered by employing the
expression

γR = 4πω0

(
n

Nagg

)(
kBT

6πηRmon

)
(Nagg)−1/df

(3.17)
with a number concentration n ∼= 70 − 100 pM, a laser beam waist ω0

∼= 0.67 µm,
and an aggregation number Nagg

∼= 10 − 20. Therefore, DLS and burst width analysis
indicate that, in the presence of BSA, the aggregation is similar to that found for the
NP-FITC-Ab constructs, as probed also by AFM and FCS. Besides the burst width we
can also consider the average value of the total number of photons collected per burst,
〈NBP 〉. In the case of 5 nm NP constructs, we obtain an increase of the average value of
NBP when raising the BSA concentration. The value 〈NBP 〉 ∼= 3000±300 photons/burst
found for the ratio R = [Ab]:[BSA] = 5:1 increases to 〈NBP 〉 ∼= 7200±900 photons/burst
for the ratio R = [Ab]:[BSA] = 1:1 (100 mW of laser power.) The value of 〈NBP 〉 for
the 10 nm gold NPs, on the contrary, is almost independent of the stoichiometric ratio
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R giving 〈NBP 〉 ∼= 6350 ± 500 photons/burst at a power of 40 mW. The excited-state
fluorescence decay appears to be affected by the protein binding to the NP-FITC-Ab
constructs, as seen by comparing fig. 3.11 and fig. 3.14. It is noted that the excited-
state lifetime does not change appreciably with the excitation power (fig. 3.15, inset).
Upon BSA addition the fractional intensity of the faster component of the lifetime values
derived from the histograms calculated on the bursts increases to f2

∼= 30% depending on
the [Ab]:[BSA] ratio. On the other hand, the lifetime values computed on the histograms
obtained from the fluorescence background signal detected in between the bursts are close
to those obtained without BSA.

Figure 3.16: Distribution of FITC average excited-state lifetimes for the NP-FITC-Ab-
BSA based on the 5 (A) and 10 nm (B) gold NPs (at the ratio [Ab]:[FITC] = 3:1). The
solid lines correspond to the Gaussian best fit of the histograms. The stoichiometric ratio
R = [Ab]:[BSA] is indicated in the figures.

The lifetime decay has been systematically investigated for the NP-FITC-Ab con-
structs based on the 5 and 10 nm gold NPs as a function of the BSA concentration in
standard solutions, and the obtained average time distributions are shown in fig. 3.16.
For comparison, the distribution in the absence of protein has been reported also. The
distribution center shifts toward shorter average lifetimes at increasing BSA concentra-
tion for both construct sizes due to the increase in the fractional intensity of the shorter
component. The result of the data analysis reported in table 3.5 indicates that the 5 nm
gold NP construct displays larger sensitivity to the protein-antibody binding than the 10
nm constructs.

The change of the protein concentration from ∼ 40 to ∼ 180 pM induces a decrease in
the mean excited-state lifetime for the 5 nm gold NP constructs from 2.7±0.1 to 0.9±0.2
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Table 3.5: Excited-State Lifetime values for the NP-FITC-Ab-BSA constructs. Effect
of the binding of BSA to NP-FITC-Ab on the excited-state lifetime of FITC: the data
reported refer to the constructs with [FITC]:[Ab] = 1:3. The binding of BSA is performed
at different stoichiometric ratios R = [Ab]:[BSA]. The reported excited-state lifetimes of
FITC are the mean of the average lifetime distributions.

NPs 〈τ̄〉 (ns) 〈NBP 〉 R = [Ab]:[BSA] [BSA] (pM)

10 nm diameter
2.3± 0.1 6700± 400 1:1 1500
2.3± 0.2 8400± 1200 2:1 1000
2.5± 0.2 6050± 350 3:1 500

5 nm diameter
0.9± 0.2 7200± 900 1:1 180
2.3± 0.1 7200± 1000 3:1 60
2.7± 0.1 3000± 300 5:1 36

ns, mostly due to metal induced quenching of FITC dyes. These are in fact bound to
an estimated distance from the gold surface of the order of 3-4 nm and therefore lie in a
region where the quenching mechanism due to nonradiative energy transfer is dominant
though metal-enhanced fluorescence (MEF) may begin to play a role as indicated by
the slight anticorrelation between 〈NPB〉 and 〈τ̄〉 (fig. 3.18), which can be considered
as a MEF fingerprint. For the 10 nm sized NPs, contrary to the 5 nm constructs, the
average number of photons emitted does not show appreciable changes, in agreement
with the constant value found for the mean lifetime that reaches a "saturation" value
of 〈τ̄〉 = 2.3 ± 0.2 ns, already at the lowest protein to antibody ratio explored (table
3.5). It should be noticed that a change in the lifetime is indeed occurring also for the
10 nm constructs upon BSA binding for [BSA] < 100-150 pM though with a reduced
sensitivity since the maximum change in the lifetime is ca. -30% compared to the ca.
-70% decrease found for the 5 nm constructs. We checked that the presence of the bursts
should not be ascribed to photons coming from scattering bleeding through the green
band-pass filter since control experiments performed on unlabeled gold NPs observed
through the same emission filter (band-pass 535/20 nm) has not shown any fluorescence
burst. Therefore, the parameter that appears to be the most robust and sensitive to
the protein concentration is the average lifetime of FITC on the 5 nm constructs that is
linearly dependent on the BSA concentration in solutions (fig. 3.17).

The solid line is a linear fit to the data leading to 〈τ〉 = 3.2(±0.1) − 0.026(±0.002)
ns pM−1*[BSA]. This behavior can be exploited as a calibration for detection of unknown
BSA concentration in solution. The experimental uncertainty of 0.1 ns on the mean
lifetime limits the sensitivity of the technique to a protein concentration of ∼ 5 pM,
thereby allowing detection of traces of protein in solution. A possible rationale for the
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(a) 5 nm NP. The solid line is a linear fit of
the data.

(b) 10 nm NPs.

Figure 3.17: Mean lifetime of FITC in NP-FITC-Ab-BSA constructs versus the concen-
tration of protein in solution.

observed phenomenon, i.e., the marked sensitivity of the FITC lifetime on the BSA bound
to the 5 nm constructs (larger than that found for the 10 nm constructs), can be drawn
starting from a few considerations of the metal-dipole interaction theory[33, 34] and the
experimental observations reported in the literature[17, 35].

Figure 3.18: Average number of fluorescence photons per burst versus the average excited-
state lifetime of NP-FITC-Ab-BSA constructs for the 5 (A) and 10 nm (B) NPs. The
solid line is a linear fit to the data. The stoichiometric ratio R = [Ab]:[BSA] is indicated
in the figures.
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The interaction between a metal surface and a molecular dipole is a complex inter-
play of different phenomena. First, we can recognize an enhancement of the absorption
and emission due to the increase in the local field, related to the field reflection on the
gold surface[37], and to the surface roughness[38]. In this case we expect a substantial
increase in the emission rate with a limited change in the excited-state lifetimes. Actu-
ally a slight increase of the lifetime with the amplitude of the surface electric field has
been reported[35]. Second, metal-dye interactions also include quenching of the molec-
ular emission due to dipole energy transfer to the surface plasmons and electron-hole
couples within the metal (nonlocal effects) which results in a decrease of the dye lifetime
and brightness. Third, the dye emission may be enhanced due to the radiation in the
far field of a fraction of the energy transferred to the surface plasmons, basically that
corresponding to high spatial frequencies in the near field emission of the molecule. In
this case we expect to observe an anticorrelation of the excited-state lifetime and the
number of emitted photons. In those cases when the chromophores and gold NPs are
separated by bulky spacers, such as antibodies that correspond approximately to a dis-
tance > 7 nm, the fluorescence is actually less quenched. Quenching is dominating for
distances up to a few nanometers[17, 37], and it is largely determined by the shape of the
metal structure, by the dipole orientation with respect to the surface, by the size of the
metal particle, and by the difference between the dielectric permittivities of the metal
and the surface layer[40]. Since in our case the distance between the metal and FITC
is only ca. 3-4 nm, we believe that the main result reported here, namely, the change
in the FITC lifetime upon BSA-NP binding, is mostly due to a change of quenching
efficiency rather than to an effective emission enhancement. To partially support this
hypothesis, we can bring the observation of the initial decrease in the lifetime of FITC
upon binding to the gold surface (table 3.2) and of the additional larger decrease induced
by the BSA binding (table 3.5). The tiny increase of the emitted photons per burst,
< NBP >, at rising BSA concentrations (fig. 3.18), on the other hand, can be taken as
an indication of the presence of high (and heterogeneous) local electric fields on the sur-
face of the nanoclusters that produces a concomitant increase in the molecular brightness.

The gold-induced quenching of FITC is directly related to the Fresnel coefficients
at the metal-surface boundary. Their change upon binding of proteins to the surface is
determined then by the change in the surface layer dielectric permittivity related to the
protein relative concentration on the surface layer. For this reason, we tried to keep the
relative concentration of BSA on the surface high while keeping the FITC signal per gold
NP cluster at measurable levels. This reasoning has also driven our choice of the ratio
[Ab]:[FITC] = 3:1 reported above. As anticipated, the choice of the ratio [Ab]:[FITC]
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= 3:1 has provided us with the better sensitivity. FITC bound to constructs prepared
at the lower value of [Ab]:[FITC] = 1:1 displays a reduced average excited-state lifetime
already at [BSA]:[Ab] = 0 with respect to the case [Ab]:[FITC] = 3:1. For example, we
found 〈τ〉 = 2.1 ± 0.3 ns for the 10 nm constructs prepared at [Ab]:[FITC] = 1:1, more
than 30% lower than the [Ab]:[FITC] = 3:1 case. Moreover, upon BSA addition the FITC
average lifetime increases in the [Ab]:[FITC] = 1:1 constructs upon to 30% but with very
large uncertainty. This behavior, which makes the construct prepared at [Ab]:[FITC] =
1:1 less adequate than the case [Ab]:[FITC] = 3:1 for protein assay applications, is due to
the interplay of the different mechanisms that have been discussed above. In particular,
we find that the increase in the FITC lifetime measured in the [Ab]:[FITC] = 1:1 case is
due to a marked increase of the long lifetime component which is also affected by a large
variability (data not shown). This behavior is probably related to the increase in the local
surface field and its inhomogeneity on the surface of the larger gold NP nanoclusters[41]
present in the 10 nm gold-dye constructs. These issues may be also at the basis of the
observed reduced sensitivity of the 10 nm gold NPs constructs with respect to the 5 nm
constructs. In fact, small colloids are expected to quench fluorescence more efficiently
than larger ones since the absorption component of the extinction coefficient is domi-
nant over the scattering one, which is responsible for the plasmon-induced fluorescence
enhancement[33, 42], and this would result in a reduced lifetime. On the other hand,
the local field enhancement is expected to be larger and more inhomogeneous on larger,
possibly aggregated, structures, such as those expected for the 10 nm NPs constructs,
and this would result in an increase of the FITC lifetime for these larger constructs.
The fine balancing of these two opposite behaviors would then determine the reduced
sensitivity of the 10 nm particles constructs compared to those based on the 5 nm gold
NPs described here.

p53 protein The FITC fluorescence emission can be characterized on the fluorescence
bursts in terms of the particle brightness and the fluorophore lifetime. As described above,
the ratio RFITC between the Abs and the FITC dyes on the gold NPs was kept constant
at 3:1 in all experiments, with an average constant concentration of Ab ≈ 1000 and 510
pM for 5 and 10 nm NP, respectively. The fluorescence brightness can be computed by
means of PCH methods and the average lifetime is evaluated through the analysis in
terms of one or two of exponential components of the FITC fluorescence decay. The size
of the constructs was further characterized by the average burst width, ∆t, analyzed as
a Gaussian function (fig. 3.19).

It is important to notice that when no protein is added to the NP-FITC-Abp53 con-
structs solutions, rare if any fluorescence bursts were detected and the lifetime of FITC
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Figure 3.19: Fluorescence traces collected from R = 1:1 solutions of p53 and 5 nm (panel
A) or 10 nm (panel B) NP-FITC-Abp53 constructs. Inset of panel A reports the average
particle brightness measured on the bursts for the 5 (open squares) and the 10 nm (filled
squares) NP-FITC-Abp53 constructs. Inset of panel B reports the distribution of the
bursts full width measured through a multi-component Gaussian fit to the bursts.

was determined on the background that we ascribed to the NP-FITC-Abp53 constructs.
The average fluorescence brightness is in this case 4.4 ± 1.7 photons/ms. The average
brightness NP-FITC-Abp53 constructs in the presence of p53, computed by PCH method
on the fluorescence bursts, increases to ∼= 50 photons/ms (fig. 3.19 A, inset), that would
correspond to approximately an aggregate of 8 to 10 NPs. This result is in qualitative
agreement with the light scattering analysis of the size of the NP constructs reported
above. The uncertainty in the size measurement does not allow to draw quantitative con-
clusions on any possible change in the FITC molecular brightness upon protein binding
to the NP surface. We have then analyzed the effect of the protein-antibody recognition
on the value of the average FITC lifetime measured on the fluorescence bursts. In the
control case in which no protein is added to the solutions the fluorescence decay is well
described by a single exponential component (fig. 3.20 A) and we measure τ̄ = 3.4± 0.2
and 3.5± 0.2 ns for the 5 and 10 nm NP-FITC-Abp53 constructs, respectively.

This value is close to that found in solution at basic pH (∼= 9), for the biotynilated form
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Table 3.6: Excited-state lifetime values for the FITC and NP-FITC-Abp53 constructs

Construct τ̄ (ns)

Biotin-FITC (uncomplexed) 3.50± 0.05
NP-FITC-Abp53 (10 nm) 3.50± 0.2
NP-FITC-Abp53 (5 nm) 3.40± 0.2

of FITC, τ̄ = 3.5± 0.05 ns (table 3.6). When p53 is added to the solutions of NP-FITC-
Abp53 constructs, the FITC lifetime decreases substantially. Actually, when fitting the
histogram decay, a faster component in addition to the ∼= 3.5 ns one is required (fig. 3.20
B). Since the fitting procedure involves the deconvolution of the decay with the system
IRF and is therefore affected by some uncertainty, we describe the overall fluorescence
decay by average lifetime 〈τ〉. The average of 〈τ〉 over a sample of fluorescence bursts
will be indicated as 〈τ̄〉.

3.3.5 Dependence of the FITC Lifetime on the p53 Concentration

The effect of p53 concentration on the FITC lifetime has been investigated by chang-
ing the ratio R = [Abp53]:[p53] in the range 5:1 to 1:2. The protein concentration for
these experiments was varied in the range 180 - 1000 pM for 5 nm NPs and 90 - 510 pM
for 10 nm NPs.

Figure 3.20: Panel (A): lifetime decays of the NP-FITC-Abp53 construct for the 5 nm
NPs in the absence of p53. The solid line corresponds to the best fit of the data to a
single exponential decay. Panel (B): lifetime decays of the NP-FITC-Abp53 construct for
the 5 nm NPs in the presence of p53 at a stochiometric ratio R = 1:1 (upper curve, open
symbols) and R = 5:1 (lower curve, filled symbols). Panel (C) and (D) report the trend
of the average lifetime as a function of the p53 concentration and refer to the 5 nm and
10 nm constructs, respectively. The solid lines are the linear best fit of the data.
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The result of the data analysis reported in fig. 3.20 C e D indicates that both
constructs display large sensitivity to protein-antibody binding and that a range of protein
concentrations, up to 200 - 250 pM, can be selected in which the FITC lifetime varies
linearly with the protein concentration. The sensitivity of the p53 detection is related to
the slope of the linear dependence of 〈τ̄〉 upon the p53 concentration, that is

−∂< τ̄ >

[p53]
= 0.0014± 10−4 [ns]

[pM ]
for 5 nm NP (3.18)

−∂< τ̄ >

[p53]
= 0.005± 0.001

[ns]
[pM ]

10 nm NP (3.19)

The 10 nm NP constructs appears therefore to be at least five times more sensitive
to the p53 detection.

Figure 3.21: The figure reports the trend of the average lifetime as a function of the
p53 concentration and refer to the 5 nm (blue symbols) and 10 nm (orange symbols)
constructs, respectively.

3.3.6 In vitro selectivity of the assay

In order to verify the possible use of the proposed p53 assay for in-vivo screening, we
must check for possible false positive results induced by recognition of other proteins and
perform titration of cell extracts. Regarding the issue of the protein selectivity, we have
tested the 5 nm NP-FITC-Abp53 constructs for recognition of small globular proteins that
may compete with p53 by specific or aspecific binding to the NPs. p53 is a mainly protein
that can be also found in the cytoplasm 25. Therefore the possible competitiveness of
serum proteins with p53 should not hinder the application of this NP based p53 assay to
in vivo tests. We have then tested the competitive binding of BLG and lysozyme, used
as here as reference globular proteins, for the p53 antibody on the NPs. As a reference
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Table 3.7: Average lifetime as a function of the p53 concentration refer to the 5 nm and
10 nm constructs.

5 nm NP 10 nm NP
[Abp53]/[p53] [p53] pM < τ > (ns) [Abp53]/[p53] [p53] pM < τ > (ns)

- 0 3.40± 0.2 - 0 3.50± 0.2
5:1 180 2.99± 0.2 5:1 90 3.07± 0.1
3:1 275 2.83± 0.2 3:1 127 2.89± 0.1
2:1 360 2.75± 0.1 4:1.5 140 2.78± 0.1
3:2 450 2.70± 0.1 2:1 170 2.65± 0.1
1:1 1000 2.70± 0.1 1:2 340 2.63± 0.2
- - - 1:3 382 2.65± 0.2
- - - 1:1 510 2.75± 0.1

for the serum proteins we have taken BSA. Indeed when we add BSA to the NP-FITC-
Abp53 constructs we observe large and wide (∼= 3 s) bursts on which sharper bursts are
superimposed (fig. 3.22 A).

Figure 3.22: Fluorescence time decay of FITC bound to the NP-FITC-Abp53 constructs
(5 nm in size) in the presence of BSA, lysozyme and BLG. All proteins were added to the
solution in order to obtain R=1:1. The laser excitation power was 40 mW. The panels
on the right report exemplary fluorescence traces for the three proteins.

This behavior can be taken as an indication of a massive aggregation of the constructs.
However, the average FITC lifetime computed on these bursts is definitely smaller (〈τ̄〉 ∼=
2.7 ± 0.2 ns) than the reference value of τ ∼= 3.5 ns (fig. 3.22 A). BSA can therefore
interfere with p53 detection by the NP-FITC-Abp53 construct. On the contrary, we were
not able to observe fluorescence bursts in the case of lysozyme and BLG over repeated
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30 s long traces (fig. 3.22 B, C), indicating that there is little or no recognition of
these proteins by the NP-FITC-Abp53 construct. Moreover, from the single exponential
analysis of the fluorescence decays (fig. 3.22 B, C), we obtained an average FITC lifetime
τ̄ = 3.4 ± 0.2 ns for the case of both BLG and lysozyme. These observations indicate
that, apart from probably aspecific binding of BSA, the NP-FITC-Abp53 constructs are
highly specific for the p53 in vitro.

3.3.7 In vivo test of the assay

The ability of the NP-FITC-Abp53 constructs to recognize p53 in vivo has been tested
on extracts from HC116 (p53 positive) and H1299 (p53-null) cell lines. We have first
checked the pure TCEs for fluorescence emission at 515 nm finding an average emission
of 7.5 ± 3 photons/ms and a single exponential decay of the fluorescence with average
time τ̄ = 2.6± 0.1 ns (fig. 3.23 A).

We also detected no evident burst over 120 s of measurement (fig. 3.23 A, inset).
This signal is probably due to auto-fluorescence of the protein bound coenzyme NADH
present in the TCEs. 26,27. When we mixed the p53-null TCEs (p53−/−) with the 5
nm NP-FITC-Abp53 constructs in a 1:1 volume stochiometry, we found rare bursts with
width ∆t = 200 ms or larger (fig. 3.23 B, inset). The fluorescence decay is always well
described by a single exponential function (data not shown) both on the background
and on the wide fluorescence peaks, and the lifetime distribution indicates the presence
of two populations with 〈τ〉 ∼= 3.2 ± 0.2 ns and 〈τ〉 ∼= 2.3 ± 0.15 ns (fig. 3.23 B).
We ascribe these two lifetime populations to the emission of FITC bound to the NP-
FITC-Abp53 constructs that have not recognized p53 proteins (region III in fig. 3.23 B),
as found in the in-vitro experiments, and to the cell proteins auto-fluorescence (region
II in fig. 3.23 B). When adding to this mixture a p53 solution with a stochiometric
ratio R=[Abp53]:[p53] = 1:1, we observed new sharp and intense fluorescence peaks (fig.
3.23 A, inset) with an average frequency ∼= 170 mHz and width ∆t = 27 ± 5 ms. The
fluorescence decay computed on these peaks is described by a double exponential model
(fig. 3.23 A) whose average lifetime has a wide distribution around 〈τ̄〉 = 1.45± 0.3 ns, a
value definitely smaller (∼= 50%) than that found both for FITC emission and for NADH
enzyme autofluorescence.
The data collected on these bursts fall in a separated new region of the correlation plot
shown in fig. 3.23 B (region I). It is noteworthy that when we added to the TCEs of the
p53 positive cells the NP-FITC-Abp53 constructs in a 1:1 volume stochiometry, we found
again sharp and intense bursts on the fluorescence traces (fig. 3.23 A, inset). The average
frequency of these sharp bursts (∆t = 17± 5 ms) was ∼= 90± 30 mHz and decreased to
40±15 mHz for a [NP-FITC-Abp53]:[p53 positive TCEs] = 1:2 volume stochiometry. these
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values are comparable to that found for the R = 1:1 in vitro solutions that corresponds to
[p53] ∼= 400 pM, indicating that the range of p53 concentration that can be explored with
this assay is appropriate for in-vivo screening. Also in this case, the description of the
fluorescence decay requires two components (fig. 3.23 A) with average values 〈τ〉 falling
in all the three regions reported in fig. 3.23 B, as found for the p53 titration experiments
of the p53 null TCEs.

Figure 3.23: Experiments on TCEs. Panel (A): fluorescence decay measured from pure
TCEs (open squares, red), p53 positive TCEs in the presence of 5 nm NP-FITC-Abp53

constructs (filled squares, black), p53-null TCEs in the presence of 5nm NP-FITC-Abp53

constructs and with the addition of p53, R=1:1 (open circles, magenta). The solid lines
and the best fit decays convoluted with the IRF and they correspond to a single expo-
nential decay and to double exponential decays for the p53 positive and the p53-null plus
p53 cases, respectively. Inset: fluorescence traces for the three cases reported in the main
panel: pure TCEs (red), p53 positive TCEs (black) and p53-null TCEs with the addition
of p53 protein (magenta). For sake of clarity two traces have been displaced by 50 and
100 units (photons/ms), respectively. Panel (B): correlation plot of the average number
of photons collected over each burst with the average value of the lifetime for solutions
of 5 nm NP-FITC-Abp53 constructs and p53 positive TCEs (filled squares, black), p53-
null TCEs without the addition of p53 (filled squares, blue) or p53-null TCEs with the
addition of p53 (open squares, magenta). The boxes indicate the p53-(NP-FITC- Abp53)
complexes (I), the cell proteins auto-fluorescence (II) and the uncomplexed NP-FITC-
Abp53 constructs (III). Inset: distribution of the average bursts width for the three cases
reported in the main panel (colors as in the main panel).

In particular, the average value of the lifetime decay computed over the sharp and
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large fluorescence bursts, corresponding to 〈τ̄〉 = 1.3± 0.3 ns (region I in fig. 3.23 B) for
the two [NP-FITC-Abp53]:[p53 positive TCEs] stochiometry ratios investigated, is again
markedly shorter than the control measurements on the background of the fluorescence
traces (regions II and III). In general the correlation plot between the average number of
photons per burst and the average lifetime measured on the bursts (fig. 3.23 B), reveals
then the existence of three distinct classes of fluorescent behavior of our samples:

1. high fluorescence with very low lifetimes (≈ 1.3 ns), that we attribute to the NP-
FITC-Abp53-p53 constructs

2. intermediate fluorescence with an average lifetime ≈ 2 ns, related to cell proteins
auto-fluorescence

3. very low emission and longer lifetime (≈ 3 ns), due to the un-complexed NP-FITC-
Abp53 constructs.

The appearance of the region I in the correlation plot, both for the p53 null TCEs
with addition of p53 (data not shown) and for the p53 positive TCEs (fig. 3.23 B), is
an indication of a clear effect of the binding of p53 to the NP-FITC-Abp53 on the FITC
fluorescence lifetime. The correlation plot reported in fig. 3.23 B is then a valuable tool
to clearly discern the presence of p53 in the TCEs. However, since the lifetime value
found in the TCEs is much smaller than the values found in vitro, in order to apply the
presented assay to the quantification of p53 concentration in the TCEs, a calibration of
the dependence of the FITC average lifetime on the protein concentration directly in the
TCEs is recommended.
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Chapter 4

Metal spherically and
non-spherically symmetric NPs:

Au and oxides

All’idea di quel metallo
portentoso, onnipossente, un
vulcano la mia mente incomincia
a diventar

C. Sterbini, Il barbiere di Siviglia
G. Rossini

Since its introduction about 20 years ago[1], two-photon microscopy has become
a fundamental tool in high-resolution imaging, especially of biological tissues,
because of the quadratic dependence of absorption on the excitation intensity,
which confines fluorescence and photobleaching to the proximal region of the

focal volume. Two-photon luminescence (TPL) from molecules is a nonlinear process
described by a third-order susceptibility tensor χ(3) and the rate of absorption of energy
is quadratically dependent on the laser intensity[2]. Gold nanostructures often display
strong multiphoton absorption[3, 5], which derives from the large electric fields that
can be locally induced at their surface due to lightning-rod effects or collective electron
oscillations[10]. Indeed, in recent years, the use of noble-metal nanoparticles has emerged
as a valid and nontoxic alternative to fluorophore-based labeling for in vitro and in vivo
imaging[11]. One of the most relevant application in this field is high-resolution analysis
of tumor tissues with targeting gold nanoparticles[12–14], which holds promise for supe-
rior contrast and increased biocompatibility. The appeal of such an approach lies also in
the possibility to exploit the same nanoparticles for localized and enhanced photother-
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mal therapies[15, 16]. The strong nonlinear optical response can also be employed as an
effective tool to map spatially localized field-amplitude enhancements in nanostructured
systems.
In this chapter we report the characterization, with several techniques (absorption spec-
tra, TEM images, FCS (Fluorescence Correlation Spectroscopy) and DLS (Dinamic Light
Scattering) experiments), of nanorods and asymmetric branched gold nanoparticles, syn-
thesized with LSB and CTAB, respectively. Laurylsulphobetaine (LSB) is a zwitterionic
surfactant used for the first time in the seed growth method. In the second part of the
spectroscopic characterization we study the luminescence of these nanoparticles for cell
imaging; additional we measure cytotoxicity in order to verify their potential application
for in-vivo cell treatment.
In the last part we evaluated the teragenic potential of commercially available copper
oxide (CuO), titanium dioxide (TiO2) and zinc oxide (ZnO) nanoparticles (NPs) using
the standardized FETAX test. In particular, we have characterized suspensions of NP
by TEM and DLS; histopathological screening and advanced confocal and energy-filtered
electron microscopy techniques were used to characterize the induced lesions and to track
NPs in tissues.

4.1 Two-photon luminescence (TPL)

TPL has been proposed to generate from the recombination of an electron in the sp
band with a hole in the 3d band, created by a two-step process consisting in two sequential
one-photon absorption transitions[18]. As sketched in fig. 4.1, the first photon excites
an electron to the sp conduction band above the Fermi energy (EF ) via an intraband
transition, leaving a hole in the sp conduction band located below EF .

Note that intraband transitions, which are dipole-forbidden in bulk materials, are
characterized by large cross sections in nanostructures because of the presence of intense
evanescent fields, whose associated field gradients give rise to higher-order multipolar
transitions [5]. Once the sp hole has been created by the first photon, the second photon
excites an electron from the d band to recombine with the sp hole in the conduction band.
In gold crystals, this optical transition preferentially occurs near the X and L symmetry
points of the Brillouin zone, since there the 3d -projected electronic density of states is
larger. Before they recombine, both the sp and d holes may undergo scattering events.
The excited d hole resulting from the two sequential one-photon absorption steps can,
eventually, decay radiatively, directly contributing to generate TPL, but can also recom-
bine nonradiatively with sp electrons by generating SPPs (surface-plasmon-polariton)
that subsequently radiate, further contributing to the total luminescence yield[17].

F(t) is the instantaneous photon flux and σsp→sp(σd→sp) stands for the cross section
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Figure 4.1: Two-photon-induced excitation of a 3d hole in gold. The first photon (1)
induces an indirect sp → sp intraband transition. Then, absorption of the second photon
(2) creates a hole in the d band by exciting an electron to recombine with the previously
created sp hole.

of the first (second) absorption event illustrated in fig. 4.1. Radiative relaxation energies
are therefore strongly connected to the interband separation, and for bulk material these
energies are ∼ 1.5 - 2.4 eV and occurs around the X and L points of the Brillouin zone.
Much of the interest is generated by the potential biomedical applications of nanopar-
ticles. TPL can be spectrally separated from tissue autofluorescence and the power
densities required for TPL imaging are orders of magnitude below the damage thresh-
old of biological tissue. We have studied the nanorods’ TPL properties, which will be
illustrated below.

4.2 Nanoparticles synthesis

Non spherical gold nano-objects have localized surface plasmon resonance (LSPR)
that in many cases falls in the near-infrared region (750 - 1300 nm)[19], where tissue, blood
and water display high transmission of electromagnetic radiation. This has prompted to
propose nanorods (NR) for therapeutic and diagnostic biomedical application[36]. Be-
side nanorods, other low symmetry nano-objects, like nanostars [21] and more generally
branched nanoparticles, have been reported to display such optical features. The synthe-
ses of nanostars and branched NPs rely on the seed/growth concept originally elaborated
for NR. In the wet synthesis of the latter, spherical gold nano-seeds are added to a
growth solution of an Au(III) complex in the presence of a mild reductant and in most
cases a surfactant[24] cetyltrimethylammonium bromide (CTAB). The CTAB role has
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been hypothesized to be the preferential coating of the {100} face of the crystalline gold
seed[23], thus protecting it and allowing the anisotropic growth of the nano-object by
Au(0) deposition on the {111} face. In the syntheses using CTAB, an essential role is
also played by Ag+ that must be present at low concentrations to obtain high aspect
ratios (AR = ratio of the long to short axis of a NR)[24]. Minor variations in the con-
centration of seed, surfactant, Ag+ and gold salt in the growth solution may lead to
nanorods of different aspect ratio or to anisotropic nano-objects with different shapes.
Beside few other shorter chain surfactants with the same quaternary ammonium head[25]
as CTAB, and similar cetyl surfactants with tributyl or tripropyl quaternary ammonium
heads (Br− as counter anion)[26], no other amphiphile has been reported to promote
the growth of anisotropic gold nano-objects. In collaboration with the group of Prof.
P.Pallavicini of the University of Pavia (General Chemistry Department, Pavia), we have
discovered a new seed-growth synthesis by replacing CTAB with laurylsulfobetaine (LSB,
N-dodecyl-N ′ , N ′′-dimethyl-3-ammonio-1-propanesulfonate), leading to branched Au NP
whose LSPR position is controlled by LSB concentration. LSB is a zwitterionic surfac-
tant with 2 mM critical micelle concentration. In a typical preparation a gold NP seed
solution is prepared by mixing 5 mL of 5 × 10−4 M HAuCl4·2H2O with 5 mL 0.20 M
LSB in water, and by adding 600 µL of NaBH4 0.010 M, obtaining the typical brownish
colour of a few-nm sized Au NP dispersion. Transmission electron microscopy (TEM)
reveals the formation of spherical NPs with d < 4 nm. Growth solutions were prepared
with 5 mL of LSB of varying concentration (0.2 - 0.6 M), 180 - 550 µL 0.004 M AgNO3,
5 mL 0.001 M HAuCl4·2H2O and 70 µL ascorbic acid. After the addition of ascorbic
acid, the solution became colorless. Addition of 12 µL of seed solution made the growth
solution to become first grey, then to develop a deep blue-violet color. It is important to
stress that we have used concentrations and volumes identical to those that with 0.2 M
CTAB (instead of LSB) were reported to produce NR (AR < 4.5, LSPR < 850 nm).

4.3 Result

4.3.1 UV-Vis Spectra

The extinction spectra of the NPs are shown in figure 4.2 : five sample were synthe-
sized according to the method described in section with LBS concentration variable in
the range 0.2 - 0.6 M, and one with 0.2 M CTAB, as shown in the panel.
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Figure 4.2: A-E: UV-Vis spectra of the nano-objects dispersions from growth solutions
made with 0.2 - 0.6 M LSB. The relevant LSB concentrations are shown in the panels. All
spectra except E are in the 300 - 1100 nm range. Spectrum D has a negligible intermediate
band. F represents the ideal shape features of the nano-objects (L = branch length, B =
branch base width).

Observation of UV-Vis spectra revealed presence of three bands:

1. the growth of a major band at λmax 700 - 1000 nm ("long" band, L), whose exact
position depends on LSB concentration,

2. a less intense band at 520 - 530 nm ("short" band, S)

3. a third band with λmax positioned in the 650 - 750 nm range, depending on LSB
concentration ("intermediate" band, I).

The latter appears as a single peak or a shoulder, depending on the position of the
band L. Moreover, its a absorbance varied randomly from negligible to comparable to
that of the band L. Identification of the origin of three bands was obtained by TEM (see
par. 4.3.2). Regarding the LSB growth method we observe that the position of the L
LSPR band scales linearly with the LSB concentration (fig. 4.3) and its origin can be
assigned by investigating the NR spectrum.

In figure 4.4 f the extinction spectrum of the sample obtained with 0.2 M CTAB
sedd growth is reported; in this case the solution is homogeneous and presents a single
kind of NPs, named nanorods (fig. 4.4) and the spectrum presents only the L and S
bands. Therefore we can ascribe the "long" and "short" band to the SPR parallel and
perpendicular (which is close to the nanosphere spectrum SPR) to the rod axis.
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Figure 4.3: Variation of LSPR position as a function of the LSB molarity added to the
growth solution.

Figure 4.4: Left: UV-Vis spectra of samples synthesized with 0.2 M CTAB surfactant.
Right: TEM image.

Further considerations can be done based on TEM.

4.3.2 Transmission Electron Microscopy (TEM) characterization

Figure 4.5 shows the comparison between the TEM images acquired for nanoparticles
synthesized with CTAB and variable concentration of LSB surfactant. As seen also in fig.
4.4, the CTAB growth method provides nanorods with well defined aspect ratio; instead,
the constructs obtained with LSB exhibit a prevalent star-like structure with thin fingers.

Three typologies of objects are present: (A) nanospheres (< 20 nm diameter), to
which the 520-530 nm LSPR band is obviously attributed (although a contribution to this
band may also be due to the transverse LSPR of the larger nano-objects); (B) nanostars,
with large trapezoidal branches (intermediate band); (C) branched asymmetric NPs,
with narrow, long branches (long band) of high AR (fig. 4.6iii-v) display isolated and
magnified images of the three typologies).
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Figure 4.5: The panels show the comparison between NPs synthesized with LSB or CTAB
surfactants.

Figure 4.6: TEM images. (i) obtained from a growth solution prepared with 0.6 M
LSB, with a three band absorption spectrum. (ii) obtained from a growth solution 0.5
M LSB with a negligible intermediate band. (iii) detail of nanospheres (from a 0.6 M
LSB growth solution), 30% magnified. (iv) detail of nanostar, (v) detail of branched
asymmetric nano-objects 30% magnified (both from a 0.2 M LSB growth solution).

Image 4.6 ii has been taken on a dispersion obtained with a 0.5 M growth solution
displaying a negligible intermediate band in the UV-Vis spectrum: in this case objects of
typology B (green) are absent and type A 28% (blue), type C 70% (red). For anisotropic
branched NPs, the LSPR position has been reported to be proportional to the length/base
ratio of branches (L/B) or, similarly, to the length/aperture angle ratio of the branches,
while it is independent on the number of branches grown on the core. This agrees with
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the assignment of the intermediate band to the B typology objects (nanostars) and of
the long band to the C typology objects. The population distribution is typically ∼10%
type A, 30 - 50% type B, 40 - 60% type C. The yield, calculated as total Au found in the
nano-objects mixture with respect to total starting Au, is typically 29 - 55%.

(a) 0.2 M LSB. (b) 0.35 M LSB.

(c) 0.45 M LSB. (d) 0.5 M LSB.

(e) 0.6 M LSB. (f) Aspect ratio.

Figure 4.7: Population distribution with different growth solution.

The L/B ratio for type B objects has been calculated only on images from 0.2 to 0.45
M solutions, as with higher LSB concentrations the tendency of the nano-objects to crop
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Table 4.1: Values of the parameters for samples synthesized with LSB

[LSB] [M] C object B object

L1 B1 AR1 F1(%) L2 B2 AR2 F2(%)

0.2 54.5± 3 8.0± 0.8 6.9± 0.8 49 35.8± 1.9 9.1± 1.3 3.9± 0.4 38
0.35 65.4± 5.3 8.7± 0.3 7.5± 0.6 43 41.0± 10.9 8.5± 1.5 4.9± 1.3 47
0.45 60.9± 1.9 7.5± 1.1 8.1± 1.1 59 38.7± 5 8.7± 0.7 4.5± 0.8 30
0.5 98.9± 5.1 7.9± 1.2 12.5± 1.8 72 - - - -
0.6 64.3± 11.1 8.2± 3.7 7.8± 1.4 30 39.9± 4.7 11.4± 1.9 3.5± 0.5 36

Table 4.2: Values of the parameters for two samples synthesized with CTAB

CTAB [M] L (nm) D (nm) AR

0.2 47.9± 4.5 17.2± 2.1 2.8± 0.3
0.2 PEG2000 41.8± 3.1 11.2± 2.9 3.7± 0.9

in dense assemblies on the TEM grids prevented graphical evaluations on the star nano-
objects. In each synthesis a ∼ 3 units lower L/B ratio is found for the B population with
respect to type C objects, with a slight tendency to increase with LSB concentration.

Also the samples synthesized with the more conventional surfactant CTAB were char-
acterized through transmission electron microscopy. In these cases only one typology of
nanoparticles is observed; the values of the length L and the width B are reported in
table 4.2.

4.3.3 High Resolution TEM

The structural details, the crystal structure growth directions and the crystallinity of
type B and C objects have been further investigated by High Resolution TEM by group
of Prof. P. Pallavicini (University of Pavia, Department of Chemistry). The products
are crystalline with fcc structure. All the examined type B objects are monocrystalline
with 4 or 5 branches (in many examined object a sixth branch may be hidden behind the
structure). Branches are grown along the [220] and [002] directions, as shown in fig. 4.8 a.
Type C objects, see fig. 4.8 b are always twinned crystals with {111} contact planes, with
branches grown along the [220] or [002] directions. Reasoning with the widely accepted
model developed for the anisotropic growth of nanorods[23], both for the type B and C
objects the {111} faces must be selectively protected by LSB adsorption, while branches
growth takes place by Au deposition on the free {220} and {002} faces.

LSB has been reported to adsorb and form stable aggregates on the {111} face of bulk
gold electrodes. Moreover, it should be remembered that the formation of an anionic layer
on the surface of any Au nano-object is necessary for its stabilization[27]. In syntheses
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(a) A detail of a monoscrys-
talline nanostar (typology B).

(b) A detail of a twinned asym-
metric branched NP (typology
C).

(c) The different diffraction
rings of NP synthesized with
0.4 M LSB.

Figure 4.8: HR TEM and Electron diffraction pattern images from group of Prof. P.
Pallavicini (University of Pavia, Department of Chemistry). The images was performed
by using a Jeol JEM 2200FS TEM/STEM working at 200 kV.

identical to ours, that use CTAB instead of LSB, Br− is ∼ 0.2 M and nanorods are
obtained. In our synthetic conditions there are no anions in such huge concentration.

4.3.4 ζ-potential characterization

The nanoparticles solutions are characterized by a ζ-potential value of -27.2 ± 6.1
mV and of -13.4 ± 4.55 mV for 0.3 M and 0.45 LSB, respectively. This numerical value
indicate that the nanoparticle have a prevalent negative surface charge; the first solution
is moderatly stable and the second one is in an incipient instability condition. The
nanoparticles synthesized with 0.2 M CTAB surfactant have a ζ-potential of -14.0 ± 10.5
mV; the charge distribution is wide and the solution is in an incipient instability form.

4.3.5 Dynamic Light Scattering

Solution of LSB (LSB micelles)

Solutions of Laurylsulphobetaine (LSB,N−dodecyl−N,N−dimethyl−3−ammonio−
1−propane−sulphonate) were prepared in water at increasing concentrations from 0.2 to
0.6 M. The scattering experiments have been performed on a home made setup that uses
a He-Ne laser (Nec, 50 mW, λ = 633 nm, vertical polarization) and a digital acquisition
and correlator board by ISS (ISS, inc, Urbana, IL). The sample is lodged in a cylindrical
cell kept at T = 24 ◦C. The AutoCorrelation Function (ACF) of the intensity of the light
scattered at the angle θ = 90◦ can be fit to a single exponential decay according to the
relation:
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G(t) = 〈I〉2
(
1 + f2exp[−2DQ2t]

)
= 〈I〉2

(
1 + f2|g(1)(t)|2

)
(4.1)

where Q is the scattering vector and f is the signal/noise ratio (typically ∼= 0.03). The
translational diffusion coefficient D is then translated into the hydrodynamic radius, Rh,
by means of the Stokes-Einstein relation:

D =
kBT

6πηRh
(4.2)

In the above equation η and n are the viscosity and the refraction index of the
solution, T = 297.15 K, is the solution temperature. The ACFs reported in fig. 4.9
indicates clearly that the relaxation time increases with the LSB concentration. Indeed
the average hydrodynamic radius changes from Rh ∼= 1.6 nm at LSB = 0.2 M, to Rh ∼=
3 nm for LSB = 0.6 M, with linear trend.

Table 4.3: Average hydrodynamic radii of micelles in solutions.

LSB [M] Rh (nm)

0.2 1.6± 0.12
0.3 2.1± 0.2
0.4 2.3± 0.2
0.5 2.6± 0.2
0.6 3.0± 0.2

NPs solutions

The scattering of the solutions of the NPs has been measured through a vertical
polarizer, i.e. parallel to the direction of the polarization of the laser light. In this case
two exponential decays are needed to fit the data with relaxation times of the order 10
and 200 µs approximately (fig. 4.10). The presence of the faster component is taken as
an evidence of the polarizability anisotropy of the NPs. In the view of the TEM analysis,
the anisotropy of the polarizability is probably entirely due to the shape anisotropy of
the NPs. The two relaxation components are then ascribed to the rotational and the
translational diffusion of the NPs. According to the TEM image analysis the shape of
the NPs may vary from spherical to branched and no clear cylindrical symmetry can
be pointed out. The polarizability of the particle is in general a rank two tensor and
can be diagonalized to give three eigenvalues that have the meaning of the polarizability
along three orthogonal axes in the particle frame of reference. For sake of simplicity, we
assume here that we can define in the NP a direction along which the polarizability (α‖)
of the electrons is much larger than in the other two orthogonal directions (α⊥ � α‖).
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Figure 4.9: ACFs of the light scattering by the LSB micelle solutions. The symbols refer
to [LSB] = 0.2 M (open squares); [LSB] = 0.3 M (filled circles); [LSB] = 0.4 M (open
triangles); [LSB] = 0.5 M (filled triangles); [LSB] = 0.6 M (open circles). The dashed
lines are the best fit of eq. 4.1 to the data. A small baseline has been added to the data
fitting and is probably due to residual dust contribution to the scattering intensity. The
top inset shows the linear trend of the Rh as a function of the LSB concentration. The
bottom inset shows the ACFs in log-linear scale.

Within this assumption, the intensity autocorrelation function may be written in the
form (Berne&Pecora 1976):

G(t) = 〈I〉2
(

1 + f2exp[−2DQ2t]
(
〈α〉2 +

4
45

(α‖ − α⊥)2exp[−6Θt]
))

(4.3)

In the above expression, α indicates the average excess polarizability of the NP, α‖ is
the polarizability along the long axis and α⊥ indicate the polarizabilities along the shorter
axes (whose mutual difference with respect to α‖ can be neglected). The translational, D,
and the tumbling rotational, Θ, diffusion coefficients can be used to derive the average
hydrodynamic radius of the NP. The amplitudes of the two exponential components
are instead used to estimate the degree of shape anisotropy as detailed hereafter. The
experimental ACFs are fit then to a trial equation of the type:

G(t) = 〈I〉2
(
1 +Ae−ΓT t

(
1 +Re−ΓRt

))
(4.4)

We assume that the anisotropy along a particle axis is proportional to the length of
the axis and therefore:
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Figure 4.10: ACFs of the light scattering by a solution of NPs prepared at [LSB] = 0.2
M observed through a polarizer whose axis is parallel to the polarization direction of
the excitation beam (vertical). The dashed line is the best fit to the best fit to the eq.
4.4. The solid line represent the translational component of the ACFs. A small baseline
accounts for the presence of larger aggregates as also indicated by the TEM analysis.

α‖ ÷ L (4.5)

α⊥ ÷D (4.6)

α÷ 1
3

(L+ 2D) (4.7)

The ratio of the amplitudes of the translational to the rotational exponential compo-
nents obtained from the best fit, Rfit is then given by:

Afit =
4
45

(α‖ − α⊥)2

α2
=

4
45

δ2
α

〈α〉2
(4.8)

From eq. 4.8 it is straightforward to derive the (effective) axial ratio, D/L, as:

L

D
= 3

(
2δα
3〈α〉

− 1
)(

1− δα
3〈α〉

)−1

(4.9)

The best fit values of the ratio (eq. 4.8) are shown in fig. 4.11 of the main text
and reported here in table 4.4 together with the estimates of the axial ratios, L/D. The
comparison to the L/B (length/base) values measured on the branches of asymmetric
NP (type C objects, TEMC in table 4.4) and on the branches of nanostars (type B
objects, TEMB in table 4.4) from TEM images indicates that the analysis reported here
underestimate the shape anisotropy. This fact is expected since the axial ratio values
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Table 4.4: DDLS amplitude analysis: Afit from eq. 4.8, Rh,T and Rh,R are the hydrody-
namic radii, L/D is from eq. 4.9 and (L/D)TEM from TEM measurement.

LSB [M] Rfit Rh,T (nm) Rh,R (nm) (L/D)A6 (L/B)TEMC
(L/B)TEMB

0.20 1.8± 0.2 24± 2 21± 3 5.5± 0.9 6.9± 0.8 3.9± 0.6
0.35 1.9± 0.2 29± 2 28± 4 6.2± 0.9 7.5± 0.8 4.8± 1.5
0.45 2, 2± 0.3 21± 3 27± 3 8.9± 3.0 8.1± 1.2 4.4± 0.7
0.50 2, 4± 0.2 19± 3 27± 3 13.2± 5.0 12.4± 2.0 -
0.60 2, 4± 0.2 21± 3 25± 3 13.6± 5.0 7.8± 3.7 3.5± 0.5

Figure 4.11: Values of the ratio δα/α as a function of LSB concentration.

are measured on the single branches on the TEM images, while eq. 4.9 makes use of an
overall polarizability anisotropy.

From the translational relaxation component (ΓT in the fitting function) we can derive
the average hydrodynamic radius of the NPs according to eq. 4.2. Finally, regarding the
information that can be obtained from the rotational relaxation rate ΓR = 6Θ, we observe
that to the first approximation we can estimate an average hydrodynamic radius from
the relation:

Θ =
kBT

8πηR3
h,R

(4.10)

From eq 4.10 a very rough estimate of the overall encumbrance can be done, reported
in table 4.4, that, however, appears to be consistent with the estimate obtained from the
analysis of the translational relaxation rate. The average values of the hydrodynamic
radii obtained from the analysis of the translational and rotational components of the
ACFs are in fact: 〈Rh,T 〉 = 22.8 ± 4 nm and 〈Rh,R〉 = 26 ± 3 nm. An more refined
analysis of the rotational relaxation component can be done according to a number of
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Table 4.5: Evaluation of the long and short effective axes of the NPs. L/D is taken from
Afit and eq. 4.8 and 4.9

LSB [M] DDLS TEM

(L/D) Θ (kHz) σ LR (nm) DR (nm) LTEM (nm) BTEM

0.2 5.5± 0.9 16.6± 3 -0.497 65± 4 12± 2 55± 3 8.0± 0.8
0.35 6.2± 0.9 6.9± 0.4 -0.515 89± 2 14± 2 65± 5 8.8± 0.6
0.45 8.9± 3.0 8.1± 0.4 -0.559 91± 1 10± 4 61± 2 7.5± 1.1
0.5 13.2± 5.0 8.2± 0.5 -0.593 97± 2 7.3± 3 99± 5 8.0± 1.2
0.6 13.6± 5.0 10.0± 1 -0.595 92± 3 6.7± 2 64± 9 8.2± 3.7

relations. We assume here the formulation given by Tirado and Garcia de la Torre for
the rotational diffusion coefficient of a rod:

Θ =
3kBT
πηL3

[
ln

(
L

D

)
+ σ

]
σ = −0.662 + 0.917

D

L
− 0.05

(
D

L

)2

(4.11)

From the measurement of the rotational diffusion coefficient, Θ = ΓR/6, and of the
axial ratio, obtained above from the amplitudes of the two components of the ACFs, we
can gain an additional estimate of the long and short axes of the effective ellipsoid with
which we have approximated the NPs.

When trying to compare the values of length of the long and short axes of the NPs
obtained from DDLS and from TEM, one should consider that in the analysis of the TEM
images, the lengths are taken on the single branches while in the assumptions made for
the analysis of the DDLS ACFs we have described the whole NP as revolution ellipsoid.
In this sense the overestimation of the length of the long axis observed in table 4.5, can
be understood and the DDLS data can be considered consistent with the TEM data.

4.3.6 FCS autocorrelation analysis

Fluorescence correlation spectroscopy (FCS) is a correlation analysis of fluctuation
of the fluorescence intensity. It is a versatile, noninvasive technique that has been used
to monitor translational diffusion, blinking dynamics, biochemical reactions, interactions
in live cells, and many more biochemical and photophysical phenomena. Besides giving
information about translational diffusion, FCS was found to be useful for monitoring
rotational diffusion. Fluorescence methods can measure rotational diffusion by utilizing
the dependence of a fluorophores’s absorption and emission of light on its dipole ori-
entation. The absorption depends, according to the dipole-electric field approximation,
on |~µ · ~E|2 ∝ cos2θ, where ~µ is the transition dipole, ~E is the electric field, and θ is
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the angle between ~µ and ~E. If a fluorophore is irradiated with light polarized paral-
lel to its absorption transition dipole, it will be excited and emit light according to its
emission transition dipole within its fluorescence lifetime. In most fluorophores, absorp-
tion and emission dipoles have nearly the same orientation. If the dipole orientation
changes within this lifetime (due to rotation), the emitted light will have a polarization
different than the excitation polarization. Polarization optics in the detection path will
convert polarization differences due to rotation into intensity fluctuations. If the excita-
tion light is polarized perpendicular to the absorption transition dipole, light will have
a low probability to be absordeb, decreasing also the probability for emission. Since
FCS measures the self-similarity of photon intensities, fluctuations in intensities due to
rotating absorption and emission dipoles can be analyzed for diffusing molecules in so-
lution. Unfortunately, rotational diffusion FCS studies of dye molecules are complicated
by overlapping time scales for rotational diffusion, triplet blinking, fluorescence lifetime
and antibunching. Like dyes, gold nanoparticles have a single-dipole polarized emission
but are of large enough size to exhibit well-separated time scales for rotational and trans-
lational diffusion and fluorescence lifetime. According to Kask et al. [31] and Widengren
et al. [32], the autocorrelation function can be expressed as

G(τ) =
(

1 +
A

1−A
e−τ/τR

)
GT (0)(

1 + 8DT
ω2

0

)√
1 + 8Dt

ω2
0

(
λ√

2πω0

)2
(4.12)

This analytical expression of the correlation function has been derived assuming spher-
ical diffusors (having isotropic polarizability) and fluorescence lifetimes much shorter than
the rotational correlation times. The effective hydrodynamic radius Rh was derived by
extracting τD and τR from the correlation function, determining the diffusion constant
D and the rotational diffusion constant Θ, and using the Stokes-Einstein:

D =
kBT

6πηRh
∝ 1
L

(4.13)

Θ =
kBT

8πηR3
h

∝ 1
L3

where kB is the Boltzmann constant, T is the temperature, η is the solvent viscosity,
Rh is the particle radius and L is the length of nanoparticle’s branches. FCS ACFs were
acquired for the samples synthesized with both LSB and CTAB surfactant, diluted from
1:10 to 1:250 respect to the stock concentration. The fitting of FCS curves acquired
with both circular and linear polarized excitation polarization provides the translational
and rotational diffusion coefficients D and Θ. From these and eqs. 4.13 we obtain
the hydrodynamic radius, which is an indipendent first estimate of the nanoparticle’s
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branch lenght. Figures 4.12 4.13 and 4.14 show the FCS curves and the distribution
of hydrodynamic radii obtained for the samples synthesized with 0.2, 0.45 and 0.6 LSB
surfactant.

Figure 4.12: Left: FCS curves obtained with linear and circular polarization. Right:
Distribution of the hydrodynamic radii determined through relations 4.13 for sample
obtained with 0.2 M LSB.

Figure 4.13: Left: FCS curves obtained with linear and circular polarization. Right:
Distribution of the hydrodynamic radii determined through relations 4.13 for sample
obtained with 0.45 M LSB.

Figure 4.14: Left: FCS curves obtained with linear and circular polarization. Right:
Distribution of the hydrodynamic radii determined through relations 4.13 for sample
obtained with 0.6 M LSB.

In table 4.6 are reported the mean translational and rotational diffusion times τD and
τR, the diffusion coefficients D and Θ and the mean hydrodynamic radii Rh,T and Rh,R,
for each sample.
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Table 4.6: Translational and rotation parameters for anisotropic NPs obtained with vari-
able LSB concentration from FCS ACFs analysis.

Sample Rotation Diffusion

τR (µs) Θ (µs−1) Rh,R (nm) D (µm2/s) τD (ms) Rh,T (nm)

0.2 M 33.1± 4.2 0.008± 0.001 30± 1 7.0± 0.3 7.8± 0.3 34± 2
0.45 M 22.0± 4.2 0.009± 0.001 27± 1 3.5± 0.2 15.6± 0.8 67± 4
0.6 M 25.2± 2.1 0.008± 0.001 29± 1 4.2± 0.3 13.2± 0.9 57± 4

For the sample synthesized with 0.2 M LSB, the hydrodynamic radii obtained from
the translational and rotational diffusion coefficient are in good reciprocal agreement
with the DLS measurements (see table 4.4); in this case Rh,T ∼= Rh,R demonstrating
that spherical approximation is valid. On the contrary, the radii obtained from D and
Θ are different from DLS measurements for samples synthesized with 0.45 and 0.6 M
LSB. This reflects the inhomogeneity of NPs populations; in fact, the samples consist of
spherical, star-like and NPs with high aspect ratio branches. Because Θ ∝ L−3, Θ is
largely affected by high aspect ratio branched NPs.
We pass now to the control NPs synthesized with CTAB. The FCS autocorrelation func-
tions for the sample synthesized with 0.2 M CTAB (nanorods) are shown in fig. 4.15 and
the rotational diffusion coefficients are reported in table 4.7.

Figure 4.15: Left: FCS curves obtained with linear and circular polarization. Right:
Distribution of the hydrodynamic radii determined through relations 4.13 for sample
obtained with 0.2 M CTAB.

The spherical approximation for this kind of NPs is not valid and it was not possible
to estimate an average size. However, due to TEM results (see table 4.2), we can assume
for this sample the formulation given by Tirado and Garcia de la Torre for the rotational
diffusional coefficient of a rod (eq. 4.11). By replacing L and D with the values found



Chapter 4 109

Table 4.7: Rotational diffusion coefficients obtained from FCS data and evaluated from
Tirado-Garcia de la Torre relations (eq. 4.11 and table 4.2).

Sample ΘFCS (µs−1) ΘTG (µs−1)

0.2 M CTAB 0.021± 0.002 0.024± 0.001
0.2 M CTAB + PEG2000 0.040± 0.004 0.047± 0.002

Table 4.8: Concentration of the samples synthesized with LSB and CTAB surfactant.

Sample C [nM] C [mg/ml]

0.2 M CTAB-PEG2000 8.1± 1.7 2.1± 0.4
0.3 M LSB 8.6± 0.6 1.7± 0.2
0.35 M LSB 10± 2 1.5± 0.3
0.45 M LSB 6.2± 0.4 1.03± 0.06
0.5 M LSB 1.05± 0.07 0.32± 0.02

in TEM measurement in eq. 4.11, we computed Θ, reported in table 4.7: the values
ΘTG and ΘFCS are in good agreement. The translational diffusion were 8.5± 0.8 µm2/s

(for NP obtained with 0.2 M CTAB) and 4.3± 0.2 µm2/s (for NP obtained with 0.2 M
CTAB and functionalized with PEG2000). These values are lower than there estimated
from Tirado-Garcia de la Torre formulation (13.8±0.1 and 18.2±0.1 for NP synthesized
with 0.2 M CTAB and 0.2 M CTAB-PEG2000 respectively) probably due to a residual
spherical component.

By fitting the theoretical expression for G(τ) to the experimental data, it is possible to
evaluate the nanoparticles concentration from the zero lag time auto-correlation function:

G(0) ≈ γ

〈N〉
≈ 0.076
〈N〉

(4.14)

Because ρAu = 19.3g/cm3 and the excitation volume and the dilution respect to the
stock solution are known (ω2 ∼ 0.5 µm2), the number of particles/L and also the molar
concentration of the stock solution can be derived, as reported in table 4.8:

4.3.7 TPL dependence on the excitation power

An important feature of two-photon excitation is the dependence of the luminescence
intensity ITPL as a function of excitation power Pexc. We were evaluated two different
samples:

1. gold NPs synthesized with 0.2 M CTAB

2. gold NPs synthesized with 0.4 M LSB
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The measure was performed on a drop of gold nanoparticles solution dried on top of a
coverslip; the signal is obtained averaging 3 images through a 535/50 pass band filter. The
excitation wavelength λexc was set equal to the wavelength of surface plasmon resonance
λSPR, which is 780 nm for the first sample (0.2 M CTAB) and 900 nm for the second
one (0.4 M LSB). The evaluation of the signal level on the images was accomplished by
computing an average on at least 5 different regions of interest (ROIs) taken from bright
regions of the image. Signal intensities were collected for increasing incident power from
0 to 2 mW.

Figure 4.16: Quadratic dependence of the signal intensity ITPL on the input power for
samples obtained with 0.45 M LSB (A) and 0.2 M CTAB (B).

Figure 4.16 show the log-log plot of the emitted TPL intensity for the samples an-
alyzed; a quadratic dependence of the signal intensity ITPL on the input power was
observed, with slope values of 2.15 ± 0.16 in the range 0.1 - 0.8 mW and 1.95 ± 0.04
in the range 0.1 - 1 mW for the gold nanoparticles synthesized with CTAB and LSB,
respectively.

Figure 4.17: Irradiation of nanorods in CW laser mode (left) and 80 MHz-pulse laser
configuration (right).

To confirm qualitatively that the emission signal is due to a two-photon excitation
process, the laser was switched also in the continuos wave (CW) operation mode. In
this case, no signal was emitted by sample (fig. 4.17): irradiation of the nanorods in a
wide range of power levels reduced the signal to background noise level, confirming the
two-photon nature of the luminescence [44].
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4.3.8 TPL emission spectra

TPL spectra were obtained by using a solution of gold nanorods at different excitation
wavelengths (see fig. 4.18), variable in the range 730 - 920 nm with Pexc ≈ 2 mW,
measured on the focal plane. The emission spectra of the different sample synthesized
with CTAB (fig. 4.18 A) and LSB surfactant (fig. 4.18 B,C) are reported. The emission
spectra is a broad band [44] in the visible region (400 - 640 nm); the cut-off at 670 nm
is due to the presence of a dichroic filter in the optical path which avoid the incident
radiation reaching the CCD. The peak positions in the TPL spectra are independent on
the excitation energy and on LSB concentration (and the NP aspect ratio as consequence).

(a) 0.2 M CTAB with different exci-
tation wavelength.

(b) 0.45 M LSB with different exci-
tation wavelength.

(c) 0.35, 0.45, 0.5 M LSB with same
excitation wavelength.

Figure 4.18: Emission spectra of NPs synthesized with CTAB or LSB. The red arrows
indicate the transitions (electron-hole recombination) L at 518 nm and X at 654 nm.

4.3.9 TPL excitation spectra

To ascertain if the observed TPL was related to the longitudinal plasmon mode of the
gold nanorods, we checked the dependence of TPL intensity on the excitation wavelength
λexc against the extinction spectrum, also measured from solution. We found that the
excitation spectrum overlaps well (fig. 4.19) with the longitudinal plasmon band, indicat-
ing that the TPL intensity is governed by the local field enhancement from the plasmon
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resonance. In order to reconstruct the excitation spectra and to determine the relation
between the TPL and the surface plasmon resonance (SPR), the area below under the
emission TPL spectra was calculated for each excitation wavelength λexc and the values
were reported as a function of λexc in fig. 4.19.

Figure 4.19: Two-photon excitation spectra for the samples synthesized with 0.45 M (red)
and 0.5 M LSB (black) and 0.2 M CTAB (blue). The excitation power was corrected for
the setup transmission.

4.3.10 Dependence of Excitation Polarization

The TPL intensity of the nanorods was examined as a function of polarization angle
of the incident beam (θ). A drop of sample (NPs synthesized with 0.3, 0.4 M LSB and 0.2
M CTAB) was dispersed and immobilized onto glass cover slips such that isolated parti-
cles could be irradiated by fs-pulsed excitation at their longitudinal plasmon resonance
wavelength with an average excitation power of 1 mW on the sample. An half-wave plate
was inserted in the optical path of the experiment, in order to rotate the polarization of
the incident radiation on the whole 360◦ range. The TPL image was obtained by averag-
ing 3 images collected through a 535/50 nm pass band filter and no analyzer was used.
The evaluation of the TPL signal of the NPs was accomplished by computing the average
signal on different regions of interest (ROIs) on the images, taken around single bright
spots ascribed to isolated particles, as judged from the emission level of the single spot
respect to the distribution of levels computed on a full frame. The signal corresponding
to each particle was then plotted as a function of θ.
We assume that TPL is maximized when the incident field, tuned at the plasmon res-
onance, has its polarization parallel to the long axis of nanorod or the principal axis of
a branched nanostar [10]. Two typical results are shown in fig. 4.20 and 4.21 ; in both
cases, the data can be fitted to a cos4 function. In fact
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(Ecosθ)2 = I −→ I2 ∝ cos4θ (4.15)

Figure 4.20: Dependence of TPL emission on incident polarization for NPs synthesized
with 0.40 M LSB.

Figure 4.21: Dependence of TPL emission on incident polarization for NPs synthesized
with 0.20 M CTAB.

The fluorescence polarization ν defined as:

ν =
Imax − Imin
Imax + Imin

(4.16)

is a good measure of the sensitivity to the polarization vector where Imax and Imin
are the TPL intensity for the polarization excitation oriented along the longitudinal and
transverse axis, respectively.
For every spot of each separated sample the ν parameters were calculated and their
frequency count histograms are shown in fig. 4.22. From a gaussian fit of the histograms
it was possible to obtain the results reported hereafter:

• ν = 0.70± 0.15 for sample obtained with an LSB concentration of 0.3 M
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• ν = 0.9± 0.1 for 0.4 M LSB

• ν = 0.9± 0.1 for 0.2 M CTAB

The anisotropy parameter increases with the increasing of the LSB concentration and
therefore with the aspect ratio (and the shape anisotropy) of the nanoparticles synthe-
sized. The fluorescence polarization can then be used as simple method to obtain a rough
evaluation of nanoparticles shape anisotropy. Having characterized the NPs from struc-
tural an spectroscopic point of views, we now pass to analyze their application in the
biomedical research.

Figure 4.22: Histograms of the anisotropy distribution for NPs obtained with 0.3 and 0.4
M LSB (left) and 0.2 M CTAB (right). The anisotropy increases with the increasing of
LSB concentration.

4.4 Nanoparticles Cellular Toxicity

Human skin, lungs and the gastro-intestinal tract are in constant contact with the en-
vironment.

Figure 4.23: Comparison of rat ma-
chophage cells size to nanoparticles
size (at scale).

While the skin is generally an effective barrier to
foreign substances, the lungs and gastro-intestinal
tract are more vulnerable. These three ways are
the most likely points of entry for natural or an-
thropogenic nanoparticles. Injections and implants
are other possible routes of exposure, primarily lim-
ited to engineered materials. Due to their small
size, nanoparticles can translocate from these en-
try portals into the circulatory and lymphatic sys-
tems, and ultimately to body tissues and organs.
Some nanoparticles, depending on their composi-
tion, charge and size, can produce irreversible dam-
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age to cells by oxidative stress or/and membranes or organelle injury. Figure 4.4 illus-
trates the size of an example cell and its organelles compared to nanoparticles of various
sizes, making it easy to understand why nanoparticles are able to enter cells and interact
with various cell components (nucleus, mitochondria, etc.). In fig. 4.24 we summarize
the possible adverse health effects associated with inhalation, ingestion and contact with
nanoparticles.

Figure 4.24: Schematics of human body with pathways of exposure to nanoparticles,
affected organs, and associated diseases from epidemiological, in vivo and in vitro studies.

We emphasize that not all nanoparticles produce these adverse health effects.
The toxicity of nanoparticles depends on various factors, including: size, aggregation,
composition, crystallinity, surface functionalization, charge etc. Diseases associated with
inhaled nanoparticles are asthma, bronchitis, emphysema, lung cancer, and neurode-
generative diseases, such as Parkinson’s and Alzheimer’s diseases. Nanoparticles in the
gastro-intestinal tract have been linked to Crohn’s disease and colon cancer. Nanopar-
ticles that enter the circulatory system are related to occurrence of arteriosclerosis and
blood clots, arhythmia, heart diseases. Translocation to other organs, such as liver,
spleen, etc., may lead to diseases of these organs as well.

4.4.1 Cytotoxicity of gold NR

The humans have always been exposed to nanoparticles and dust from natural sources
and human activities, the recent development of industry and combustion-based engine
transportation profoundly increasing anthropogenic nanoparticulate pollution. The key
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to understanding the toxicity of nanoparticles is that their minute size, smaller than cells
and cellular organelles, allows them to penetrate these basic biological structures. The
toxicity [33–36] was tested for gold NPs with different concentrations and surfactants.
The cells viability was tested after the treatment for 24h with an increasing concentra-
tion of the NPs, as shown in fig. 4.25 for NPs obtained with 0.2 M CTAB-PEG 2000,
0.35 M LSB and 0.5 M LSB, respectively. To determine cell viability the colorimet-
ric MTT metabolic activity assay was used. MTT (3-(4,5-dimetiltiazol-2-yl)-2,5-difenil
tetrazolium bromide) is a salt of yellow, across the plasma membrane and is converted, in
metabolically active cells, by the mitochondrial enzyme succinate dehydrogenase, in pur-
ple formazan. These reductions take place only when reductase enzymes are active, and
therefore conversion is often used as a measure of viable cells. A solubilization solution,
usually DMSO (dimethyl sulfoxide), is added to dissolve the insoluble purple formazan
product into a colored solution. The absorbance of this colored solution can be quantified
by measuring at 570 nm by a spectrophotometer. The concentration measurements of
formazan is an indication of metabolic efficiency and then of the cell viability.

(a) 0.2 M CTAB functionalized with PEG2000. (b) 0.35 M LSB.

(c) 0.5 M LSB.

Figure 4.25: Cell viability as a function of increasing differentes NPs concentration; C is
the control case in which no NPs were added to cells.

The concentration of the NP suspension used for toxicity measurements was obtained
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by FCS; as described in par. 4.3.6 (table 4.8). Samples were rinsed three times with
MilliQ (no aggregation effect was present). From the data reported in fig. 4.25 we can
infer that the nanoparticles synthesized with 0.2 M CTAB and functionalized with PEG
polymer are not toxic for the cells also at high concentration [37, 38]. Otherwise the
number of dead cells increase rising the concentration of the NPs obtained with the LSB
surfactant; in particular at concentration used in the experiments reported above the 80%
of the cells are in viability conditions for NPs obtained with 0.35 M LSB (fig. 4.25b),
and this percentage lower to ∼= 70% for NPs synthesized with 0.5 M LSB (fig. 4.25c).
The toxicity is probably due to the LSB surfactant: in fact also after 3 centrifugation
and resuspension in Milli-Q water cycles, a tiny amount is present in the solution which
may be the origin of the cells death. In order to reduce the toxicity, it is necessary to
shield the surfactant with PEG or polyelectrolyte layers (Viability ∼ 95%, fig. 4.25a).
The toxic concentration can be evaluated from fig. 4.25. By viability > 80 % we find ∼
80 µg/ml for 0.35 M LSB, ∼ 5 µg/ml for 0.5 M LSB and > 100 µg/ml for 0.2 M CTAB
with PEG.

4.5 Cellular Uptake of NPs

Due to strong enhancement of the electric fields at the surface at the gold NP, the
absorption and scattering of electromagnetic radiation by these nanoparticles are strongly
enhanced. These unique properties provide the potential of designing novel optically
active reagents for simultaneous molecular imaging and photothermal cancer therapy.
We have therefore investigated the ability of the NPs to permeate cell membranes, by
measuring the cellular uptake from HEK-239 cells, macrophages and A549 cells, at the
conditions of minimum toxicity that can be obtained from fig. 4.25.

(a) HEK cells. (b) A549 cells. (c) Macrophages.

Figure 4.26: Images obtained with a confocal microscope

Phagocytes engulf and break down pathogenic microorganisms, damaged or apop-
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totic cells, and inert particles. In addition to the "professional cleaners" (neutrophils
and monocyte/macrophages), most cells also have some phagocytic ability. The main
difference between the phagocytic ability of professional and non-professional phagocytes
is related to the presence of dedicated receptors able to recognize molecules pertaining
to pathogens. Phagocytosis take up to several hours and involves several steps:

1. specific receptors on the phagocyte membrane bind with specific molecules (ligands)
localized on the surface of particle.

2. after the binding of the phagocyte receptor with a ligand, the cytoskeleton (a net-
work of protein filaments) of the phagocyte rearranges, resulting in pseudopod for-
mation, and ultimately leading to internalization of the particle with the formation
of a phagocytic vesicle (phagosome).

3. the phagosome fuses with a lysosome (an organelle containing digesting enzymes),
forming a phagolysosome. The fusion process can take from 30 minutes up to
several hours, depending on the chemical interaction between the surface of the
particle and the phagosome membrane. Lysosoms release protease (which break
down proteins) and NADPH oxidase.

4. If the particle is digested by lysosome enzymes, the residues are removed by exo-
cytosis (release of chemical substances into the environment).

Phagocytosis is a specific form of endocytosis involving the vesicular internalization
of solid and occurs in different areas of the body, phagocytes present in lungs, spleen,
liver, etc..
We have investigated the ability of the NPs to permeate cell membranes, by measuring
the cellular uptake from HEK-239 cells, A549 and mice macrophages in tissue plated
cells. In particular the uptake of four different samples was analyzed, as shown in the
table:

• NPs 0.5 M LSB

• NPs 0.35 M LSB

• NPs 0.2 M CTAB

• NPs 0.2 M CTAB + PEG-2000

Images have been recorded 30 min after the addition of the NPs (10 µg/ml for 0.5 M
LSB, 40 µg/ml for 0.35 M LSB and 100 µg/ml for 0.2 M CTAB functionalized with PEG-
2000.) by exploiting two photon excitation at 800 nm. The TPL emission was detected in
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a wide spectral range, through 485/30, 535/50 and 600/40 nm band pass filters. Images
shown in the following panels are the result of 5 kalman average scans with 10 µs of
residence time per pixel. The absence of relevant bleeding through of autofluorescence
has been verified on non stained cells by measuring the fluorescence emission with and
without the band pass filter used to select the TPL emission of the NPs.

(a) Macrophages cells . (b) HEK cells.

(c) 485/30 nm. (d) 535/50 nm. (e) 600/40 nm.

Figure 4.27: Top: Autofluorescence with λ = 800 nm and Pexc = 50 mW. No emission
filter was present. Bottom: Autofluorescence signal of macrophages cells selected through
different band pass filters, with Pexc = 150 mW.

Measurements performed under the same laser power in the absence of NPs showed
that cells autofluorescence was negligible both for HEK and macrophages cells. Figures
(4.27 a, b) shows that autofluorescence of macrophages and HEK cells with an excitation
power Pexc = 50 mW is negligible; otherwise with Pexc = 150 mW a strong autofluo-
rescence signal is measured through the different band pass filters (see figure 4.27 c, d,
e).
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(a) 485/30 nm. (b) 535/50. (c) 600/40 nm.

(d) 485/30 nm. (e) 535/50 nm. (f) 600/40 nm.

Figure 4.28: The six images refer to the NPs emission selected through different band
pass filters internalized in HEK cells. Only cytoplasm seems to be stained by the NPs.
Top: NPs obtained with 0.5 M LSB with C = 10 µg/ml with Pexc = 40 mW. Bottom:
NPs obtained with 0.35 M LSB with C = 40 µg/ml with Pexc = 20 mW.

The figures 4.28 and 4.29 refer to the NPs emission through different band pass filters;
intense luminescence was observed, indicating that NPs penetrates the cell membrane of
HEK cell staining the cytoplasm but not the nucleus, with a Pexc < 50 mW, a value
which is lower than that needed to excite autofluorescence emission. In general, gold
nanoparticles, including rods, enter cells by a non-specific process of endocytosis and
concentrate in endosomes. In collaboration with M. Gualtieri and Department of Envi-
ronmental Science, we have also performed measures of immunofluorescence on HEK and
A549 cells, using dyes with different emission band: TRITC (Tetramethylrhodamine-5-
(and 6)-isothiocyanate, red) for cell membrane, FITC (Fluorescein isothiocyanate, green)
for cytoskeleton and DAPI (4’,6-diamidino-2-phenylindole, blue) for nucleus.

Figure 4.30 shows the activity of endocytosis of HEK when interact with nanoparti-
cles; in particular the green spots indicate active endosomes. HEK show high endocytosis
already in control sample and no substantial differences between simple nanoparticles or
nanoparticles coated with PEG-2000. This confirms the result obtained by the images of
TPL. A different situation is found in the case of interaction between NPs and A549 cells.
Unfortunately, we were unable to obtain images of TPL, but we obtained information on
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(a) 485/30 nm. (b) 535/50. (c) 600/40 nm.

(d) 485/30 nm. (e) 535/50 nm. (f) 600/40 nm.

Figure 4.29: The six images refer to the NPs emission selected through different band
pass filters internalized in HEK cells. Only cytoplasm seems to be stained by the NPs.
Top: NPs obtained with 0.2 M CTAB with C = 100 µg/ml with Pexc = 15 mW. Bottom:
NPs obtained with 0.2 M CTAB and functionalized with PEG-2000 with C = 100 µg/ml
with Pexc = 15 mW.

the internalization by measures of immunofluorescence.
Figures 4.31 show endocytosis of A549 cells with NR and NR functionalized with

PEG-2000; the endosomes are more active in the case of NR. This means that the NP
functionalized with PEG-2000 are not internalized into cells. In fact coating the particle
with thiolated polyethylene glycol (PEG) renders it invisible to endocytic system [39, 41,
42].

An early study of the interaction of NPs and cells of the immune system, such as
macrophages, was then accomplished. Not only do macrophage-based misfunctions play
a central role in auto-immune diseases such as artherosclerosis, diabetes or rheumatoid
arthritis, but these cells are also frequently the host for parasitic organisms such as
Toxoplasma gondii, Mycobacterium tuberculosis and Listeria monocytogenes. Therefore
the concept of designing nanoparticle vehicles that will attach to and/or be selectively
ingested by macrophages appears to hold considerable potential.

Figures 4.32 and 4.33 show that macrophages internalize NPs obtained with 0.2 M
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(a) HEK control cells. (b) HEK and NR 100 µg/ml . (c) HEK and NR with PEG-
2000 100 µg/ml .

Figure 4.30: The three images refer to the emission of three different fluorophores. Blue
is DAPI, red is TRITC and green is FITC that emphasized nucleus, cytoskeleton and
endosomes in HEK cells, respectively.

(a) HEK control cells. (b) HEK and NR 100 µg/ml . (c) HEK and NR with PEG-
2000 100 µg/ml .

Figure 4.31: The three images refer to the emission of three different fluorophores. Blue
is DAPI, red is TRITC and green is FITC that emphasized nucleus, cytoskeleton and
endosomes in A549 cells, respectively.

Figure 4.32: NPs obtained with 0.2 M CTAB with C = 100 µg/ml internalized in
macrophages cells. The three images refer to the NPs emission selected through 485/30,
535/50 and 600/40 nm band pass filters with Pexc = 15 mW; NPs are internalized in
cytoplasmatic vesicles.

CTAB (C = 100 µg/ml) and 0.35 M LSB (C = 40 µg/ml) respectively; the NPs are
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distributed in cytoplasmatic vesicles but not in the nuclei and are visible with the exci-
tation power as low as Pexc ∼= 15 mW. In order to demonstrate this fact, the nuclei were
stained with the DAPI dye: in figure 4.33 the nuclei are shown in blue (DAPI emission
was selected through the band pass filter 485/30 nm) and the emission of NPs in red
(band pass filter 600/40 nm).

Figure 4.33: NPs obtained with 0.35 M LSB with C = 40 µg/ml internalized in
macrophages cells. The nuclei, stained with the DAPI dye and are shown in blue and
the emission of NPs in red. Pexc = 15 mW.

4.6 Copper, titanium and zinc nanoparticles

Nanotechnology is field of increasing economic and scientific interest that continues
to exhibit rapid development. New nanomaterials (NMs) are being manufactured and
promptly used in a variety of applications, including cosmetics and personal care prod-
ucts, electronics, drug delivery systems, manufacturing, technologies and paints. The
lack of toxicological data available for NMs makes it difficult to predict the real risk
associated with exposure to these substances and compels the scientific community to
undertake research to guarantee the sustainable development of this recently developed
technology. The growing use of NPs in a number of applications in different fields in be-
coming increasingly worthy of attention from institutional organizations related to their
possible effects on public health and ecosystems. During their life cycle, NPs will enter
the environment, and experimental evidence has already shown that exposure to NMs
may be associated with an increased risk of certain diseases, not only for aquatic organ-
isms but also for humans. The behavior of NPs in the environment, as well as their fate
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remain unclear, and it is well known that their state of aggregation and their consequent
settlement to sediments depend on the hydrodynamic properties of freshwater systems,
making prediction of these phenomena almost unreliable. Despite this significant gap in
our understanding, it is well known that aquatic environments are certainly at risk of
exposure to these pollutants, as they represent a sink for most environmental contami-
nants. Thus, considering NPs as a new class of hazardous material, in collaboration with
P. Mantecca (University of Milano-Bicocca, Department of Environmental Science ) we
have aimed to study the effects of metal oxide-based NPs on the amphibian Xenopus
laevis using the Frog Embryo Teratogenesis Assay-Xenopus (FETAX) test. We have
investigated the degree of aggregation of three different nano-sized metal-oxides (nCuO,
nTiO2 and nZnO) in FETAX solution at 10, 100 and 500 mg/L.

4.6.1 Materials and Methods

Chemical and NPs used

All analytical grade reagents, human chorionic gonadotropin (HCG), 3-amino-benzoic
acid ethyl ester (MS222), salts for FETAX solutions, CuSO4 · H2O, ZnSO4 and metal
oxide NPs were purchased from Sigma-Aldrich S.r.l., Italy. The advertised sizes of these
particles were < 50 nm for nCuO (#544868) and < 100 nm for nTiO2 and nZnO (#677469
and #544906, respectively). All suspensions and stock solutions were prepared in FETAX
solution with a composition (in mg/L) of 625 NaCl, 96 NaHCO3, 30 KCl, 15 CaCl2, 60
CaSO4 · 2H2O and 70 MgSO4 at pH 7.6-8.0. Test suspensions (10, 100 and 500 mg/L)
were sonicated for 10 min in a Branson2510 sonifier and stored in the dark at 4 ◦C.
Solutions of CuSO4 · 5H2O and ZnSO4 were used as controls for size-dependent and
solubility effects at a nominal concentration of the metal ions of 0.5 mg/L, which is
very close to the maximum concentrations measured by atomic absorption spectroscopy
(AAS) in NP suspensions. These solutions were prepared without sonication.

4.6.2 Results

TEM analysis, performed in collaboration with Dott. P. Mantecca (University of
Milano-Bicocca, Department of Environmental Science), allowed the visualization of sin-
gle metal oxide NPs, as well as their aggregates. Figure 4.34 A - C shows the morphology
of the nCuO, nTiO2, and nZnO particles and their tendency to aggregate once suspended
in aqueous medium. Based on measuring hundreds of single NPs by TEM, the calcu-
lated mean diameters of nCuO, nTiO2, and nZnO were 34.38 ± 0.76, 46.97 ± 0.89 and
66.91 ± 0.86 nm, respectively. As shown by the size distributions (fig. 4.34 D), nCuO
mainly clustered in the range of 20-50 nm, with only a few larger particles. nZnO was
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mainly distributed in the interval between 70 and 100 nm, whereas the nTiO2 popula-
tion was almost normally distributed around its mean in the interval 20-80 nm. Despite
these measures, single NPs were only rarely detected by TEM, and almost all particles
aggregated in small clusters ranging from a few NPs to large aggregates. This behavior
was shared by all three types of metal oxide NPs, although nTiO2 and nZnO appeared
to produce larger aggregates that were much more regular in shape compared to those of
nCuO.

Figure 4.34: Tem images of metal oxide NPs from 100 mg/L. A = nCuO; B = nZnO; C
= nTiO2.

To characterize the degree of aggregation and the effective average size of the partic-
ulates used in the experiments, we performed a Dynamic Light Scattering analysis of the
NP suspensions in FETAX solution at 10, 100 and 500 mg/L.

Based on the analysis of the light scattering autocorrelation functions performed as
described in the section 4.6.1, we obtained the distribution of sizes reported in fig. 4.35.
A first qualitative inspection of these distributions indicated the presence of two or three
major components, all of which were larger than 250 nm in their hydrodynamic radius
and, therefore, larger than the single NPs. This is not unexpected because the light scat-
tered increases with the square of molecular weight, and thus, small components of large
aggregates contribute to the correlation function similarly to much larger components of
single NPs. Therefore, rare aggregates that could not be analyzed by TEM are easily
detected. Some degree of aggregation was observed, even at a concentration of 10 mg/L,
and it increased with the NP concentration.
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Figure 4.35: Results of the Maximum Entropy analysis of the DLS autocorrelation func-
tions collected from FETAX suspensions of nTiO2 (left panel), nZnO (middle panel) and
nCuO (right panel). In each panel, three distributions are reported, referring to concen-
trations of 10 (squares), 100 (circles) and 500 mg/L (triangles). The inset reports the
average values of the hydrodynamic radii of the NPs as a function of the concentration.
The data refer to titanium (triangles), zinc (squares) and copper (circles).

To provide a measure of the average encumbrance of the NP aggregates as a function
of the NP concentration in the medium, we computed an average radius for each NP
suspension and compared the behavior of the different NPs, as shown in fig. 4.35 (inset).
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Chapter 5

Hyperthermic effects of Metal
Nanoparticles

Di quella pira l’orrendo
foco.Tutte le fibre m’arse
avvampó...

S. Cammarano, Trovatore
G. Verdi

Hyperthermia is currently under consideration as a noninvasive approach to cancer
therapy, in which biological tissues are exposed to higher than physiological temperatures
to promote the selective destruction of abnormal cells [1]. Systematic hyperthermia has
long been considered as an adjuvant therapy for treating various disease states [2, 3], and
its clinical potential in cancer treatment is an active area of investigation [4]. Hyperther-
mia is known to have diverse therapeutic effects at both the systemic and cellular level.
In the latter case, a marked increase in local temperature (∆T > 5 ◦C) can induce the
denaturation of proteins or the disruption of organized biomolecular assemblies in the nu-
cleus and cytoskeleton. Moderate increases in temperature can also sensitize cancer cells
to cytotoxic agents by increasing membrane permeability and lowering hydrostatic pres-
sure. In addition, mild hyperthermia can induce the production of heat shock proteins
and other immunostimulants, trigger disfunctional cellular metabolism, and promote the
onset of acidosis or apoptosis. The first is an increased acidity in the blood and other
body tissue (i.e., an increased hydrogen ion concentration), the second is the process of
programmed cell death (PCD) that may occur in multicellular organisms
Localized hyperthermia has particular relevance in the treatment of primary tumors and
early-stage cancers, although its long-term impact on cancer patient survival remains
to be established. Tumor cells are considered to be more susceptible to hyperthermic
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effects than healthy cells because of their higher metabolic rates, and numerous clinical
studies have demonstrated a marked reduction in tumor size after treatment by local-
ized hyperthermia[5]. Several methods have been developed for the external delivery of
thermal energy in a nontopical manner, such as microwave irradiation, radiofrequency
pulses, and acoustic waves (ultrasound). These are capable of deep tissue penetration but
may require a high fluence because of their diffuse nature, possibly producing undesirable
hyperthermic effects in surrounding tissues.
In this chapter, we have compared the increase in temperature of gold nanorods and
magnetic nanoparticles solutions. The first ones, have additional capacibility to absorb
photons and to convert into heat by nonradiative processes, the second ones heat by
induction due to magnetic losses. We have studied the increase in temperature of bulk
samples using a direct visualization by means of a sensitive thermocamera. Since the ap-
plications involve the highly localized thermal release, we have developed a nano-sensor
to measure the local temperature on the surface of the nanoparticles under excitation.
The rationale is to bind an organic chromophore whose excited state lifetime (ESLT) is
particularly sensitive to the temperature, and to refer to its lifetime which is an intensive
parameter. Rhodamine B is such a fluorophore, with a temperature dependence of the
excited state lifetime ≈ 0.029 ± 0.001 ns/◦C, as we also measure here. Moreover this
nanoconstruct can target tissues or single cells and used for imaging before the ther-
apy. Fluorescence lifetime measurements in the time domain are commonly performed
by means of Time-Correlated Single Photon Counting (TCSPC) and using TimeHarp
and Symphotime softwares (see Appendix A).
Part of these experimental results have been successfully coupled to numerical simulations
of light induced heating of gold nanorods, using the Two Temperature Model (TTM) in
order to calculate the raising in temperature due to laser irradiation.

5.1 Heating of Magnetic Nanoparticles

We can classify biomedical applications of magnetic nanoparticles according to their
application inside (in vivo) or outside (in vitro) the body. In vivo applications could be
further separated in therapeutic (hyperthermia and drug-targeting) and diagnostic ap-
plications (nuclear magnetic resonance (NMR) imaging), while for in vitro applications
the main use is in diagnostic.Hyperthermia is a therapeutic procedure used to raise the
temperature of a region of the body affected by malignancy or other anomalous growth.
The rationale is based on a direct cell-killing effect at temperatures above 40 - 41 ◦C [6, 8].
Modern clinical hyperthermia trials focus mainly on the optimization of the thermal ho-
mogeneity at moderate temperatures (42 - 43 ◦C) in the target volume. The temperature
increase required for hyperthermia can be achieved, among other methods, by using ultra
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fine iron oxide magnetic particles [13]. The physical principle of the basis of heat produc-
tion by a magnetic material under the action of an external alternating magnetic field
is the loss process that occurs during the reorientation of the magnetization of magnetic
materials.[10, 11]. The advantage of magnetic hyperthermia is that allows the heating
to be restricted to the tumour area. Moreover, the use of subdomain magnetic parti-
cles (nanometre-sized) is preferred instead multidomain (micron-sized) particles because
nanoparticles absorb much more power at tolerable AC magnetic fields [12, 14]. Finally,
it should be mentioned that the heating potential is strongly dependent on the particle
size and shape, and thus well-defined synthetic routes to produce uniform particles are
essential for a rigorous control of the induced temperature.

5.1.1 Physical and chemical properties

Figure 5.1: Crystal structure of
magnetite.

We have studied magnetic nanoparticles com-
posed of Fe3O4 and a outer layer of C3H5(COO3) 3−

(citrate). The NPs are produced by dott. Baldi and
dott. Mazzantini at the research center Colorobbia.
Magnetite can be prepared using Schikorr reaction.
Under anaerobic conditions, the ferrous hydroxide
(Fe(OH)2) can be oxidized by the protons of water
to form magnetite and molecular hydrogen. The
reaction is:
3 Fe(OH)2 −−→ Fe3O4 + H2 + 2 H2O
A measure of zeta potential (ζ-potential) has
showed that the colloids have a superficial charge
of -40 mV: the nanoparticles suspensions have a good stability. Figure 5.2 shows the
absorption spectrum of magnetic nanoparticles; the spectrum shows low absorption in
the visible and near infrared. From measures of DLS and FCS (see also chapter 4)
we have obtained the hydrodynamic radius (rh) and concentration (C) of the magnetic
nanoparticles:

rh = 62± 3 nm

C = 43.2± 13.8 mM
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Figure 5.2: Absorption spectra of magnetic nanoparticles. The spectrum shows low
absorption in the visible and near infrared.

5.1.2 Experimental Setup

Microbolometer Thermo Camera

A microbolometer is a specific type of bolometer used as a detector in a thermal
camera. Infrared radiation with wavelengths between 7.5 - 14 µm strikes the detector
material, heating it, and thus changing its electrical resistance. This resistance change is
measured and processed into temperatures which can be used to create an image.

A microbolometer consists of an array of pixels, each pixel being made up of several
layers. The cross-section diagram shown in fig. 5.3 provides a generalized view of the
pixel. Each company that manufactures microbolometer has their own unique procedure
for producing them and they even use a variety of different absorbing materials. In this
example the bottom layer consists of a silicon substrate and a readout integrated circuit
(ROIC). Electrical contacts are deposited and then selectively etched away.

A reflector, for example, a titanium mirror, is created beneath the IR absorbing ma-
terial. Since some light is able to pass through the absorbing layer, the reflector redirects
this light back up to ensure the greatest possible absorption, hence allowing a stronger
signal to be produced. Next, a "sacrificial" layer is deposited so that later in the process
a gap can be created to thermally isolate the IR absorbing material from the ROIC.
A layer of absorbing material is then deposited and selectively etched so that the final
contacts can be created. To create the final bridge like structure shown in fig. 5.3, the
sacrificial layer is removed so that the absorbing material is suspended approximately 2
µm above the readout circuit. Because microbolometers do not undergo any cooling, the
absorbing material must be thermally isolated from the bottom ROIC and the bridge like
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Figure 5.3: Cross-section view of a microbolometer. 1) IR absorbing material, 2) reflector,
3) gold contact, 4) electrode, 5) readout circuit/silicon substate.

structure allows for this to occur. After the array of pixels is created the microbolometer
is encapsulated under a vacuum to increase the longevity of the device. In some cases
the entire fabrication process is done without breaking vacuum.
Since infrared radiation is emitted by all objects above absolute zero according to the
black body radiation law, thermography makes it possible to see one’s environment with
or without visible illumination. Our thermo camera (ThermaCAM SC 3000, FLIR Sys-
tems) is an array of 320 × 240 microbolometers. The optical system consists of a zinc
sulfide lens (ZnS), with coating for the spectral range of acquisition. The outer lens is
interchangeable: the one in use has an acceptance angle of 24◦ × 18◦, which corresponds
to a numerical aperture of 0.46 × 0.34. The thermo camera has a focal length of 0.5 m
and a system of manual focus. The detector allows to acquire with a frequency of 9 Hz.
The sensitivity of system is 0.1 ◦C and accuracy of ± 2 ◦C in the range of acquisition.
For a correct analysis of scanned images it is necessary to take into account the emissivity
ε of the sample, defined as the ratio between the radiative power of the sample Wλc and
that of a blackbody at the same wavelength and temperature Wλb

ε =
Wλc

Wλb
(5.1)

To set a value of ε, we have measured the temperature of the sample with a thermo-
couple and compared this measure with the average value recorded by the camera. We
have estimated a emissivity of the sample ε = 0.96 (εwater = 0.98). The radiofrequency
inductor requires the use of a cooling system to compensate the ohmic dissipation of the
solenoid. This cooling system is very efficient, so in addition to maintaining the optimal
temperature of the solenoid, it cooled the air inside. This results in a systematic error
in the measurement of temperature of the sample. We can estimate the minimum heat
absorbed by the chiller considering the difference in temperature between the air inside
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the solenoid and the surroundig air. The mass of air contained in the solenoid is VA · ρA
= 0.19 g where VA is the volume of the solenoid and ρA is air density. We have measured
a difference in temperature between air inside and outside of solenoid of ∆TA=2.20 ◦C
(at 19 ◦C), from which we have obtained the heat absorbed by the chiller Q = mcP∆TA
= 0.418 J. If the sample is composed primarily of water and weighs about 0.2 g, the
difference between the temperature of the sample in the presence or absence of chillers is
estimated to the 0.5 ◦C.

Radio frequency Inductor

To excite magnetic nanoparticles we have used a radio frequency magnetic field gen-
erator (Novastar5, Ameritherm, Scottsville, NY). The instrument is composed of a gen-
erator and an inductor, both water-cooled.

Figure 5.4: Novastar 3 & 5 kW RF Power Supplies.

The generator converts a line input 380 V rms, 50 Hz alternating current (15 A) in a
continuous signal using a rectifier. The resulting signal then passes to a voltage multiplier,
that returns a maximum potential of 740 V rms. This potential is adjusted by changing
the hardware configuration and through a multifunction control. The configuration used
provides 558 V rms. The continuous signal is then converted in radio frequency and
transferred to a portable inductor connected to the generator through RF cables. The
latter part of the circuit is equivalent to a RLC circuit in series. The portable inductor
was positioned above the microscope by means of a wooden support.

Simulation of magnetic field The magnetic field distribution was a simulated using
the finite element routines in the MagNet software (Infolytica, Montreal, CA).

Initially we have defined the three-dimensional structure of the object (characteristics
are shown in table 5.1); the solenoid was enclosed in a air box size of 60 × 60 × 60 cm
and the faces of the box were simulated by means of boundary conditions that reproduces
an infinite space. This type of condition is called Asymptotic Boundary Conditions (for
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Table 5.1: Characteristics of solenoid.

Height 75 mm
Number of coils 9
� solenoid 52 mm
� tube 2 mm

a detailed discussion of the mathematical problem see [16]). The boundary condition set
at the edge of the solenoid is a Neumann condition. To study the numerical solution
of this problem, we have considered mathematical equivalent class of problems in two
dimensions. For more details, see [15].

Figure 5.5: Left: 3D Model. Center: electromagnetic field of solenoid. Right: electro-
magnetic field on solenoid and sagittal plane.

To determine the magnetic field is necessary to calculate the current flowing in the
solenoid and set it to extremes of simulated solenoid. The generator produces a signal
with frequency ν= 0.168 MHz. In our case the potential was 93 % of the maximum
potential Vrms = 600V. For RLC series circuit with C = 0.66 µF , the potential mean
square and peak are

Vrms = Vi = 600 · 0.93 = 558.00 V (5.2)

Vpeak =
√

2Vrms = 789.12 V (5.3)

The average and peak inductive current at the extremes of inductor is

Irms = VrmsCω = 558.00 · 0.66 · 10−6 · 2π · 0.168 · 106 = 377.17 A (5.4)

Ipeak = VpeakCω = 789.12 · 0.66 · 10−6 · 2π · 0.168 · 106 = 533.39 A (5.5)

Figure 5.7 shows the evolution of H as a function of distance from the sagittal and
radial center of the coil. The simulation shows a magnetic field maximum of Hmax =
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Figure 5.6: Up: Evolution of H along the longitudinal plane. Down: Evolution of H
along the sagittal plane

24500 A/m, corresponding to Bmax = 0.032 T. From simulations we can also see that
the magnetic field becomes negligible for a distance along the axes of about 20 cm.

Figure 5.7: Left: Evolution of H along the sagittal plane; discontinuity is due to the
presence of the solenoid. Right: Evolution of H along the sagittal plane; discontinuity is
due to the presence of the solenoid.

Gradient index lens

The problem of optical measurement combined with a field generator is to avoid the
interaction between the field and the metal of which consists most of the optical system.
The solution adopted is to use an endoscope to gradient index (GRINTEC, Jena, DE) to
bring the focal plane of the microscope 30 cm higher so that the effect of the magnetic
field is negligible.



Chapter 5 139

Figure 5.8: Diagram of the
GRIN lens used.

The gradient index lenses (GRIN lenses) are optical sys-
tems in which the refractive index n(x, y, z) varies depending
on the position. The most common configurations are those
in which the refractive index n(z) varies along the optical
axis z, or radially n(r = x2 + y2), or is a function a single
direction n(x) or, finally, can vary with spherical symmetry
n(r = x2 + y2 + z2). The lens used has a refractive index
n(r) = n0sech(g(r)), where g(r) is a characteristic parame-
ter of the lens, which varies radially in the plane perpendicu-
lar to the direction of propagation, with a central maximum
n0. As in the case of optical fibers, the numerical aperture
is a function of the refractive index of the fiber core n0 and
the refractive index of cladding nf :

NA =
√
n2

0 − n2
f = n0

√
1− sech2

g(r)d
2

(5.6)

where d is the diameter. The focal length and working
distance are related to the parameters from the relationships:

f =
1

n0gsin(gζ)
(5.7)

WD =
1

n0gtan(gζ)
(5.8)

where ζ is the axial length of the lens. GRIN lens is made
by several techniques: neutron irradiation, chemical vapour
deposition and ion exchange. The main doping materials are
Na +, Li +, K +, Ag +, Cs +. The endoscope is a composite
system of three lenses, with different gradient index length
and numerical aperture. The first lens has numerical aper-
ture of 0.4 and pitch 0.25; this lens focuses a point source to
infinity. The parallel rays enter into a relay lens with lower
numerical aperture (0.1) and pitch 6. The last lens has the
same characteristics as the first and it is used to collimate
the rays parallel output from the relay lens to a focal point
at finite distance. The total pitch is 6.5, then the image
is reflected and unmagnified. The sample was placed on a
common slide of the thickness of about 170 µm in contact
with a surface of the endoscope. In this case, the working
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distance is modified by the presence of the slide.
We have performed numerical simulations of the optical transfer function. These simu-
lations show that the total working length is by means of the software ZEMAK 97 µm
within the sample. The gradient index lens is coated with a layer of wax to strength it
resistant to impact. It was also fixed to a support with coarse regulation (1 mm) of the
height (fig. 5.9).

Figure 5.9: The gradient index lens, with wax coating and support adjustable in height.

To align endoscope we have positioned a glass slide with a solution of Rhodamine B
and we have compared its spectrum, acquired with the spectral camera in real time with
a reference spectrum (fig. 5.10). We have changed the position of the endoscope in the
xyz until the spectrum acquired with the spectral camera is similar that of reference, it
means that the endoscope is aligned properly.

5.1.3 Rhodamine-B thermal characterization

The dependence of the Rhodamine-B emission spectra in solution was first measured
while increasing the temperature from 10 to 60 ◦C. Rhodamine-B emission spectra were
measured with a spectrofluorimeter Varian Eclipse (Varian, UK); as shown in figure 5.11
and in table 5.2, the peak emission intensity decreases when increasing the temperature.
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Figure 5.10: Spectrum of Rhodamine B at different alignments; in red we have the correct
spectrum, which is similar to reference spectrum of Rhodamine B (above).

Figure 5.11: Rhodamine B emission spectra of increasing the temperature (left). Lifetime
of Rhodamine B versus temperature; the linear fit is described by the relation 5.11

The quantum yield is defined as:

φ =
kR

kR + kNR
(5.9)

where kR and kNR are the rate of radiative and non-radiative decay of Rhodamine-B,
respectively. Since kR, the decrease in the Rhodamine-B fluorescence emission (and as
consequence of φ) of fluorophore is due to the increasing of the number of non-radiative
de-excitation (kNR).

Also the excited state lifetime τ of Rhodamine-B decreases when increasing the tem-
perature. Since τ is:

τ =
1

kR + kNR
(5.10)

in agreement with the emission, we can infer from the data that kNR increases with
T, leading to the excited state lifetime decrease. The results are reported in table 5.2
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Table 5.2: Dependence of Rhodamine-B emission intensity and lifetime on temperature.

Temperature (◦C) Emission Intensity (a.u.) Temperature (◦C) Lifetime τ (ns)

10 882± 8 20 1.85± 0.09
15 794± 8 27.5 1.68± 0.08
20 704± 7 32.3 1.51± 0.07
25 631± 6 35 1.44± 0.07
30 552± 7 39 1.27± 0.06
35 487± 8 43.5 1.15± 0.05
40 429± 7 46.6 1.06± 0.05
45 379± 7 50.7 0.95± 0.04
50 331± 6 58 0.80± 0.04

and in figure 5.12.

Figure 5.12: Emission intensity (blue) and excited-state lifetime (orange) of Rhodamine
B dye decrease as a function of the temperature.

The fluorescence intensity and the lifetime of Rhodamine-B as a function of T show
a very similar trends (figure 5.12), confirming our hypothesis that kR stays ∼= constant
with T. As shown in figure 5.11, data are well approximated by a linear fit described by
the following relation:

τ = [(2.4± 0.3)− (0.029± 0.005)× T (◦C)] ns (5.11)
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which enables to evaluate the temperature increase T from the dye excited state life-
time τ . These results show that Rhodamine-B is a good temperature sensor in the range
10 - 60 ◦C. We can then conjugate it with gold NPs in order to create a novel assay for
the online monitoring of the local temperature on nanorods and magnetic nanoparticles
to be used for hyperthermic therapy.

5.1.4 Global and Local Temperatures

The thermo camera allows a direct measurement of the heating and cooling for a
solution of nanoparticles. The sample of magnetic nanoparticles (MNPs) is placed on a
cover slip at the center of the solenoid and the thermo camera is positioned on a support
at distance of 0.5 m. Figure 5.13 summarizes the behavior of the solenoid and the sample.
In fig. 5.13 a we report the acquisition of the camera when the magnetic field is still off,
but the chiller is on. The chiller (as discussed above) causes cooling in the air inside the
solenoid and this causes an underestimation of the real temperature rise of the sample.
In fig. 5.13 b-d we show the behavior of the sample respectively after 30, 60 and 90 s
after power of the magnetic field. At time t = 311 s the magnetic field is turned off (fig.
5.13 e). Figure 5.13 f shows the sample at time t = 391 s, during the cooling, under B = 0.

The average temperature of the sample after 5 minutes of exposure to the magnetic
field is 303.9 ± 0.2 K (fig. 5.14); the average temperature before turning on the field is
291.1 ± 0.2 K. Then, considering the underestimation of the real temperature rise causes
of the chiller, we obtain an increase in temperature of 13.3 ± 0.4 K.

(a) no B field, t = 0. (b) B field, t = 30 s. (c) B field, t = 60 s.

(d) B field, t = 90 s. (e) no B field, t = 311 s. (f) no B field, t = 391 s.

Figure 5.13: Images captured with thermocamera.



144 Hyperthermic effects

Figure 5.14: Temperature profiles at different times after exposure to magnetic field,
interpolated with an exponential function.

With the same sample, we have tried to measure the temperature rise on the surface
of magnetic nanoparticles by means of lifetime measurements. The negatively charge
of particles and their good stability allowed to bind Rhodamine B electrostatically. We
have used a concentration of Rhodamine B lower than the magnetic nanoparticles (RhB
: MNP = 1:2 ); we can therefore assume that the dye is enough linked to magnetic
nanoparticles. The first issue was to verify that these nanoparticles did not show the
typical plasmonic effects of gold nanoparticles. We have irradiated the sample with a
pulsed laser at 800 nm (P = 50 mW) and have measured the average lifetime of the
excited state of Rhodamine B. The value of lifetime obtained is the same of Rhodamine
B in solution at room temperature. In order to measure the lifetime of Rhodamine B bind
to MNP under the magnetic field, we have aligned the endoscope and placed a slide with
sample into contact with the endoscope at the center of the solenoid. Figure 5.15 shows
a plot histograms of fluorescence counts of Rhodamine B. The histograms are acquired
with a delay of 10 s after turning on the magnetic field.

A increase of slope indicates decrease of lifetime, therefore due to a decrease in temper-
ature. The lowering of the total numbers of counts indicates fluorescence quenching due
to temperature. Curves are obtained by interpolating the measurements of the lifetimes
summarized in table 5.3. The temperature corresponding to these lifetimes is obtained
by fitting with the eq. 5.11 .
The longest increase in local temperature observed is of 11± 5 K, comparable to that
observed with the thermocamera measurements.
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Figure 5.15: Histograms of fluorescence counts of MNP-Rhodamine B construct acquired
with a delay of 10 s after turning on the magnetic field.

Table 5.3: Average lifetime of Rhodamine B with magnetic nanoparticles at different
times of acquisition.

Time (s) 〈τ〉 (ns) Temperature (◦C)

0 1.90± 0.01 19.1± 2.4
10 1.80± 0.01 22.5± 2.5
20 1.76± 0.01 23.9± 2.5
30 1.71± 0.01 25.7± 2.6
40 1.70± 0.01 30.0± 2.6

We have also performed a first test of cellular uptake in HEK (Human Embyonic
Kidney) cells, with a solution of MNP-Rhodamine B complex (∼ 10 µM). Images have
been recorded 30 minutes after the addition of the solution by exploiting two photon
excitation at 800 nm. The fluorescence emission of Rhodamine B was detected through
560/40 band pass filter at different times.

Analyzing the intensity of fluorescence within the cells as a function of acquisition
time, an increase in intensity versus time is observed (fig 5.17). The fluorescence intensity
starts to increase after about 10 minutes. The free rhodamine, has shorter time internal-
ization; this it means that also MNP-Rhodamine B complex was internalized into cells
and the Rhodamine B remained free is very few. Obviously this is a preliminary result,
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Figure 5.16: The images refer to fluorescence emission of Rhodamine B after incubation
at t = 0 (on the left) and t = 30 min with RhB-MNP in HEK, respectively.

which provides only qualitative information, but it bodes well for future developments.

Figure 5.17: Fluorescence intensity of Rhodamine B versus acquisition time quantified
on ROI (black circle in fig. 5.16).

5.2 Photothermal effect of gold Nanorods

Application of heat to inhibit or destroy specific cells is a well-known concept for
the treatment of cancer. Generally, a non-invasive method to destroy tumor cells by
heat is referred to as thermotherapy or hyperthermia. The increase in the target zone
may be generated with a variety of heating sources, including infrared lamps, ultrasound,
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radio frequency sources and lasers. The processes mentioned, however, have the problem
of not limiting the heat generated to a defined and specific area of target tissue. In
photodynamic therapy greater specificity is obtained by ensuring that the target tissue,
for example a tumour, is infiltrated with a photoabsorbing dye, and then laser irradiation
is used [17]. As mentioned earlier, gold nanorods have properties which make them very
attractive candidates for photothermal therapy. Although spherical gold nanoparticles
do exhibit plasmon resonance, they have several limitations: not only is the efficiency
of heating comparatively low but the wavelength at which the resonance mode occurs
is in the mid-visible and therefore outside of the "tissue window". These limitations
can be overcome by the use of gold nanorods since there are more efficient converters of
light to thermal energy and of course the wavelength at which the plasmonic heating is
a maximum can be tuned to the tissue window. In combination, these properties should
decrease the damage to healthy cells during photothermal therapy. These principles have
recently been test by in vitro studies in which the nanorods have been functionalized with
specific targeting molecules, found on the membrane of target cells, and then irradiated.
For example, Huff and co-workers conjugated folate ligands with oligoethyleneglycol onto
gold nanorods. The folate conjugated gold nanorods were selectively bound to KB cancer
cells (a tumor cell line derived from oral epithelium) which led to photothermal damage
on cell membranes following laser irradiation.

5.2.1 Global and Local Temperatures

To measure the temperature rise of a solution of gold NR, irradiated with a IR laser
at 800 nm, we have again used a thermo camera (manca modello), that measures the
intensity of a radiation in the far infrared (7.5 µm - 13 µm) (ThermaCAM SC 3000, FLIR
Systems). The solution of gold NRs (C ∼ 5 nM) is placed in a plastic well and irradiated
with IR laser pulse; the thermo camera is positioned on a support at distance of 0.5 m.
Figure 5.18 shows heating (10 min) and cooling of gold NR in solution at different power
levels; figure 5.19 shows the solution of nanorods at different irradiation times.

By interpolation we have obtained a limit temperature of 305.8 ± 0.2 K .
We have also measured heating of gold nanoparticles (NP, r = 30 nm), milliQ water

(H2O), magnetic nanoparticles (MNP, Fe3O4) and gold nanobranched (NB, see Chapter
4).

The table 5.4 shows the results; in particular, to use gold NRs excited with IR ex-
citation (pulsed or CW mode) provides a rise in temperature sufficient to lead a cell to
apoptosis, minimizing the irradiation of biological tissue surrounding the treatment area.

As with the magnetic nanoparticles, we have tried to measure the local temperature
on the surface of gold nanorods. Gold nanorod-dye complex is based on electrostatic



148 Hyperthermic effects

Figure 5.18: Up: heating of NR in solutions with P = 125 mW interpolated with an
exponential function. Down: heating of NR with different power.

(a) t = 0. (b) t = 15 s. (c) t = 60 s.

(d) t = 120 s. (e) t = 180 s. (f) t = 600 s.

Figure 5.19: Gold nanorods in solution heated with IR laser with P = 125 mW captured
with thermocamera at different times.

bound between negative and positive charged polyelectrolyte, and the NPs.

Figure 5.20: NR - layers - Rho-
damine B construct.

Since gold nanorods stabilized with CTAB show
strong cytotoxicity, polyelectrolyte coating was
used in order to enable in-vivo application of the
sensor. Moreover multiple polyelectrolyte layers
avoid a "direct" interaction between gold nanopar-
ticles and fluorophores, which could result in flu-
orophore damage or quenching of the dye fluores-
cence emission by resonant energy transfer. The
functionalization was performed as reported in the
following; about 10 mL of as prepared NRs was cen-
trifuged twice at 5000 rpm for 10 min, the super-
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Table 5.4: Temperature increase at equilibrium

Power NR MNP NP NB H2O
Pulse CW Argon

25 1 - - - 0.3 - -
50 3 5.8 - - - - -
75 6 6.8 3.1 - - - -
100 7 - - - - 8.5 -
117 9.8 - - - - -
125 12 - - 5.8 1.2 - 0.2

Table 5.5: ζ-potential as a function of the number of PSS-PAH layers adsorbed to the
GNRs.

Layer ζ-potential (mV)

PSS - 36 ± 4
PAH + 12 ± 7
PSS - 26 ± 2

Rhodamine B + 49.7 ± 0.5

natant was discarded, and the precipitate was redispersed in 5 mL milliQ. Subsequently,
it was added dropwise to 5 mL of the negative charged polyelectrolite PSS (2 g/L) aque-
ous solution. After 1 h adsorption time, it was centrifuged twice at 5000 rpm to remove
excess polyelectrolyte and dispersed in 5 mL deionized water. Finally, the PSS-coated
GNRs were added dropwise to 5 mL of the positive charged polyelectrolyte PAH (2 g/L)
aqueous solution. After 1 h, it was centrifuged twice at 5000 rpm to remove excess poly-
electrolyte and dispersed in 5 mL of deionized water. The procedure was iterated and a
second layer of PSS was added. In order to obtain the NP-dye complex, the NPs (∼ 500
pM) were added dropwise to 5 mL Rhodamine-B solution (5 nM). Finally, the solution
was centrifuged at 5000 rpm to remove excess unbound dye molecules. Zeta potentials
(ζ) were measured to follow of the NPs charge of bioconjugates. The ζ-potential after
the adsorption of each layer is reported in table 5.5.

In order to follow the change in lifetime of Rhodamine B bound to the nanoparticles
as a function of local temperature solution of nanorods-Rhodamine B complex heated.
Initially, we have analyzed only Rhodamine B and the nanorod-Rhodamine B construct.
The sample was irradiated with IR pulse laser at 800 nm (power 50 mW) and we have
captured a series of fluorescence traces (30 s each) (see fig. 5.21).
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Figure 5.21: Fluorescence traces of Rhodamine B and gold nanorod-Rhodamine B com-
plex.

When the tracks were analyzed by taking into account only the background (fig. 5.21
side blu) the lifetime was obtained of Rhodamine B free, on the other hand when the
bursts (fig. 5.21 side green) were considered the average lifetime of nanorod-Rhodamine B
construct was measured. In this case we do not expect any change in temperature of the
sample and in the lifetime of the fluorophore. From the analysis of traces of fluorescence
we have obtained the following average lifetime for the background (τB) and bursts (τb):

Table 5.6: Average lifetime of nanorods-fluorophore complex at room temperature.

τB (ns) τb (ns)

1.93± 0.06 1.27± 0.05

On the bursts the lifetime is shorter than the lifetime of free Rhodamine B because
we have the contribution of both the nanorod that of Rhodamine B. In particular, this
lifetime was fitted to double exponential functions with fractional intensities, f1 and
f2 = 1− f1, and relaxation times, τ1 and τ2. From this analysis the average lifetime was
also computed as:

〈τ〉 = f1τ1 + f2τ2 (5.12)

where τ1 ≈ 400 ps was ascribed to the NRs lifetime, while τ2 ≈ 1 - 3 ns is due to the
Rhodamine B dye lifetime. Then, we have heated the sample on a hotplate until 50 ◦C;
when turned off the hotplate we have acquired decays of fluorescence every 30 seconds.
Since τ1 does not change with temperature we can analyze only lifetime of Rhodamine
B τ2 (table 5.7).

The lifetime of the background and the bursts provides us informations about global
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Table 5.7: Average lifetime of Rhodamine B at different times. The temperature were
obtained by eq. 5.11

time (s) Background Burst

τ (ns) Temperature (◦C) τ2 (ns) Temperature (◦C)

0 1.45± 0.07 34.1± 2.5 1.26± 0.03 40.5± 2.1
30 1.52± 0.08 31.7± 2.5 1.56± 0.04 30.2± 2.4
60 1.61± 0.08 28.8± 2.7 1.51± 0.04 32.0± 2.7
90 1.77± 0.09 23.1± 2.8 1.56± 0.1 30.5± 2.6
120 1.90± 0.09 18.7± 2.9 1.89± 0.05 18.8± 2.7

Table 5.8: Number of burst and increase in temperature of gold NR in solutions.

λexc Numbers of burst ∆T

760 11± 3 4.6± 0.2
780 58± 15 5.6± 0.2
800 112± 23 7.8± 0.2
820 60± 8 5.4± 0.2
840 8± 2 4.6± 0.2

or local temperature of sample. In both cases the trend of the lifetimes is consistent with
what expect; indeed the solution cools and thus increases the lifetime of Rhodamine B.
This means that the Rhodamine bound, even when to the nanoparticle surface respond
properly to the temperature change. In the next future, we will use two laser beams:
the first (CW) to induce heating of the nanoparticles, the second (pulsed) to excite the
Rhodamine in the complex and then measure the lifetime (and then the temperature).
To this point we have verified the dependence of the thermal release by excitation wave-
length of the nanorod-Rhodamine B construct. The sample was irradiated with 50 mW
at wavelengths between 760 nm and 840 nm at intervals of 20 nm. For each wavelength
we collected ten fluorescence traces for 30 s. The fluorescence emission of gold nanorods
is maximum when they are excited in their plasmonic absorption peak, an effect that
results in a larger number of bursts in the fluorescence traces. When exciting the sample
at 800 nm we observed several bursts of fluorescence (rate ≈ 300 kHz), while moving
away from this wavelength the excitation peaks become rare (rate ≈ 50 kHz) (see table
5.8 and fig. 5.22). For comparison, we measured the increase in temperature of nanorods
in solution at the power (100 mW) but at different wavelengths of excitation (with the
thermo camera). Again, we observed a larger heat release when gold NR were excited at
800 nm (see table 5.8).

Localized heating is generally considered the primary mechanism of photoactivated
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Figure 5.22: The histogram and blue points represents the number of bursts and the in-
creases in temperature as a function of excitation wavelength of the nanorod-Rhodamine
B constructs, respectively.

injury inflicted by gold NRs. We have made experiments in murine macrophages that
have internalized GNR (∼ 100 µg/ml) exposed to IR laser.

(a) t = 0. (b) t = 2 s. (c) t = 5 s.

(d) t = 10 s. (e) t = 15 s. (f) t = 20 s.

Figure 5.23: Images of macrophages and NR exposed to IR laser (50 mW), captured with
CCD camera.
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The experiments were performed with the help of a CCD camera, which visualizes
the image of the sample in transmission. We have performed a series of experiments in
which macrophages were irradiated with a pulsed laser in a wide range of laser power (30
mW - 1 W). Irradiating the NR treated macrophage (with NRs) at the power of 10 mW,
cell death (detected from the disruption of the membrane) occurs within a few minutes,
while non-treated macrophages require irradiation times that exceed tens of minutes at
the power of 1 W.

Figure 5.23 shows some frames of the sequence realized with P = 50 mW; as it can be
see, it was enough to irradiate the macrophage few seconds before the membrane start
destroying. This means that NRs internalized in macrophage, release heat destroying
the cell upon laser irradiation. The cell apoptosis could be well induced at even laser
irradiation powers.

5.2.2 Computational model for heating processes

With the increasing interest in the use of NPs, several levels of heat transfer modeling
have been developed in support of experimental studies. These models have helped to
gain a better understanding of the thermal processes involved in laser heating of NPs.
Figure 5.24 summarizes various processes associated to ultrafast laser heating of metal
nanoparticles.

Figure 5.24: Time scales of the
fundamental processes in ultrafast
laser heating of metal nanoparticles
before the onset of particle melt-
ing or bubble formation in the sur-
rounding aqueous solution.

When the particle is exposed to an ultrafast
laser pulse, free electrons absorb the energy of pho-
tons, increases by their kinetic energy. These en-
ergetic electrons, having initially a nonequilibrium
distribution of energy, are relaxed through electron
- electron scattering on the order of 10 - 50 fs.
Practically, there is no energy exchange occurring
between electrons and phonons within these time
scales and electrons stay in high energy levels. Once
the electron cloud raises its temperature, there is
an imbalance in the energy level of the electrons
and the crystal lattice. The energy transfer to the
lattice excites vibrations of the lattice about their
mean position. This leads to thermal expansion of
the nanoparticle. As the lattice starts to vibrate,
there is an energy imbalance between the phonons in the nanoparticle lattice and the
surrounding fluid. This energy imbalance relaxes through phonon-phonon interactions.
Because the energy dissipation is the order of hundreds of picoseconds, conduction dom-
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inates other potential modes of heat transfer. At pulse fluences of 5 Jm2 (for example),
using the linear absorption coefficient of water at 760 nm di µa = 2.5 m−1, the energy
absorbed is 12.5 µJcm−3 per pulse. This estimate indicates that the temperature in-
crease is less than 10−6 ◦C at the focal point; heating contributions due to direct linear
and nonlinear absorption of photons by water can be neglected. Furthermore, our peak
irradiance is ∼ 2 GW cm−2, which is approximately two orders of magnitude below the
threshold of 260 GW cm−2 necessary to create a single free electron during the pulse du-
ration. However, enhancement of electromagnetic fields in the near-field of the nanorods,
could lead to:

• modification of nanorod geometry through near-field ablation

• free electron generation in water leading to its additional heating and thus creation
of bubbles.

The equations describing the transient temperature response of the gold nanorod in a
water medium under the influence of laser radiation are given by equations 5.13 and 5.14.
Since the conduction electrons in the gold nanorod absorb the laser pulse energy, a two-
temperature model (TTM) is used to describe the laser absorption and the subsequent
electron-phonon equilibration in the particle:

Ce
dTe
dt

= g(Tl − Te) +
Eabs

Vp · τpulse
(5.13)

Cl
dTl
dt

= g(Te − Tl)−
Q̇W
Vp

Tl < Tm (5.14)

Here Vp is the volume of the particle, τpulse is the laser pulse width, Te and Tl are the
electron and lattice temperatures of the particle, Eabs is the laser pulse energy absorbed
by the particle, g is the coupling factor to calculate the heat transfer rate from electrons
to the lattice, Q̇W is the rate of heat loss from the particle to its surroundings, Ce and
Cl are the heat capacities for electrons and the lattice of bulk gold respectively. Table
5.9 summarizes the specific values of the thermophysical properties.

We have modeled the heating of a single gold nanorods (100 nm × 50 nm) in water
medium irradiated by 250 fs laser pulses at the peak plasmonic frequency centered at 800
nm. The laser energy absorbed by the particle depends on the laser fluence, Fpulse, and
the absorption cross-section of nanorod, σabs, according to:

Eabs = σabs · Fpulse = σabs
Pp · dc · τpulse

πω2
0

(5.15)
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Table 5.9: Thermophysical properties of gold and water.

Gold (bulk) properties
Properties values

Electron heat capacity Ce (J m−3 K−1) 70.0 · Te
Specific heat of lattice Cl (J m−3 K−1) ρgold[109.579 + 0.128T−

−3.4 · 10−4T 2 + 5.24 · 10−7T 4−
−3.93 · 10−10T 4 + 1.17 · 10−13T 5]

Thermal conductivity kAu (W m−1 K−1) 320
Electron-lattice coupling factor g (W m−3 K−1) 20 · 1016

Density ρAu (Kg m−3) 19300
Melting temperature Tm(K) 1337

Water properties at standard conditions

Density ρw (Kg m−3) 1000
Specific heat cp,w (kJ Kg−1 K−1) 4.184
Thermal conductivity k (W m−1 K−1) 0.61
Critical temperature Tc,H2O (K) 647

At the gold/water interface

Thermal conductance Gint (W m−2 K−1) 105 · 106

where Pp is average power of laser, dc = 1/(fR · τpulse) is the duty cycle and ω0 is the
beam waist. When noble metal NPs are exposed to light at their plasmonic frequency,
the effective absorption cross-section will be much larger than the geometrical one. The
absorption cross-section area was calculated using the ADDA code package according to
the discrete dipole approximation method which has been extensively reviewed in the
literature. A NR with dmax = 100 nm and dmin = 50 nm, was modelled as a spherically
capped cylinder (figure 5.25).

Figure 5.25: Approximation of the geometry used in simulations
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When excited with a pulsed laser at λexc = 800 nm, with ω0 = 0.58 µm, using a
number of dipoles N = 2336, we obtain the following values:

Table 5.10: Parameters obtained from ADDA code package.

σext = 197546.625 nm2 extinction cross section
Qext = 3.803 extinction efficiency
σabs = 37672.994 nm2 absorption cross section
Qabs = 0.725 extinction efficiency
σsca = σext − σabs = 159873.631 nm2 scattering cross section
ηabs = Qabs/Qext = 0.19 efficiency ratio

The rate of heat loss from the particle to its surroundings in equation 5.14 is calculated
by taking into account the interface conductance given by:

Q̇w = AsurfGint(Tl − Tw,s) (5.16)

where Tw,s is the water temperature at the particle surface, Gint is the thermal con-
ductance at the particle/fluid interface and Asurf is the surface area of the particle. The
thermal conductance Gint relates the temperature drop at an interface to the heat flux
crossing the interface and constitutes the coupling parameter between a particle and sur-
rounding medium energy equations. The particle geometry, a cylindrical nanorod, allows
us to use a model to describe the energy transfer within the surrounding medium. There-
fore, the energy conservation equation for water can be written in cylindrical coordinates
as

ρwcp,w
∂Tw
∂t

=
∂

∂z

(
k
∂Tw
∂z

)
+

1
r

∂

∂r

(
kr
∂Tw
∂r

)
(5.17)

For a differential equation of the type:

dy(x)
dx

= f(x, y) (5.18)

numerical integration is performed resulting in a recursive algorithm, which allows to
approximate the value yn (to n-th step), from the value yn−1. Equations 5.13 and 5.14
were integrated using Runge-Kutta Method, that belongs to the class of algorithms for
resolution of ordinary differential equations (ODE). For a system of two linear differential
equations similar to TTM:

d

dt
x = f(x, y, t) con x(t0) ≡ x0

d

dt
y = g(x, y, t) con y(t0) ≡ y0 (5.19)
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the integration algorithm provides approximations

xi+1
∼= xi +

1
6

(k1 + 2k2 + 2k3 + k4) with



k1 = hf(xi, yi, ti)

k2 = hf
(
xi + k1

2 , yi + l1
2 , ti + h

2

)
k3 = hf

(
xi + k2

2 , yi + l2
2 , ti + h

2

)
k4 = hf

(
xi + k1

2 , yi + l1
2 , ti + h

2

)

yi+1
∼= yi +

1
6

(l1 + 2l2 + 2l3 + l4) with
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)
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)
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(
xi + k1
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2

)
As can be seen from the equation 5.17, uniform temperatures are assumed across the

particle (Uniform Temperature Approximation, UTA). This assumption is quite appro-
priate considering the characteristic length scales of the problem. The calculated Biot
number, Bi = Gint · Lc/kAu, is about 10−3. The characteristic length, Lc, is defined
as the volume of the particle divided by the surface area of the particle and kAu is the
thermal conductivity of bulk gold. Typically the lumped capacitance model of transient
heat transfer introduces less than 5 % error for Biot numbers smaller than 0.1. In our
case, a nanorod of 100 nm × 50 nm has Vp = 163624.62 nm3, Asurf = 4463.49 nm2, Req
= 33.73 nm; then Bi = 1.718 ·10−2 and we can use UTA.
To integrate the equations of temperature Te and Tl the water temperature Tw is needed
as determined by the heat flow to the surrounding medium. We have made a spatial map
of the temperature as a function of the distance from the axis of symmetry of the NR,
using a cartesian grid for the cylindrical part and polar grid for spherical one (figure 5.26
a). The temperature in the water was determined by a balance of heat flux input Qint
and output Qout, through internal and external surfaces (with area Api and Ape) of each
cell (figure 5.26 b), at each time step dt; if we denote fi the temperature of water in the
cells i-th:

Qin =
Apik

pix

(fi−1 − fi)dt
ρwcp,wVpix

(5.20)

Qout =
Apek

pix

(fi − fi+1)dt
ρwcp,wVpix

(5.21)

where pix indicates the unit of length to the map.
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(a) Grid simulation. (b) Transversal section.

Figure 5.26: Computational domain and nanorod dimensions

The cylindrical symmetry of the propagation of heat is included in the volume of the
voxel, which varies depending on the distance from the axis. We have chosen the values of
pix = 0.25 - 5 nm and dt = 2.5 for time the step. The coating of polyelectrolytes around
the NR, has been modelled by three thin layers (∼ 1 nm) with low thermal conductivity
and specific heat. For the thermodynamic parameters of the layers have used the values
summarized in table 5.11

Table 5.11: Thermodynamic parameters of the polyelectrolites

PSS PAH

cp (J m−3 K−1) 1200 1200
k (W m−1 K−1) 0.5 0.3
ρ (Kg m−3) 1500 1500

Simulations single beam We have simulated the heating of a NR (100 nm × 50 nm)
in water medium irradiated by τp = 250 fs, a beam waist ω0 = 0.58 µm and Pp = 25 mW
(figure 5.27 a). The maximum temperature reached by the lattice is Tl,Max = 607 K, 21
ps after the first laser pulse (figure 5.27 b), while the water reaches Tw,Max = 495 K at
t = 136 ps (figure 5.27 c). These temperatures are lower than the melting temperature
of gold nanorod (Tm,Au = 1337 K) and the critical temperature of water (Tc,H2O = 647
K); then we can exclude rod-to-sphere shape change and formation of vapor bubbles,
respectively.

The total heat obtained after a subsequent pulse delayed of τR = 12.5 ns from the first;
then the total heat obtained in an experiment with a pulsed laser, for times very large
compared to time step (∼ 10 ns), is the result of thermodynamic equilibrium between
the heat provided and the dissipated. For Pp = 25 mW, with a box of 40 nm (distance
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(a) Temporal evolution after first pulse .

(b) Thermal map at t = 21 ps. (c) Thermal map at t = 136 ps.

Figure 5.27: Temperatures Te, Tl and Tw for NR 100 nm × 50 nm after pulse with P =
25 mW and box size 40 nm.

between the cylinder axis and surround, figure 5.25), just few tens of ns are needed to
reach the maximum temperature of the lattice, despite of the arrival of successive pulses
(figure 5.28 a). We have simulated heating experiments with different excitation powers,
reported in table 5.12, determining the temperature of the RhB at a distance of three
layers from surface metal species and then what calculated the expected average lifetime
of fluorescent probe.

We have considered the envelope of the minimum temperature of the RhB at different
power, obtaining the temperatures shown in figure 5.28 b. As mentioned above, PTT
(PhotoThermal Therapy) is based on the induction of localized hyperthermia to cause
cellular necrosis. We can then use the TTM (Two-Temperature Model) to determine
the efficacy of a possible therapy with GNR considered in the simulations. We have
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Table 5.12: Simulated temperatures of NR-RhB complex at different power

P (mW) T (K) τRhB (ns)

4 297.3 1.7
8 301.6 1.6
15 309.2 1.4
20 314.7 1.2
25 320.2 1.0

(a) Temporal evolution of temperatures Tl, Tw
and Tlayers.

(b) Minimum temperatures of RhB with differ-
ent power.

Figure 5.28: Results obtained from simulations for NR 100 nm × 50 nm with P = 25
mW and box size 40 nm.

studied heating induced by an exogenous object, with high absorption cross section for
infrared radiation, in a volume of variable size of tissue equivalent material. Essentially,
we consider cases in which a single GNR radiates heat in a box of only water and in
the presence of adipose tissue. To determine the effectiveness of inducing hyperthermic
death of an exogenous object within a cell, two modes of excitation with pulsed and
continuous laser are considered.The continuous excitation, induces a gradual heating in
time, which leads to changes in the shapes of the gold NP (reshaping), due to melting
of the upper layers, even at temperatures of 40 % of Tm,Au = 1337 K. To determine the
temperature rise of the boxes as different sizes were used, with a boundary condition
on the last cell: temperature T = Tamb. This condition can represent a heat source at
Tamb placed at different distances from the object that radiates heat. This model can
represent, for example, the presence of blood vessels in the proximity of a tissue in a real
experiment of hyperthermia. It was found that the pulsed excitation temperature reached
equilibrium depends by on the size of the simulation box, since increasing the distance
from the source, increases the thermal capacity to storage heat in the irradiated volume.
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The radial temperature evolution at different times (figure 5.29), shows temperature
oscillations in the case of pulsed laser. Figure 5.27 shows transient temperature profiles
for the duration of 200 ns, during which the nanorods are excited by several laser pulses
arriving at 12.5 ns time intervals from an 80 MHz repetition rate laser system. Two
considerations result from the calculations. First, both the temperatures of the electron
and lattice of the particle and that of the water on the particle surface equilibrates before
the arrival of the next pulse. This result is rather trivial, considering the relaxation times
of 50 and 500 ps for electron-phonon and phonon-phonon (across the particle and water
interface) couplings, respectively. Second, the overall temperature rises rapidly during
the first few pulses and thereafter no significant temperature increase is observed.

Figure 5.29: Temperature profiles at different times after laser exposure ( P = 25 mW)
as a function of radial distance with box size 40 nm.

Simulations double beam We have also performed simulations with double excita-
tion: a continuous laser to induce heating and pulse laser to measure lifetime of RhB. In
particular, we have used a continuous power Pcw = 18 mW and a Pp = 4 mW, with a
box size between 40 nm to 625 nm (table 5.13).

We have considered the case of a layer of adipose tissue, with different thickness and
thermal conductivity (kadi = 0.2 W m−1 K−1) and specific heat (cp,adi = 2000 J Kg−1 K−1)
lower than water. For example, considering a 1 µm lipid layer sandwiched between a layer
of 1 µm of water and GNR, at 50 µs of experiment with only continuous beam Pcw = 90
mW the temperatures reached are the same (fig. 5.30).

The contribution of the two types of excitation is thus determined by the detailed
process of heating. The continuous beam provides steadily energy for all time, during of
the experiment, as opposed to the pulsed beam. In this case, Q̇W follows the fluctuating
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Table 5.13: Temperature of NR as function of box size, with Pcw = 18 mW + Pp = 4
mW.

box size (nm) T (K)

40 410
55 570
145 830
625 1210

Figure 5.30: Temperature profiles at different times after laser exposure ( Pcw = 90 mW)
as a function of radial distance with box size 2 µm

temperature of the lattice, until to level around the stationary value, while in continuous
excitation, the rate of heat flow follows an asymptotic behavior to thermodynamic equi-
librium. In the case of only pulsed excitation there is the cooling of the NR in successive
pulses, contrary to what happens when there is the continuous excitation because the
efficiency of dissipation of the absorbed energy, reaches an equilibrium value higher than
in the case of pulsed excitation. In conclusion, for better performance to induce heat and
then measure lifetime of Rhodamine B we need two laser sources: a continuous laser to
induce heating and pulse laser to measure lifetime of RhB. However, the single-beam sim-
ulations show that the increase obtained is more than enough to perform thermal therapy
and for this reason (for the moment) the experimental measurements were conducted on
the single beam.
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Chapter 6

Conclusion

Recitar! Mentre preso dal delirio,
non so piú quel che dico, e quel
che faccio!

R. Leoncavallo, Pagliacci
R. Leoncavallo

This thesis has shown some potential applications of nanoparticles in the biomedical
field. Gold nanorods have a variety of real or potential applications in medical diagnosis
and therapeutic treatments as a result of their particularly attractive combination of
optical, physical and chemical properties. A specificity of effect and a selective targeting
can be achieved generally by functionalization of the gold nanorods with a biomolecule.
In principle, antibody-conjugated gold nanorods can be used to target specific cell lines,
or even invading organisms, either for diagnostic of therapeutic purposes. According to
these considerations I have developed our project on three lines related to the use of gold
nanoparticles for sensing and non linear imaging.

6.1 Summary of Results

I have tested the possibility to use a hybrid nanodevice composed of spherically sym-
metric gold NPs (10 and 5 nm diameter) functionalized with specific antibodies to detect
tiny amounts of proteins. Focusing on the p53 wt recognition and using fluorescein isoth-
iocyanate (FITC) dyes (ratio [Ab]:[FITC] = 3:1), I have shown that p53 in vitro detection
can be performed by this device by exploiting the linear decrease of the FITC excited
state lifetime, measured on the fluorescence bursts, with the p53 concentration and the
detection until 5 pM, better of the ELISA test. The nanodevice proposed has been also
tested for recognition specificity again some model globular proteins BSA (bovine serum
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albumin), Lysozyme and BLG (beta-lattoglobuline)) and applied to p53 detection in p53
positive and p53 null cell lines. The analysis reported here proves that the gold NP-
FITC-Abp53 nano-constructs can be used to detect the presence of traces of p53 proteins
in TCEs (Total Cell Extracts) opening the way to their application to in-vivo studies.
In particular, an original way to analyze the data has been proposed which to take into
account the observed anti-correlation between the burst size and the FITC lifetime value
in order to single out the p53-( NP-FITC-Abp53) complexes from auto-fluorescence and
un-bound NP-FITC-Abp53 crystals, and to measure the fraction of the small lifetime
events to get an estimate of the p53 concentration in the TCEs (Total Cell Extracts).

A second line of interest has been the characterization of non spherically symmetric
gold nanoparticles, in order to exploit their luminescence properties for cellular imag-
ing. In particular, I have studied asymmetric branched gold nanoparticles obtained by
using for the first time a zwitterionic surfactant, laurylsulphobetaine (LSB), in the seed
growth method approach. LSB concentration in the growth solution allows to control
the dimension of the NPs and the LSPR (longitudinal surface plasmon resonance) posi-
tion, that can be tuned in the 700-1100 nm Near Infrared range. The samples have been
analyzed with several techniques to obtain a complete characterization: by counting the
data obtained through the absorption spectra in the UV-Visible region, the TEM images
of the solutions, FCS (Fluorescence Correlation Spectroscopy) and DLS (Dynamic Light
Scattering) experiments, I achieved an exhaustive picture of the nanoparticles shape
and dimensions (length ∼ 50 - 100 nm, width ∼ 8 nm). In particular, three different
populations have been found: nanospheres with diameter lower than 20 nm, nanostars
characterized by large trapezoidal branches, and asymmetric branched nanoparticles with
high aspect ratio (≈ 4-5). For comparison, the same properties have been followed in
the case of gold nanorods obtained by CTAB synthesized (length ∼ 50 nm, width ∼
12 nm) The dependence of the luminescence intensity on the incident light intensity for
samples realized with LSB and CTAB was studied, checking the quadratic dependence
and therefore the two photon nature of the observed luminescence (TPL). By measur-
ing the luminescence spectra for different excitation wavelengths with a spectral CCD
camera, it has been possible to obtain the excitation spectra of the NPs, very similar to
the extinction spectra: this result is indicative of the role played by surface plasmons in
TPL. As a further characterization, the dependence of the TPL on polarization angle of
the incident radiation was checked.
The use of gold anisotropic nanoparticles as bright contrast agents for two-photon lumi-
nescence (TPL) imaging of cells was also explored. I have detected the toxic concentra-
tion; by viability > 80 % we find ∼ 80 µg/ml for 0.35 M LSB, ∼ 5 µg/ml for 0.5 M LSB
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and ∼ 100 µg/ml for 0.2 M CTAB. I have therefore investigated the ability of the NPs
to permeate cell membranes, by measuring the cellular uptake from HEK (Human Em-
bryonic Kidney) and macrophages cells, at the conditions of minimum toxicity obtained
above. NPs has been internalized in the cytoplasm of HEK and macrophages cells but
not in the nuclei; otherwise pegylated gold NPs are invisible to the immune system and
none cellular uptake was detected.

Finally, I have demonstrated the potential use of NPs, gold nanorods and magnetic
nanoparticles (MNPs), for selective thermal therapy of cancer cells using a near-infrared
low energy laser and an AC magnetic field, respectively. I have first evaluated the in-
crease in temperature of NR and MNP solutions, using a direct visualization by means of
a sensitive thermocamera. I have developed a novel hybrid metal-organic system, based
on NPs complexed to RhB by electrostatic adsorption on multiple poly-electrolyte lay-
ers, in order to detect the local temperature around the NP induced by the laser heating.
RhodamineB-NPs assay is able to play the role of molecular thermometer and can be
tested in-vivo to evaluate the damage temperature of tumoral cells. The hybrid sensor in
fact can be used for imaging and photothermal purposes at the same time: the infrared
laser radiation can excite both Rhodamine-B and TLP from the gold NRs in order to
visualize the internalization of the sensor in cells and the same radiation can heat the
NRs, damaging the tumor cell.
This study has revealed the properties of local heating and global gold nanoparticles and
magnetic nanoparticles and allows us to evaluate the benefits and limitations of both.
The nanorods at concentrations of a few nM causes a temperature increase sufficient
to induce apoptosis (∆T ∼ 7 ◦C at Pexc = 100 mW ). However, it is necessary to take
into consideration the length of penetration of laser light, in our case I have a pene-
tration depth in epithelial tissue of 200 µm. So now the use of NRs can be applied to
superficial tumors (melanoma); to bring the laser deeper into is resorting to the use of
microendoscopic gradient index. The use of MNPs does not present problems instead
of the magnetic field penetration into the tissues, because the frequencies used are 106

times lower compared to those of infrared light. These frequencies, however, transfer less
power, and this translates into the need for greater concentration ([NR]:[MNP] ≈ 1: 105)
to obtain a sufficient rise in temperature (∆T ∼ 13 ◦C at Bexc = 0.032 T).

6.2 Future Developments

Multifunctionality is the key advantage of nanoparticles over traditional approaches.
Targeting ligands, imaging labels, therapeutic drugs, and many other functional moieties
can all be integrated into the nanoparticle conjugate to allow for targeted molecular
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imaging and molecular therapy of cancer. Gold nanoparticles are unique because of its
intriguing optical properties which can be exploited for both imaging and therapeutic
applications. The future of nanomedicine lies in multifunctional nanoplatforms which
combine both therapeutic components and multimodality imaging. The ultimate goal is
that nanoparticle-based agents can allow for efficient, specific in vivo delivery of drugs
without systemic toxicity, and the dose delivered as well as the therapeutic efficacy can
be accurately measured noninvasively over time.
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Appendix

During the experiments we employed basically two excitation sources and two types of
photo-detectors depending on the applications. We briefly discuss some of the technical
details.

A.1 Laser sources

The sources used are pulsed infrared lasers from Spectra Physics (Mountain View,
CA): the Tsunami passive cavity and the Mai Tai infrared laser. Both are femtosecond
pulsed lasers with a spectral range between 700 and 1000 nm and in both cases a 532 nm
CW laser (Millennia X, Spectra Physics, CA) is used as a pump. The characteristics of
the two optical resonant cavities are almost identical because the Mai Tai is the compact
and fully automatized version of the combination of a Millennia solid state laser and
a Tsunami cavity. Hereafter, there is the description of the main components of these
excitation systems. Both are equipped with an active modelocking system that guarantees
the production of pulses nominally 100 fs width at a repetition rate of 80 MHz (i.e. at
the output of the cavity one measures a pulse every 12.5 ns).

A.1.1 Millennia

The Millennia laser is based on two diode lasers whose emission is used to pump a
solid state laser based on Nd 3+ ions crystalline matrix doped with yttrium vanadate
(Nd:YVO4). The output wavelength is 1064 nm and is converted to a 532 nm green
beam by means of a second harmonic generation process that takes place in a lithium
triborate (LBO) non-linear crystal. The output is composed by a unique transverse mode
(equivalent to the TEM00 of a conventional laser) with a pseudo-Gaussian intensity profile
characterized by an high ellipticity that has to be corrected before entering the IR mode-
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locked cavity. This is made by means of a couple of anamorph prisms mounted to an angle
near to the Brewster angle with respect to incident beam (figure A.1a). The emission
from the diode laser is perfectly superimposed to the absorption band of the Nd 3+ ion
allowing a good coupling between the pump and the active medium (figure A.1b).

(a) Correction of the beam ellipticity by means
of two prism at the Brewster angle.

(b) Panel up: Absorption spectum for the Nd 3+

ion. Panel down: Emission spectrum of the
diode pump laser.

Figure A.1: Properties of Millennia.

The active medium neodymium has the principal absorption band in the red and
near infrared region of the electromagnetic spectrum. The generation of the 532 nm
green pump beam is made by means of the second harmonic generation process that
takes place in a LBO crystal. This material is preferred to others with higher non-linear
coefficient, because it is possible to optimize the conversion efficiency of LBO simply
varying the working temperature. A dichroic mirror reflects back in the cavity the first
harmonic from the solid state laser and allows the 532 nm beam to be sent in the Tsunami
optical cavity. Since the intensity of the second harmonic radiation depends on the square
of the first harmonic power it is possible to obtain a high conversion efficiency increasing
the power of pump.Unluckily a solid state pumped by a diode laser gives rise to a chaotic
emission characterized by high intensity fluctuations that avoid the application of the
source to scientific experiments. These instabilities are mainly due to the non-linear
coupling of the axial modes in the sum frequency (i.e. second harmonic generation)
process. In the Tsunami and Mai Tai the problem is overcome by adopting the so called
QMAD (Quiet Multi Axial Mode Doubling) solution: that employs many axial modes
allowing the oscillation of more than 100 longitudinal modes. In this way the power of
each axial mode is o low that none of them reaches the pick power needed to induce high
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non-linear loses. The non-linear coupling terms are therefore mediated with the effect
that the second harmonic emission presents a very low noise (figure A.2).

Figure A.2: Quiet Multi-Axial mode-Doubling (QMAD). Panel (a): intracavity frequency
doubling in a laser with a few axial modes produces large amplitude fluctuations in the
second harmonic output resulting from non-linear coupling of the modes through sum
frequency mixing. Panel (b): single frequency solution forces oscillation on a single axis
mode to eliminate mode coupling. Panel (c): QMAD solution produces oscillation on
many axial modes, effectively averaging the non-linear coupling terms to provide highly
stable second harmonic output.

A.1.2 Titanium-Sapphire (TI-Sa) optical resonant cavity

The 532 nm beam from the Millennia is used to pump a Titanium-Sapphire (Ti-
Sa) rod that gives rise to the IR output of the laser system. The Ti-Sa is a crystalline
solid obtained introducing Ti2O3 into a solution of Al2O3 allowing the substitution of
a little amount of Al 3+ ions with Ti 3+ ions. The Ti 3+ electronic configuration can be
represented as two distinct energy levels with a great broadening caused by the presence
of many vibrational levels (figure A.3).

Figure A.3: Energy level structure for Ti 3+

ion in Sapphire.

The result is a broaden absorption
band between 400 and 600 nm. The
fluorescence emission is within 600 and
1000 nm and is due to the fact that the
transition occur between vibrational lev-
els whose energy lies between that of the
excited and that of the ground state. How-
ever the laser coherent emission is possible
only for wavelength λ > 670 nm since for
λ < 670 nm the emission band is superim-
posed to the absorption one giving rise to
auto-absorption processes that reduce the
efficiency of the fluorescence emission.
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Wavelength selection

Since the Ti-Sa rod is birefringent, lasing is obtained when the c-axis of the rod is
aligned coplanar to the polarization of the electric field in the cavity. The chamber that
hosts the rod orients the rod surfaces at Brewster’s angle and allows the c-axis to be
coplanar to the electric field vector. The output λ is variable within 690-1000 nm by
means of a system of four prisms and a slit. The prisms create a region in the cavity
where the different λ are separated and provide also the compensation of the group
velocity dispersion. The slit, located in the central part of the four prisms arrangement,
allows to select the desired λ.

Pulse width

The temporal duration or the pulses depends principally on three factors:

1. the properties of the Ti-Sa rod

2. the size of the optical cavity

3. the selected wavelength

It is possible to control the pulse width by changing the Group Velocity Dispersion
(GVD) in the optical cavity. The material refraction index depends on λ, thus every
color component travels along a particular direction with slightly different speed, giving
rise to a temporal separation of the wavelength components present in the pulse: this
phenomenon is called GVD dispersion. For GVD ≥ 0 the red colors travel faster than
the blue ones (figure A.4)

Figure A.4: Typical wavelength dependence of the refractive index of a material.

The GVD is related directly to the change of the group velocity versus the wavelength.
By a simple computation one can demonstrate that the GVD is directly proportional to
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the second derivative of the refraction index versus the wavelength, d2n(λ)/dλ2. In the
more general case we must refer to the change in the optical path instead to compute
simply the change of the group velocity. For normal dispersion, the term d2n(λ)/dλ2 is
positive and so is the GVD. The optical refractive components inside the resonant cavity
create a positive GVD giving rise to a spread of the pulse. A compensation for the pulse
spreading must be searched by thinking in terms of the optical path instead of the group
velocity. The GVD is then defined as d2L(λ)/dλ2, where L is the optical path of the
various wavelength components of the laser beam. The normal dispersion introduces a
positive GVD, therefore, in order to keep the pulse short, it is necessary to introduce a
negative GVD. Usually the negative GVD is obtained by means of an arrangement of two
or four prisms. Varying the distance between the prisms, while keeping at a minimum
the thickness of glass passed through by the beam, it is possible to have pulses with a
time duration close to the minimal width ∼= 100 fs (Figure A.5). The minimum pulse
width is limited by the width of the laser spectrum.

Figure A.5: Prisms sequence used for dispersion compensation. An input pulse with a
positive chirp (red frequencies at the leading edge of the pulse) experiences a positive
GVD (red frequencies have longer group delay time) in the prisms sequence. The net
effect is that the prisms sequence compensates for the positive GVD and produces a pulse
that has no chirp.

For the Tsunami optical resonant cavity the selection of output wavelength and the
temporal characteristics of the pulses have to be checked by the operator while for the
Mai Tai they are driven by a CVI written control program. This is the main difference
between the two laser sources.

A.2 Microscopes

The Tsunami and Mai Tai infrared laser are coupled to Nikon TE300 and Olympus
BX51 microscopes, respectively. The firs is principally devoted to FCS and lifetime
measurements, the second microscope has been employed for imaging experiments.
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A.2.1 Nikon TE300

The Nikon TE300 is an inverted optical microscope that collects the signal in epiflu-
orescence geometry; the sample is placed on an (x,y) translational stage equipped with
two DC electrical motors that allow macroscopic movements until 25 mm with a mini-
mum ∆ of 50 µm and an accuracy of 0.1 µm. The sample stage has been modified in
order to install a piezo-electric translator (x, y, z) cube (Figure A.6a) that allows micro-
positioning on the sample with an accuracy of 50 nm and a maximum excursion of 100
µm.

(a) In the figure are underlined the modifi-
cations took in the experimental set-up: the
position of the piezo electric translator cube,
the translational stage and the support for the
cover-slip.

(b) This simplified scheme explains the role of
the dichroic mirror mounted.

Figure A.6: Nikon TE300 microscope.

While conventional instruments (i.e. a spectrometer) collect the signal at 90◦ with
respect to the direction of the excitation beam, in an epifluorescence microscope the
objective has the double function of focusing the excitation beam and of collecting the
fluorescence signal arising from the sample (Figure A.6b). In details: the excitation IR
light enters the back aperture of the microscope and than encounters a dichroic mirror,
mounted at 45◦ respect to the objective, (see Figure A.6b) that reflects the light toward
the objective that focuses it on the sample. The fluorescence signal from the sample,
once collected by the objective, passes through the dichroic and is sent to the detectors.
In order to remove unwanted residual components of the IR excitation beam (due to
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reflections on the mechanical part of the TE300 and to the non-ideal behaviour of the
dichroic mirror) and to select the desired detection wavelength, λem, the signal from the
sample passes through a short pass filter with transmission T(%) 4-6 OD for λ > 670 nm
and a pass band filter centered at the emission wavelength of the dye under investigation
(for example employing Rhodamine 6G that present an emission maximum at 560 nm it
is necessary to mount a filter centered at 560 nm with a full width at half maximum not
higher than 40 nm, i.e. at 560 ± 40). The most important component of a microscope
is the objective that is characterized by three parameters: the magnification, M, the
immersion medium and particularly by the Numerical Aperture, N.A., defined as:

N.A. = ncos(θ) (A.1)

where n is the refractive index of the immersion liquid and θ is the semi-angle defined
by the collection lens of the objective (Figure A.7); the larger is N.A., the better are the
focusing and the collection efficiency of the signal.

Figure A.7: Role of the immersion medium in order to achieve the index matching con-
dition. In this figure are compared an air an oil immersion objectives.

This means that the Vex results smaller and the S/N ratio is enhanced. The immer-
sion medium, usually water or oil (n = 1.33 and 1.5 respectively), is used to guarantee
the correct index matching between the cover-slip and the sample in order to avoid total
reflection of the fluorescence light along the optical path (Figure A.7). If total reflection
happens, the collection efficiency results degraded because the effective numerical aper-
ture is lower than the nominal N.A.. Our TE300 can be equipped with an oil immersion
objective Nikon M = 100X, N.A. = 1.3 or with a water immersion Nikon objective M =
60X, N.A. = 1.2. Both guarantee a good collection efficiency and a good index matching
with the cover-slip (n = 1.5) and the sample, usually water solutions or biological samples
that present an index of refraction close to n = 1.33. Moreover it must be considered
that it is of crucial importance to correctly fill the back aperture of the objective; in fact
the divergence of a Gaussian beam apart from the beam waist is (FIgure A.8):



178 Appendix A

θ = 2arctan
(
ω(z)
z

)
≈ 2arctan

(
λ

πω0

)
(A.2)

will match 2θ only if the back aperture is completely filled, otherwise θ and Θ result
smaller and as a consequence the N.A. of the objective is not completely used and Vex
results bigger with a lost of S/N ratio.

Figure A.8: Axial profile of a Gaussian beam in the proximity of the beam waist.

A.2.2 Olympus BX51

The Olympus BX51 is an upright microscope that, as the Nikon TE300, collects the
signal in epifluorescence (see Figure A.6) geometry. In our experimental set-up, the BX51
is equipped with a confocal scanning head (FV300) (see Figure A.9) modified in order
to allow TPE. It mounts low pass filters in front of its PMT in order to clear the signal
from the residuals of the excitation beam and the larger pin-hole was removed from the
pin-hole wheel because TPE is intrinsically confocal. The scanning head has been used
through the external PTM devices.

Figure A.9: Axial profile of a Gaussian beam in the proximity of the beam waist.

The IR incoming laser light enter the FV300 at right angle with respect to the visible
lasers. All the laser beams are then sent to the galvo scanning mirrors that are mounted
in front of the side aperture of the BX51. Before entering the main BX51 housing through
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the scanning lens, a visible/IR dichroic mirror can be mount to switch between the visible
(confocal) and the IR (TPE) scanning mode. Once reflected in the microscope by the
galvos, the excitation light may:

1. be directly focused onto the sample by means of the objective lens or

2. pass through a second visible/IR dichroic mirror and focused onto the sample by
the objective lens.

The signal arising from the focus plane is collected by the same objective and the
emission light is reflected by the second dichroic mirror and sent to the non-descanned
unit where t is detected by the PTM devices external to the FV300 unit. The BX51
is equipped with a water immersion Olympus objective M = 20X, N.A. = 0.95 chosen
because of its large working distance (∼= 2 mm) and its relatively high numerical aperture.
The galvo mirrors enables to collect image of maximum area of 720 × 720 µm with
different scanning modes and speeds.

A.3 Detectors

The choice of the detectors depends on the experimental conditions. FCS relies on
small fluctuations of the fluorescence signal around an average value and since each photon
contributes to the whole statistics, it becomes very important to detect as many photons
as possible. Single Photon Avalanche Diodes (SPAD) guarantee high single-photon de-
tection efficiency and low dark current. Since they work close to the the breakdown bias,
they allow each photon-generated carrier to be amplified by an avalanche current, result-
ing in an internal gain within the photo-diode, which increases the effective responsivity
of the device making the SPAD very suitable for photo detection at low count rate (i.e.
single photon regime). In MPM the main issue is to collect high resolution 3-dimensional
images limiting the residence time per pixel in order to minimize the photo-damage. In
scanning probe microscopy, where one wants to scan wide sample in few seconds, the
Photo-Multiplier Tubes (PMT) are the most suitable detectors since they have typically
large sensitive areas and allow therefore to collect simultaneously the signal coming from
the whole scanned area. Hereafter we give some additional features of SPAD that has
been used in this PhD report for the analysis of the fluctuations in terms of the correla-
tion functions and of the histogram of the photon counting. The general characteristics
of PMT can be found in several text-book and technical publications, and will not be
discussed here.
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A.3.1 Single Photon Avalanche Diode (SPAD)

When a photon of enough energy hits the depletion zone of a photo-diode, practically
an inversely biased p-n junction (Figure A.10), this zone may be the source of an electron-
hole couple. The generated charge carriers will move in opposite directions under the
influence of the electric field. Macroscopically the two current flows, generated by the
electrons and the holes, have the same direction and they sum to generate a unique net
current that once amplified gives a measure of the number of detected photons. We
have to underline that a generic Photo-Diode (also known as PD) does not present a
multiplication process: its gain is 1 and therefore it works well in situations where the
flux of the incoming photons on the cathode is high.

Figure A.10: Schematic representation of a p-n junction.

Unluckily in most applications high quantum efficiencies (30%), very low dark count
levels ( < 50 Hz) and high temporal resolutions (FWHM Å 1 ns) are required. The
Avalanche Photo-Diode (APD) satisfies the first two requests because the electric field
(the inversion polarization voltage is close to and less, in modulus, than the break-down
value) applied to the couple of charge carriers generated by the photon is very high: during
their migration toward the electrodes the electrons and the holes take a kinetic energy
that enable them to create new couple of carriers just by collision. Since the empty zone
in the p-n junction is wide enough also the two new carriers generated by the collision
can create another couple giving rise to a process called avalanche multiplication. The
macroscopic current generated by this process will be proportional to the flux of detected
photons. In the case of experiments where one wants to reach the limit of the single
detected photon, a time resolution and a single photon sensitivity as high as possible
are needed. For this purpose the most suitable detector is the SPAD (Single Photon
Avalanche Diode). These devices use an inversion polarization voltage larger than the
breakdown one. Therefore the current growth after one photon detection is exponential
and not controlled leading to an infinite gain. Due to this feature the SPAD can be
considered similar to a Geiger detector because its output is not proportional to the
input; the SPAD are just events’ detector.
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Modern SPAD modules are endowed with an active quenching circuit that is able to lower
the output current after each count (i.e. the so called dead-time). It can be sketched as a
large load resistance (∼= 500 kΩ) in series with the diode output circuit. The large voltage
drop that occurs when the pulse current drops on this load resistance lowers reverse bias
at the leads of the PD, the avalanche process is stopped and the system is brought back
to the initial condition. The Perkin Helmer SPAD model SPCM-AQR-14 (Figure A.11)
have a circular silicon photodiode of 180 µm of diameter; because the gap between the
conduction and valence bands is 1.12 eV, these SPADs enable to detect photons with λ
< 1100 nm.

Figure A.11: A Perkin Helmer SPAD model SPCM-AQR-14.

The two most important characteristics of the SPAD are the photo-sensitiveness, S,
and the quantum efficiency, QE, defined respectively as the ratio between the produced
photo-current, I, and the incident radiant power, P, and the ratio between the number
of photons at the anode, Nanode, and the incoming photons, Nincoming:

S =
I

R
(A.3)

QE =
dNanode

dNincoming
(A.4)

Since the radiant power at the cathode is:

P =
dNincomingE

dt
(A.5)

where E is the energy of any incident photon and t is the time they need to reach the
detector, and since the photo-current:

I =
dNanodee

−

dt
(A.6)

where e− is the electron charge, these two parameters are strictly connected as:

QE =
SE

e−
(A.7)
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The QE for the Perkin Helmer SPCM-AQR-14 can be considered constant overall the
sensitive area with a numerical value ∼= 70% (Figure A.12, panel A). It depends also on
the detected (Figure A.12, panel B) and guarantees good performance in the range 400
- 1060 nm with its best at 700 nm. The typical maximum rate of the SPCM-AQR-14,
certified by the company is ∼= 15 - 16 MHz (however non-linearity occurs already at 2
MHz) and the dark current is ∼= 50 Hz. The dead-time is ∼= 50 ns and the time resolution
is limited by a jitter ∼ 350 ps. Finally, as can be see from Figure A.12, panel C, the QE
of a SPAD is higher than that of a PMT in the green-red region and this is the reason
that make us to prefer SPADs instead of PMTs.

Figure A.12: Panel A: detection efficiency as a function of the position in the sensible
area. Panel B: quantum efficiency as a function of λ. Panel C: comparison within the
quantum efficiency of SPAD (indicated as Si-slik), PMT, Ge based detectors and InGaAs
based detectors.

A.4 TimeHarp and Symphotime softwares

Fluorescence lifetime measurements in the time domain are commonly performed by
means of Time-Correlated Single Photon Counting (TCSPC). This is a histogramming
technique based on precise timing and time binned counting of single photons emitted on
pulsed laser excitation. However, in many fluorescence applications it is of great interest
not only to obtain the fluorescence lifetime(s) of the fluorophore(s) but to record and use
more information on the fluorescence dynamics. This is most often the case when very few
or even single molecules are observed.For instance,single molecules flushed through cap-
illaries (e.g in DNA analysis applications) will emit short bursts of fluorescence, that are
of interest for further analysis. The resulting fluorescence intensity dynamics on a time
scale of milliseconds can be used to identify single molecule transits and to discriminate
these events against background noise. The desired capturing of the complete fluores-
cence dynamics can be achieved by recording the arrival times of all photons relative to
the beginning of the experiment (time tag), in addition to the picosecond TCSPC timing
relative to the excitation pulses. This is called Time-Tagged Time-Resolved (TTTR)
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mode [2]. Figure 6.49 shows the relationship of the time figures involved. As in con-
ventional TCSPC, a picosecond timing between laser pulse and fluorescence photon is
obtained. In addition to that, a coarser timing is performed on each photon with respect
to the start of the experiment. This is done with a digital counter running at typically
50 or 100 ns resolution. Even though this is much higher than what most applications
mentioned above would require, modern hardware provides this resolution at no extra
cost. Since the TCSPC timing typically covers the time scale just below 100 ns, it is
indeed sensible to chose a time tag resolution just above that range, thereby covering
the whole time range for ultimate exibility in further data analysis. The two timing
figures (TCSPC time and Time Tag) are stored as one photon record. In order to work
efficiently with current host computers, the photon record is typically chosen as a 32
bit structure. A hardware First In First Out (FIFO) buffer for 128 k events is used to
average out bursts and deliver a moderate constant data rate to the host interface. This
way sufficient continuous sustained transfer rates are possible in real-time. Each single
photon is recorded with its global arrival time and the ’microscopic’ delay time with
respect to the corresponding laser pulse. While the microscopic delay time is evaluated
in lifetime related analyses, the global arrival time can be used to form a fluorescence
intensity time trace, making all related analyses possible, like FCS, on / off analysis etc.
In addition this global arrival time can be synchronized with external trigger pulses, for
example the line or frame clock of LSMs, which is used to extract imaging information.
Intensity traces over time, as traditionally obtained from Multi-Channel-Scalers (MCS),
are obtained from TTTR data by evaluating only the time tags of the photon records.

Figure A.13: Timing figures in TTTR data acquisition.

Sequentially stepping through the arrival times, all photons within the chosen time
bins (typically milliseconds) are counted. This gives access to e.g. single molecule bursts
(in flow) or to blinking dynamics. The bursts can be further analyzed e.g. by histogram-
ming for burst height and frequency analysis. Fluorescence lifetimes can be obtained by
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histogramming the TCSPC (start-stop) times and fitting of the resulting histogram, as
in the conventional approach. In single molecule applications with very few counts per
histogram, faster algorithms based on maximum likelihood criteria may be used. Lifetime
fitting can either be done using iterative reconvolution, taking into account the influence
of the instrument response function (IRF), or as a tailfit, neglecting this influence. De-
cay models up to four exponential components can be applied. A Maximum Likelihood
Estimator (MLE) method can be used to account for regions with low signal intensity.
The strength of the TTTR format is used when both time figures are used together.
For instance, one can first evaluate the MCS trace to identify single molecule bursts,
and then use the TCSPC times within those bursts, to evaluate fluorescence lifetimes for
individual bursts.

A.5 Method of Cumulants

Finding the precise functional form for the distribution of decay rates G(Γ) is prob-
lematic because the correlation function is measured discretely only over an incomplete
range of lag times and there is always Poisson noise associated with the data. There
are several ways of using DLS data to characterize G(Γ), but one of the simplest is the
method of cumulants first proposed by Koppel[8]. This method is based on two relations:
one between g(1)(τ) and the moment-generating function of the distribution, and one
between the logarithm of g(1)(τ) and the cumulant-generating function of the distribu-
tion. It is appropriate only for use in cases in which G(Γ) is monomodal [8][9]. In fact,
the form of g(1)(τ)

g(1)(τ) =
∫ ∞

0
G(Γ)exp(−Γτ)dΓ (A.8)

is equivalent to the definition of the moment-generating function M(−τ,Γ), of the
distribution G(Γ):

M(−τ,Γ) =
∫ ∞

0
G(Γ)exp(−Γτ)dΓ ≡ g(1)(τ) (A.9)

The mth moment of the distributionmm(Γ) is given by the mth derivative of M(−τ,Γ)
with respect to τ :

mm(Γ) =
dmM(−τ,Γ)
d(−τ)m

|−τ=0 =
∫ ∞

0
G(Γ)Γmexp(−Γτ)dΓ|−τ=0 (A.10)

Similarly, the logarithm of the field-correlation function is equivalent to the definition
of the cumulant generating function K(−τ,Γ)
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K(−τ,Γ) = ln[M(−τ,Γ)] ≡ ln[g(1)(τ)] (A.11)

where the mth cumulant of the distribution κm(Γ) is given by the mth derivative of
K(−τ,Γ):

κm(Γ) =
dmK(−τ,Γ)
d(−τ)m

|−τ=0 (A.12)

By making use of the fact that the cumulants, except for the first, are invariant under
a change of origin, one can write the cumulants in terms of the moments about the mean
as

κ1(Γ) =
∫ ∞

0
G(Γ)ΓdΓ ≡ Γ̄ (A.13)

κ2(Γ) = µ2 (A.14)

κ3(Γ) = µ3 (A.15)

where µm are the moments about the mean, as defined by

µm =
∫ ∞

0
G(Γ)(Γ− Γ̄)mdΓ (A.16)

The first cumulant describes the average decay rate of the distribution. The second
and the third cumulants correspond directly to the appropriate moments about the mean:
the second moment corresponds to the variance, and the third moment provides a measure
of the skewness or asymmetry of the distribution. The first two cumulants must be
positive, but the third cumulant can be positive or negative. The basis of the cumulant
expansion that is tipically used in the analysis of DLS data lies in expanding the logarithm
of g(1) in terms of the cumulants of the distribution. This relation follows from the fact
that mth cumulant is the coefficient of (−τ)m/m! in the Taylor expansion of K(−τ,Γ),
about τ = 0, as given by

ln[g(1)(τ)] ≡ K(−τ,Γ) = −Γτ +
κ2

2!
τ2 − κ3

3!
τ3 + . . . (A.17)

To take advantage of this form and use linear least squares methods to fit this function
to the data requires that a key assumption be made about the data: the baseline must
be assumed to be exactly one. Then a fit can be made to

ln[g(1)(τ)− 1] = ln
β

2
− Γτ +

κ2

2!
τ2 − κ3

3!
τ3 + . . . (A.18)
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Equation A.18 is the traditional fitting function that is described in many DLS text.
Although most modern correlators do an excellent job of measuring the baseline, small
amounts of noise can lead to small deviations from unity. Nonlinear fitting routines
permit the possibility of fitting the data to g(2) directly. From eq. A.18, we obtain

g(2) = B + βexp(−2Γ̄τ + κ2τ
2 − κ3

3
τ3) (A.19)

where Γ̄ is the average decay rate and κ2/Γ̄2 is the second order polydispersity index.
The first cumulant is directly proportional to some average diffusion coefficient, D̄, called
z average diffusion coefficient,

D̄ = Γ̄/q2 = Dz (A.20)

with

Dz ≡
∑

i cimiDi∑
i cimi

(A.21)

where mi is the molecular weight and ci the weight concentration.

A.6 Memexp program

The program MemExp uses the maximum entropy method (MEM) and either non-
linear least squares (NLS) or maximum likelihood fitting to analyze a general time-
dependent signal in terms of distributed and discrete lifetimes. One or two distributions
of effective log-lifetimes, g(logτ) and h(logτ), plus an optional polynomial baseline (up
to a cubic) can be extracted from the data. The h distribution is used to account for
signals opposite in sign to those described by the g distribution when analyzing data
that rise and fall. Both distributions are obtained numerically from the data and are
not restricted to any functional form. Simultaneously, MemExp performs a series of
fit by discrete exponentials in which exponentials are added one at a time and are ini-
tialized based on the emerging structure in the MEM distribution. The amplitude and
log-lifetime of each exponential, plus any optional baseline parameters utilized, are var-
ied using either NLS (for Gaussian noise) or ML (for Poisson noise) fitting. MemExp
automatically recommends one distributed and one discrete description of the kinetics
as optimal. The graphical summary plotted by MemExp permits a through evaluation
of the results. Multiple MEM ’prior models’ are supported, facilitating a comprehensive
analysis of the kinetic data[12]. The hybrid MEM/NLS analysis is applicable to a gen-
eral time-dependent signal. A continuous description that evolves according to the MEM
is used to guide a series of discrete NLS fits during which one exponential is added at
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a time. Thus, the hybrid algorithm provides an automated and objective approach to
the multiple-minimum problem that plagues conventional parametric fitting (NLS and
ML) when many kinetic processes are present. Consequently, MemExp is particularly
useful when a large number of discrete processes is an appropriate kinetic description.
By interpreting kinetics simultaneously from the complementary perspectives of discrete
exponentials and continuously distributed lifetimes, a comprehensive assessment of the
data can be performed conveniently. Also, the use of several different priors is supported
to improve the fidelity of the distributions recovered. In the next section, the MemExp
algorithm is described[12][13].

A.7 MemExp: a MEM/NLS algorithm

Kinetics measured at times ti can be fit by

Fi = D0

∫ ∞
−∞

dlogτ [g(logτ)− h(logτ)]e−ti/τ +
3∑

k=0

(bk − ck(ti/tmax))k (A.22)

where g(logτ) and h(logτ) are the lifetime distributions that correspond to decaying
and rising kinetics, respectively, and a polynomial accounts for the baseline. The constant
tmax is approximately the longest time measured and prevents baseline coefficients from
differing greatly in magnitude. Formally, Laplace transforms involve an integral over the
rate coefficient k = 1/τ , but when analyzing data that span several decades in time, it is
more convenient to express the underlying distribution as a function of logτ [14]. Upon
discretizing eq. 3.1 for a computer, the g and h distributions become vectors. All g, h,
b, and c parameters may be restricted to positive values without loss of generality. The
normalization constant D0 can be estimated from the data, provided that the temporal
window spanned by the measurement is sufficient to include all kinetic processes. In the
presence of experimental uncertainties, the unconstrained numerical inversion of eq. 3.1
is known to be an ill-posed problem; infinitely many solutions exist that fit the data to
within the noise. Alternatively, a fit can be done by ne exponentials:

Fi = D0

ne∑
j=1

Aje
−ti/τj +

3∑
k=0

Bk(ti/tmax)k (A.23)

where Aj and τj are the amplitude and lifetime of the jth exponential respectively,
and Bk is the kth coefficient in the polynomial approximation of the baseline. The MEM
part of MemExp is an extension of the previous work and is based on the algorithm of
Cornwell and Evans. It fits eq. 3.1 to kinetics by an iterative, second-order optimization
of the entropy S,
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S(~P , ~F ) =
M∑
j=1

[Pj − Fj − Pjln(Pj/Fj)] (A.24)

subject to constrained values of χ2 :

χ2 =
1
N

N∑
i=1

(
Fi −Di

σi

)2

(A.25)

and, optionally, the normalization I,

I = ∆
(
σM1
j=1gj − σ

M2
j=1hj

)
(A.26)

The constrained optimization is achieved by maximizing the function Q,

Q ≡ S − λχ2 − αI (A.27)

where λ and α are Lagrange multipliers. The natural logarithm in eq. 3.3 requires
that all elements of the desired image P be positive. Here, P is the concatenation of
up to four vectors: g, h, b and c. M1 and M2 pixels are used to discretize the g and
h distributions, respectively, and ∆ is the spacing in logτ . Implicit in the use of χ2 is
the assumption that the standard errors σi in the measured data, Di, can be assumed
Gaussian. Note also that, if P is normalized and if all Fj are set equal to a constant,
then maximizing S is the same as maximizing a more familiar expression for the entropy

S = −
M∑
j=1

Pjln(Pj) (A.28)

Unconstrained maximization of S (λ = α = 0) with respect to Pj yields Pj = Fj

. That is, F is the prior image that is defaulted to in the absence of good data. The
ability to manipulate F lends flexibility to MEM inversions not available to other regu-
larization methods. In contrast, this added flexibility requires that F be chosen wisely.
The MEM calculation is iterative, starting with an initial image having maximum en-
tropy: P = F (initially, a constant); λ ∼ α ∼ 0. Newton Raphson optimizations of Q at
fixed values of and are followed by automatic adjustments of the Lagrange multipliers.
The multipliers are changed gradually enough to ensure that the gradient of Q remains
sufficiently small [16]. Thus, P evolves from a flat distribution (with very large χ2) into a
series of maximum-entropy distributions that become increasingly structured as χ2 and
I approach the desired values. Whenever the prior F is derived from P, P is set equal
to the new prior and the Lagrange multipliers are reset to near zero. The optimization
of Q and multiplier updating are iterated until χ2 stops changing appreciably. When χ2
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reaches a specified value (e.g., 1.2), the current P distribution is written to a file, and
MemExp performs the first NLS fit with one exponential included for each MEM peak
having an appreciable area and a mean within a specified logτ range. Because distri-
butions produced by the MEM are quite smooth and noiseless, simple identification of
minima and maxima in P is sufficient to detect peaks in the lifetime distribution. Let
i− and i+ denote the location of the minima immediately preceding and following the
ith local maximum in P, respectively. Then the area and mean of this MEM peak are
obtained by numerical integration, as in

Areai = ∆
i+∑
j=i−

gj (A.29)

Meani =
∆

Areai

i+∑
j=i−

gjlogτ (A.30)

For the outermost MEM peaks (fastest and slowest processes), the range of integra-
tion extends to the distribution edge. The initial amplitude and log lifetime of the ith
exponential in the NLS fit are then taken as Areai and Meani, respectively. During
NLS optimization of the discrete parameters, the lifetimes are free to stray outside the
specified logτ range. This range is used to exclude exponentials from the NLS fit that
correspond to undesirable ripples in the MEM distribution at either end of the logτ axis.
The analysis of local maxima performed by MemExp also serves to identify relatively
sharp, well-resolved peaks. In addition to the area and mean, two ratios are calculated
for each local maximum in the lifetime distribution. The value of P at the local maxi-
mum is divided by each of the values of P at the adjacent minima. For a small ripple
superimposed on a broad peak, at least one of these ratios is approximately unity. For
a well-resolved peak, both ratios are large, perhaps exceeding 100. For a narrow peak
partially overlapping a broad peak, one ratio will be rather large (e.g., 100) and the other
will be smaller (e.g., 2), depending on the extent of overlap. If the ith MEM peak is
found to be sufficiently large and sufficiently well resolved, then it is subtracted from P
in the range from i− to i+. After all such peaks are subtracted, the remainder of P is
blurred uniformly. Then each subtracted peak is accounted for, either by adding it to F
unchanged or by adding a Gaussian with the same area and a reduced FWHM. As the
MEM convergence continues, this analysis (and storage) of the P distribution is repeated
periodically to determine the current number of MEM peaks n, the peak means and areas,
and the maximum-to-minimum ratios. If n has not changed since the last time the image
was analyzed, the MEM calculation is resumed. If n has increased by one, the areas and
means of the current MEM peaks are characterized and a new NLS fit is performed with
one more exponential than was used in the previous NLS fit. If n has increased by more



than one, the n+1 MEM peaks of largest area are introduced as exponentials in an NLS
fit. Then, the next largest MEM peak is accounted for in an additional NLS fit, and so
on. Thus, the MEM is used to introduce one exponential at a time into a series of NLS
fits; as features are resolved in the continuous kinetic description, exponentials are added
to the discrete description.
In chapter 3 the autocorrelation functions were analyzed by means of the MEM method:
the acquired second order autocorrelation functions (ACFs) of the scattering light were
first converted into the first order ACFs, G (t), and the first order ACFs were analyzed by
means of the Maximum Entropy method obtaining the distribution of relaxation times
according to the relation:

G(t) = A

∫ ∞
−∞

dlog(τ)Pτ (log(τ))exp[−t/τ ] (A.31)

The relaxation time τ is inversely proportional to the particle diffusion coefficient, D,
and the exchanged wave vector, Q, by the relation τ = 1/(DQ2). The diffusion coeffi-
cient is related to the particle average hydrodynamic radius, Rh, as, D = kBT/6πηRh.
Therefore, the linear relation between the relaxation time and the hydrodynamic radius,
τ = Rh(6πη)/(kbTQ2) = Rh/ρ, can be used to compute the number distribution of
particles with radius Rh by fitting the PR(Rh) = Pτ (log(τ)) 1

τ distribution to a sum of
log-normal functions of the type:

PR(log(Rh)|Rh=ρτ = ρA
∑
j

αj < R >5
j exp

[
(log(Rh)− log(< R >j))2

2σ2
j

]
(A.32)

where < R >j and σj are the average values of the hydrodynamic radius and the
width of the distribution component and αj is the number fraction of the jth component
in the distribution.

tutto bianco

tutto bianco
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