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Chapter 1

Introduction

Imaging single molecules in live cells reveals details of cellular processes
that cannot be seen using traditional averaging techniques. A proper
choice of the microscope and the labels is essential to get the best re-
sults from a single-molecule imaging experiment. In this thesis we used
gold nanorods for applications in single-particle imaging, tracking and
spectroscopy, using a two-photon multifocal scanning microscope. A
two-photon microscope is advantageous due to the possibility to image
deep in the sample and the limited photodamage induced in cells by us-
ing low-energy photons. As labels, gold nanorods have great potential
due to their high brightness and photostability and can be excited in
two-photon.

This chapter introduces single-molecule imaging and summarizes the
most common labels and microscopes used for these experiments. Then,
we present the principles of two-photon excitation and discuss more in de-
tail its advantages over one-photon excitation. We present the structures
of a typical two-photon microscope and of the particular two-photon mul-
tifocal scanning microscope that we used for our experiments. Finally,
we describe noble metal nanoparticles and explain the optical properties
that make them such a powerful tool for single-molecule imaging.
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1.1 Single-molecule imaging

This section introduces SM imaging experiments and gives a brief overview
of the possible labels and imaging techniques to use for these experi-
ments.

Cells are the basic structural and functional unit of all living organ-
isms, and all processes occurring inside and between cells, such as gene
replication, growth, diseases and immune defense, are regulated by par-
ticular molecules in the cells, mainly proteins and nucleic acids. For a
deep understanding of cellular processes, it is necessary to study them
at the single molecule level. Following each individual molecule reveals
the distribution of all possible behaviors instead of only a population av-
erage. This way, intermediate states, rare events and non-synchronized
processes within the sample can also be detected. The advantages of SM
techniques are particularly valuable in live cells, where large spatial and
temporal variations occur.

The �rst optical detection of a single molecule was achieved by Mo-
erner in 1989, measuring the absorption of pentacene [1]. In 1990, Orrit
and Bernard detected the �uorescence signal emitted by single molecules
for the �rst time [2].These experiments were performed at cryogenic tem-
peratures, where the absorption cross-section of �uorophores increases by
several orders of magnitude and the suppression of thermal vibrations
makes molecules more stable relative to room temperature. Thanks
to new high-sensitivity detectors, such as avalanche photodiodes and
charge-coupled devices, the weak signals from single �uorophores could
later be detected also at room temperature. In 1995 Funatzu [3] visual-
ized the movement of single proteins in vitro. Since then, SM imaging
techniques became more and more common, and were for example ap-
plied to the study of protein dynamics [4], di�usion in phospholipid mem-
branes [5] and cell signaling [6]. From 2000 SM experiments started to
be applied in vivo: single receptor proteins were tracked on cells surface
[7] and inside living cells [8].

1.1.1 Probes and labeling

As most biomolecules do not �uoresce by themselves, light-emitting
probes are used to label and follow the molecules of interest. In live cells
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many structures naturally absorb and emit light, giving a high back-
ground. An accurate choice of labels and imaging techniques is therefore
essential to distinguish the weak signal of single molecules from the back-
ground. There are three main classes of probes: �uorescent proteins,
organic dyes and �uorescent nanoparticles.

Fluorescent proteins (FPs) [7, 9, 10] present good biocompatibility
and labelling speci�city, as they can be encoded in the gene correspond-
ing to the target protein. However, they have small optical cross-section
and su�er from photobleaching. The performance of �uorescent proteins
in SM imaging is thus limited: the weak signal limits the localization
precision and photobleaching limits the measurement time.

Organic dyes are smaller than proteins, brighter, and cover a wider
spectral range [11]. They are more stable than FPs but also su�er from
photobleaching.

Nanoparticles, such as quantum dots (QDs) [12], are the most bright
and stable among probes. However, they are larger than FPs and organic
dyes and can thus in�uence the movement of the molecule of interest. In
addition, QDs are prone to photoblinking. Noble metal nanoparticles,
such as gold and silver nanospheres and nanorods, are brighter than QDs
and do not bleach nor blink. Therefore they are a good choice to image
molecules in cells with high spatial resolution and for long time.

Labeling proteins with organic dyes and nanoparticles is more chal-
lenging than genetic encoding of FPs. First, dyes and nanoparticles must
be introduced into the cells using methods such as microinjection, elec-
troporation or incubation. Then they must bind to the target protein.
Mediating tags, usually proteins and small peptides, can be encoded in
the gene of the target protein, and bind to the label upon expression
[13].

Single-molecule techniques using nanoparticles are commonly referred
to as single-particle (SP) techniques. In the work presented in this thesis
we used gold nanorods for single-particle imaging, tracking and spec-
troscopy applications. A detailed discussion on gold nanoparticles, gold
nanorods and their optical properties is presented in Section 1.3.

1.1.2 Single-molecule microscopy

SM imaging experiments typically use inverted microscopes, in wide-�eld
or confocal con�guration. In a wide-�eld microscope [3, 14] a wide area
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of the sample is illuminated. To this aim, an expanded beam is focused
on the back focal plane of the objective, resulting in a collimated beam
that uniformly illuminates the sample. The �uorescence signal emitted
by the sample as well as the re�ected excitation light are collected by the
same objective and separated by a dichroic mirror before imaging with a
CCD (charge-coupled device) or a CMOS (complementary metal-oxide
semiconductor) camera. This way, however, a large volume is excited and
the �uorescence coming from out-of-focus z planes adds to the in-focus
signal, compromising the signal to background.

To reduce the excitation volume, wide-�eld illumination can be ob-
tained by total internal re�ection �uorescence (TIRF) [15]: the excitation
beam is focused on the back focal plane of the objective, but o�-centered.
This results in a slanted excitation beam and when the inclination an-
gle exceeds a critical angle it generates an evanescence wave that decays
exponentially from the glass interface. Only a thin slice of the sam-
ple (about 250 nm) is excited, avoiding the out-of-focus signal. This
technique can be used to image thin samples, but it is not suitable, for
example, to image several microns inside cells.

Confocal microscopes limit out-of-focus �uorescence by using a highly
focused spot to excite a point inside the sample. The light is collected
by the same objective, �ltered with a dichroic, and a pinhole is used
to reject the out-of-focus signal. Confocal microscopy provides a bet-
ter signal-to-noise ratio compared to wide-�eld microscopy, due to the
limited excitation volume and the use of avalanche photo-detectors that
exhibit less dark counts and a higher quantum yield. It can excite deeper
inside the sample, making 3D imaging possible. Nevertheless, the image
is acquired only one spot at the time and scanning the excitation beam
through the sample signi�cantly slows down the imaging process.

In summary, to investigate cellular processes over extended periods
of time and with high accuracy we ideally need small, stable and bright
labels and fast 3D microscopes. A compromise must be made between
the small but weak and unstable FPs and organic dyes, and bright and
stable, large nanoparticles. Likewise, an optimum must be found in
terms of 3D penetration, out-of-focus �uorescence and acquisition speed
to obtain the highest signal and resolution.
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1.2 Two-photon microscopy

1.2.1 Principles of two-photon excitation

For our experiments, we decided to use gold nanorods and a special
multifocal two-photon scanning microscope.

The microscopy techniques we presented previously are based on the
excitation of �uorescent probes by the absorption of one photon that
brings an electron to a higher energy state. After rapid thermal relax-
ation, the electron falls back to the ground state while emitting a photon
with an energy equal to the di�erence between the two levels minus some
relaxation energy (Fig. 1.1a). As the excitation is realized by absorption
of one photon at the time, we refer to these techniques as one-photon
excitation (OPE) techniques.

Simultaneous absorption of two photons can also induce �uorescence
excitation. The electron excitation occurs by absorption of two pho-
tons whose combined energy equals the energy gap between the ground
state and the excited state. This process is called two-photon excitation
(TPE). The absorption of the two individual photons must occur within
about 0.5 fs [16]. After excitation, the electron follows the same decay
pathway as in OPE (Fig. 1.1b).

Using TPE has several advantages over OPE [17]. The excitation
wavelength shifts from the visible region in the spectrum to the near
infared (nIR), because both photons carry half the energy. Larger wave-
length photons are preferable for in vivo imaging, because they are ab-
sorbed less by cells and tissues and thus induce less photodamage. The
lower absorption of photons by the sample allows for two to up to ten
time deeper penetration in the sample than OPE [18, 19]. Moreover,
there is a larger spectral gap between the excitation and emission wave-
lengths than in OPE and the two can better be separated, resulting in
a weaker background signal. Another advantage of TPE is that the �u-
orescence signal scales with the square of the excitation intensity. As a
consequence, the absorption is better con�ned (Fig. 1.2a) and out-of-
focus absorption and �uorescence are strongly reduced (Fig. 1.2b). This
yields an improvement in signal-to-noise ratio and sectioning in the z
direction.

However, the TP absorption cross-section of �uorophores is far smaller
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Figure 1.1
Jablonsky diagram for a) one-photon and b) two-photon �uorescence, showing the
electronic states of a molecule and the transitions triggered by the excitation. The
electronic levels of the molecules (E0= ground state, E1= �rst excited state) are
represented as wells containing vibrational sub-levels.

than their OP cross-section and a high density of photons in short time
is required for the excitation. As a result, photobleaching is more severe
than in OPE [22]. As discussed in section 1.3, this is not limiting when
metal nanoparticles are used.

1.2.2 Two-photon microscopes

To generate the high density of photons in short time that is required for
TPE, titanium-sapphire (Ti-Sa) lasers are typically used. Ti-Sa lasers
generate 100 fs pulse trains with wavelengths from 700 to 1000 nm at a
rate of about 100 MHz [23].

Besides the nIR excitation source, a TP microscope is similar to a
typical confocal microscope [17, 21], though the non-linear response ale-
viates the need for using a pinhole. Fig. 1.3 shows the typical scheme
of a TP microscope. The beam diameter is increased using a telescope,
and the light intensity can be controlled using a λ\2 plate and a polar-
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Figure 1.2
Comparison between the excitation pro�le and the out-of-focus �uorescence in one-
photon and two-photon excitation. a) OPE and TPE excitation pro�les in a �uores-
cent solution: while the OPE pro�le forms a line throughout the cuvet, the �uores-
cence of TPE occurs only within a small spot, indicated by the arrow. The picture
is from [20]. b) Calculated �uorescence at di�erent distances from the focal plane
using an objective with numerical aperture = 0.1: within 10 µm the TP �uorescence
decreases to 40%, while OP �uorescence hardly changes over several tens of microns.
The �gure is from [21].

izer, or grey �lters. The beam is then scanned using a scanning mirror
actuated by a piezo scanner. A scan lens converts the beam de�ection
into x-y movement. The scan lens is coupled to a second lens to adjust
the beam size and direct it to the back aperture of the objective. When
performing 3D imaging, a piezo stage is used to move the objective in the
z direction. Alternatively the sample can be scanned by adjusting the
focus. A dichroic mirror �lters the re�ected excitation light and directs
the �uorescence to the detector.

For high resolution and high sensitivity, objectives with high numer-
ical aperture (NA) are preferred. Higher NAs optimize the excitation
e�ciency by collecting light from a wider angle and con�ning the inten-
sity to a smaller excitation volume. The optics used in a TP setup must
be optimized for high power nIR light.

Though TP microscopes provide higher signal-to-noise ratio, deeper
penetration into the sample, better 3D sectioning and less photodamage
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compared to OP microscopes, a drawback common to both TP and OP
confocal microscopes is the long acquisition time due to the sequential
scanning.

Figure 1.3
Basic scheme of a typical TP scanning microscope.

1.2.3 A two-photon multifocal scanning microscope

A way to reduce the acquisition time in a scanning microscope is to
excite multiple foci in parallel. The �rst multifocal con�guration was
realized by Buist et al. [24] using a microlens array to create a 2D array
of equidistant, di�raction-limited spots. However, the spots generated
by microlenses in di�erent parts of the array did not all have the same
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intensity, resulting in a heterogeneous excitation pattern. A di�ractive
optical element (DOE) is a better solution, being able to generate a grid
of spots of equal intensity [25].

For the experiments presented in this thesis we therefore used a two-
photon multifocal scanning microscope exploiting a DOE. A scheme of
the setup is shown in Fig. 1.4. This setup was presented previously by
Van den Broek et al [26]. We made few modi�cations to the original
scheme.

Figure 1.4
Scheme of a two-photon multifocal scanning microscope.
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The excitation source is a Ti-Sa laser (Chameleon Ultra, Coherent,
USA) with a pulse width of 140 fs at a rate of 80 MHz; the beam
wavelength is automatically tunable in the range 690-1020 nm. A Fara-
day optical isolator (Broadband Faraday isolator, Newport, USA) pre-
vents back-re�ections from entering in the laser cavity. After expand-
ing the beam with two lenses, the intensity is controlled by a λ\2 plate
(WPH05M, Thorlabs, USA) and a beam splitter cube. Grey �lters (NDA
units, Thorlabs, USA) are used to further reduce the beam power. The
di�ractive optical element (custom-made by Holoeye Photonics, Ger-
many) generates a 25x25 hexagonal array of focal spots. The beam is
then collimated and sent through a glass coverslip, on to which a drop
of solder alloy was deposited to block the zero order of the di�raction
pattern. Orders of di�raction higher than the �rst one are �ltered using
a diaphragm. A λ\4 plate (WPQ05M, Thorlabs, USA) is used to convert
the polarization of the light from linear to circular. A fast steering mirror
(FSM-300, Newport) de�ects the beam in two directions. The de�ections
are then converted to movements in the x and y plane by a scan lens. The
beam is then expanded to �ll the back aperture of the objective (Apo
TIRF 60x, NA = 1.49, oil immersion, Nikon, Japan). A piezo-actuator
(P-726, PIfoc, PI, Germany) moves the objective in the z direction to ac-
quire 3D images. The sample is placed on an XY stage (PKTM50, Owis,
Germany) driven by a stepper motor board (TMCM-610, Trinamic, Ger-
many). A white light LED is used to obtain transmission images of the
sample. The �uorescence light emitted by the sample is collected by the
objective and de�ected by a dichroic mirror (700dcxr, Chroma, USA) to
an electron-multiplier-charged-coupled-device (EMCCD) camera (Quan-
tEM 512SC, Photometrics, USA). An excitation �lter (692LP, Semrock,
USA) is placed before the dichroic, to block the residual visible light from
the laser excitation. An emission �lter (720SP, Semrock, USA) is placed
before the tube lens, to block the residual excitation and scattering light.
All the mirrors, �lters and polarizers in the setup are optimized for high
power nIR light.

The size of a pixel in the images acquired with this setup is 0.175
µm. The array of focal spots produced by the DOE (Fig. 1.5a) covers
an area of approximately 350 x 350 pixels on the image, corresponding
to about 60 µm x 60 µm. The distance between adjacent focal spots is
approximately 17 pixels (about 3 µm). To obtain a homogeneous illumi-
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nation of the sample, the scanning mirror is driven by an Archimedean
spiral function, such that every focal spot develops into a 2D Gaussian
pro�le. Scanning such a pattern was proven to provide the most homoge-
neous excitation pattern as compared to stochastic and raster scanning
[26] (Fig. 1.6). The mirror scanner is synchronized with the camera
exposure, to perform a complete spiral cycle within a single exposure
(typically 50-100 ms). In the two directions, the Archimedean spiral
function sent to the scanner is:

x = Aτ sin(2πnτ) (1.1)

y = Aτ cos(2πnτ) (1.2)

τ =

√
t

T
exp

(t/T )2

2σ2
(1.3)

where A is the amplitude of the scanning signal, n is the number of
spiral branches, σ is the width of the Gaussian pro�le, and T is the
exposure time of the camera. A homogenous excitation pro�le is obtained
if the neighboring focal spots su�ciently overlap when scanned [26]. We
obtained the most homogeneous excitation pattern using A = 2 µm, σ=
1.4 µm and n = 12. The pattern obtained is shown in Fig. 1.5b.

Figure 1.5
a) The 25x25 focal spots array generated by the DOE in our setup and b) the exci-
tation pro�le obtained by scanning the array. The images are produced by re�ecting
the excitation beam with a mirror placed on the sample stage. The bottom right
corner of the pattern is cut o� along the beam path, due to the limited size of one of
the mirrors. The bars in the images correspond to 10 µm.
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The mirror scanner, the camera, the piezo actuator and the LED
are connected to a data acquisition (DAQ) card (USB-6229, National
Instrument, USA) that communicates between the computer and the
devices. A LabVIEW program is used to synchronize the devices and
acquire images.

Figure 1.6
Comparison between stochastic, raster and spiral scanning. The image is from [26],
where a 10x10 DOE was used to generate a grid of focal spots. Spiral scanning
provides the most homogeneous distribution of the intensity.

1.3 Metal nanoparticles

In the �rst section of this chapter we presented the possible labels for SM
imaging experiments: �uorescent proteins, organic dyes and nanoparti-
cles. For our experiments we chose a particular kind of nanoparticles:
gold nanorods. Here we discuss the optical properties that make metal
nanoparticles in general, and gold nanorods in particular, so advanta-
geous for SM imaging.

1.3.1 Surface plasmons, absorption and scattering

When a noble metal particle is irradiated by an external electric �eld,
a collective oscillation of the free conduction electrons on the surface
is generated. This oscillation is called surface plasmon (SP). During
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the oscillation, the electron cloud moves away from the nuclei in the
lattice, and a restoring force is generated by the Coulomb interactions
between the nuclei and the displaced electrons (Fig 1.7a). Plasmons are
therefore dipole oscillations. Multipole oscillations can also occur, such
as quadrupole oscillations: one half of the electrons moves parallel to the
excitation �eld and the other half moves antiparallel [27].

The plasmon excitation decays through a non-radiative or radiative
pathway. Non-radiative pathways include energy transfer to the lattice
or to the environment. Radiative decay occurs by recombination of the
electrons with the holes in the lattice, with consequent emission of pho-
tons. The probability of radiative decay is low, due to the high e�ciency
of the non-radiative processes.

As opposed to �uorescent proteins and dyes, in metal nanoparticles
all the surface electrons participate in the plasmonic oscillation. This
makes the extinction (absorption + scattering) cross-section very large.
The absorption and scattering cross sections of metal nanoparticles can
be up to respectively 5-6 and 4-5 orders of magnitude larger than the
cross-sections of organic dyes [28, 29]. In addition, noble metals do not
react with the environment, resulting in a more stable signal compared to
the signal from organic dyes and �uorescent proteins. Therefore, bleach-
ing and blinking are generally not an issue when using these nanoparticles
as labels.

A theoretical description of surface plasmons was presented by Mie
[30, 31]. Solving the Maxwell equations to calculate the scattering pro-
duced by an irradiated sphere, he obtained a �eld that can be approx-
imated by a dipole. This dipole is the plasmon oscillation. The dipole
approximation is valid when the particle is much smaller than the wave-
length of the incident light, like in case of nanoparticles.

The polarizability of a spherical metal particle is:

α = 4πr3ε0
ελ − ε0
ελ + 2ε0

(1.4)

where r is the radius of the particle, ε0 the dielectric constant of the
medium and ελ the dielectric constant of the particle that depends on
the wavelength of the incoming light λ. For ελ = −2ε0 the polarizability
is maximal and a resonant dipole oscillation is established in the parti-
cle. This condition is referred to as surface plasmon resonance (SPR)
and is satis�ed for a particular wavelength value. For gold spheres, the
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SPR wavelength is around 520 nm (Fig. 1.7b). In Mie's approximation
the SPR is independent from the particle size. Experimentally, a weak
dependence of the SPR on the size of a gold sphere was found [32, 33]
(Fig. 1.8).

Figure 1.7
Surface plasmon resonance in a metal nanosphere. a) The plasmons enhance the
absorption cross-section, resulting in a peak in the absorption spectrum (shown in b)
at the plasmon resonance wavelength. The �gure is from [32].

Figure 1.8
Dependence of the plasmon resonance peak on the sphere size. The �gure is from
[33].

The absorption and the scattering cross sections of the particle are
functions of the polarizability [34]:

σext = σscat + σabs (1.5)
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σscat =
(2π

λ

)4 |α2|
6π

(1.6)

σabs =
2π

λ
Im(α) (1.7)

which has a maximum in the resonance condition (see Eq. 1.4). Conse-
quently, the absorption and scattering spectra feature a peak at the SPR
energy (Fig. 1.7b).

Combining Eq. 1.4 with Eq. 1.6, 1.7 shows the dependence of ab-
sorption and scattering cross-section from the size of the particle. As
the particle size increases, the contribution of scattering in the exctinc-
tion cross-section becomes dominant. Smaller particles are thus more
suitable for applications involving absorption, while bigger particles are
used for scattering applications [34].

The dipole approximation presented here is valid for particles smaller
than about 50 nm. For larger particles the external electric �eld cannot
be considered constant and the contribution of higher modes of oscilla-
tion increases [35].

1.3.2 Gold nanorods

Among noble metal nanoparticles, gold nanoparticles are easy to syn-
thetize and conjugate to biomolecules and present low toxicity due to
the lower reactivity and lower release of free ions compared to silver and
copper nanoparticles [32, 33].

Among gold nanoparticles, gold nanorods (GNRs) are commonly
used. The synthesis of GNRs is well established and they present some
advantages over nanospheres. Nanorods have two di�erent plasmon oscil-
lation modes: a longitudinal one and a transversal one. The transversal
mode, corresponding to the oscillations of electrons in the direction of the
two shorter axes, has the same energy as the plasmon of a nanosphere.
The longitudinal plasmon, corresponding to the electronic oscillation in
the direction of the longer axis of the rod, appears at higher wavelengths
(Fig. 1.9).

The optical properties of gold nanorods were derived by Gans, using
a version of Mie's theory that approximates rods to prolate ellipsoids.
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Figure 1.9
a) Surface plasmon resonance in a nanorod: the longitudinal and transversal electron
oscillations in the particle generate two peaks in the absorption spectrum (shown in
b)). The �gure is from [33].

In Gans's calculation, the polarizability of an ellipsoid under irradiation
parallel to one of its axes i is [36, 37]:

αi = 4πV
ελ − ε0

ε0 + Li(ελ − ε0)
(1.8)

where V is the volume of the particle and Li are the depolarization
factors for each axis (for the spherical case, Li = 1/3). De�ning a as the
longer axis and b=c the shorter axes, Li are de�ned as:

La =
2

R2 − 1

( R

R2 − 1
ln
R+
√
R2 − 1

R−
√
R2 − 1

− 1
)

(1.9)

Lb,c =
1− La

2
(1.10)

La is the depolarization along the long axis, and Lb,c are the depolar-
izations along the two short axes; R is the aspect ratio of the particle,
de�ned as a/b. Combining Eq. 1.8 with Eq. 1.9 and 1.10 shows that the
polarization in a nanorod depends not only on the dielectric constants
of the particle and of the medium, but also on the aspect ratio of the
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Figure 1.10
Dependence of the absorption peaks of nanorods from the dielectric constant of the
environment. A linear dependence (inset) is obtained for the longitudinal peak. The
�gure is from [39].

particle.

The absorption and scattering cross-sections of rods are [38]:

σabs =
2π

3λ
V ε0

3/2
∑

i

Im(ε)
L2
i

Re(ε) + ε0
1−Li
Li

2
+ Re(ε)2

(1.11)

σscat =
8π3

9λ4
V 2ε0

2
∑

i

Re(ε)−ε02+Im(ε)2

L2
i

Re(ε) + ε0
1−Li
Li

2
+ Im(ε)2

(1.12)

Due to the resonance condition, the absorption and scattering cross-
sections depend on the dielectric constant of the particle and of the
medium (Fig. 1.10).

Having a larger polarizability, the longitudinal plasmon presents a
stronger dependence on the size of the GNR, while the transversal plas-
mon is only weakly dependent on the particle shape, as in the case of
nanospheres. In particular, the resonant wavelength of the longitudinal
plasmon red-shifts for increasing aspect ratios [39] (Fig. 1.11a). It is
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Figure 1.11
Dependence of the longitudinal peak on the shape and size of the GNR. a) Red shift of
the longitudinal plasmon wavelength for increasing aspect ratios. The dependence is
linear (inset). The �gure is from [39]. b) Absorption peak for nanorods with di�erent
e�ective radius, at constant aspect ratio R = 3.9. The �gure is from [33].

thus possible to synthesize nanorods with a range of longitudinal plas-
mon wavelengths by tuning their aspect ratio, up to the nIR region of
the light spectrum. In this region, especially within the 650-1350 nm
window, the damage caused by light in tissues in minimized, making
gold nanoparticles very useful for biological applications [31].

The dependence of the longitudinal mode on the volume of the par-
ticle is stronger than in nanospheres: this dependence can be expressed
in terms of GNR e�ective radius, de�ned as the radius of a sphere with
equivalent volume (Fig. 1.11b). The longitudinal plasmon exhibits also
a stronger dependence on the dielectric constant of the particle and the
environment, making gold nanorods useful for sensing purposes.

A �nal advantage of nanorods over nanospheres is the dependence
of absorption and emission on the polarization of the light. It is then
possible to detect di�erent orientation of the nanorods and study rota-
tional dynamics. While the spectrum of a nanosphere is independent
from the polarization of the excitation light, the scattering spectrum of
GNRs shows a cos2 dependence (Fig. 1.12).
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Figure 1.12
Scattering spectra of a) a nanosphere and b) a nanorod excited under light with vary-
ing polarization. The scattering intensity exhibits no dependence on the polarization
in case of nanospheres, and a cos2 dependence in case of nanorods. The image is from
[40].

Similarly to nanospheres, scattering dominates for larger nanorods
and absorption for smaller ones [41] (Fig. 1.13). Therefore larger GNRs
may be more suitable for imaging experiments, while small ones are
preferred for applications using absorption and heating [42]. In our ex-
periments, we chose gold nanorods with sizes ranging from about 40 nm
x 10 nm to 60 nm x 20 nm. This size may be rather large for applications
in which a single protein is labeled and tracked in a cell. Moreover, in
such a crowded environment a large size leads to an increased possibility
of getting stuck as compared to smaller particles. However, nanorods of
this size provide an exceptional brightness and consequently very high
localization accuracy inside the cell.
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Figure 1.13
The relative contribution of absorption and scattering to the exctinction cross-section
depends on the GNR size. The �gure is from [41].

1.4 Photoluminescence of gold nanorods

1.4.1 One-photon photoluminescence

In our experiments we image gold nanorods taking advantage of their
two-photon photoluminescence. In this section we discuss the origin of
the photoluminescence of gold nanoparticles, both in one-photon and in
two-photon.

Bulk gold exhibits a weak photoluminescence, that can be explained
as the result of a three-steps process [43]:

1. Upon light irradiation, the electrons in the d band are excited and
migrate to the sp or d conduction band, generating electron-hole
couples.

2. The electrons relax, losing energy via scattering with other elec-
trons or phonons
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3. The excited electrons can recombine with holes in the d band,
causing emission of photons.

The energy levels in metals are more closely spaced than in molecules,
and excited electrons can relax till the lowest energy above the Fermi
level. The relaxation processes are faster than electron-pair recombina-
tions, hence the low quantum yield of gold (about 10-10). However, an
enhancement by several orders of magnitudes is obtained by increasing
the surface roughness of the metal [44]. This enhancement is due to the
"lighting-rod e�ect": a rough surface has protrusions where the electron
motions gets con�ned, establishing local surface plasmons. This also
occurs in nanoparticles [45]: in gold nanorods an increase in quantum
yield of a million times was observed, compared to bulk gold. Surface
plasmons enhance both the recombination rate between electrons and
holes and the photon emission, resulting in increased absorption and lu-
minescence e�ciency [46]. Therefore, the photoluminescence process in
metal nanoparticles, though excited at any energy, is strongly enhanced
by SPR [47]. As a consequence, the photoluminescence spectrum over-
laps with the scattering and absorption spectrum [48], as shown in Fig.
1.14.

Figure 1.14
Correlation between the scattering (blue continuous line) and one photon lumines-
cence spectrum (green dotted line) of GNRs with di�erent aspect ratios. The �gure
is from [48].
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The same dependence on the aspect ratio of the rods and on the
dielectric constant of the environment has been reported [45, 46].

In GNRs, the luminescence quantum yield is weakly dependent on
the volume. In large rods a slight decrease of the quantum e�ciency was
observed and was explained by partial reabsorption of the radiation by
the particles [48].

1.4.2 Two-photon photoluminescence

In addition to one-photon luminescence, gold nanorods exhibit strong
two-photon photoluminescence (TPPL). This phenomenon can be ex-
plained as a process involving two sequential one-photon steps [49�51]
(Fig. 1.15):

1. Upon light excitation, the �rst photon excites an intraband tran-
sition within the sp band, from below to above the Fermi level,
creating a hole.

2. The second photon excites an electron in the d band to recombine
with the sp hole left from the �rst excitation, creating a second
hole in the d band. The excited electron in the sp band can now
recombine with the hole in the d band, emitting a photon.

Therefore, similar to one-photon luminescence, TPPL is also en-
hanced by SPR. The TPPL spectrum overlaps with the OP and scat-
tering spectrum (Fig 1.16, [52]) and depends on the aspect ratio of the
nanorod and on the dielectric constant of the medium.

TPPL exhibits a quadratic dependence on the excitation intensity,
resulting in a narrower TP spectrum than the scattering spectrum (Fig.
1.17a). In sensing applications, it is important to precisely localize the
peak in the spectrum of a GNR, to be able to detect small variations in
its position due for example to the interaction with a molecule. Using
TP spectra can thus be advantageous over OP and scattering spectra.

As a consequence of quadratic dependence on the excitation, TPPL
is proportional to the cos4 of the polarization of the excitation light (Fig.
1.17b).
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Figure 1.15
TPPL excitation process in GNRs. Excitation of one electron from the sp band to
above the Fermi level and excitation of another electron from the d band to the sp
band. The x and y axes indicate the wave number and the energy of the electronic
levels. The �gure is from [51].

Figure 1.16
Correlation between the scattering (lines) and the TPPL spectra (dots) for GNRs
with di�erent aspect ratios. The �gure is from [52].
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Figure 1.17
a) Comparison between the scattering (red line) and the TPPL spectrum (green dots
and line) of a gold nanorod and b) dependence of their intensities from the polarization
of the incident light. The �gure is from [53].
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1.5 Outline of the thesis

In this thesis we applied the two-photon photoluminescence of gold nano-
rods in single-particle tracking and spectroscopy experiments, using a
multifocal scanning microscope.

In Chapter 2 we characterized the accuracy of our microscope in
localizing GNRs and detecting their di�usion. The precision of single-
particle tracking results depends on the features of the setup and the
stochasticity intrinsic to di�usion. Using simulations and experiments
in vitro, we adjusted the parameters used in mean squared displacement
analysis to obtain the most accurate measure of di�usion. We applied
the analysis to the detection of temporal changes in the simulated dif-
fusion of a GNR, mimicking a transient binding process as it can occur
between a protein and a cellular structure. The results show how the
detection of the event depends on the mobility of the ligands and of the
duration of the binding event.

In Chapter 3 we explored the use of GNRs for single-particle track-
ing in living cells. We �rst tested di�erent delivery techniques in three
di�erent cell types. For each delivery technique we evaluated the delivery
e�ciency and the short-term e�ect on cell viability. We then analyzed
the mobility of the GNRs delivered with each method. We observed im-
mobile GNRs, freely di�using GNRs and GNRs di�using within con�ned
areas inside the cells. The quanti�cation of mobility parameters yielded
similar results for GNRs delivered with all successful techniques, though
delivery e�ciency and cell viability varied. Interestingly, GNRs showed
a similar mobility in the cytoplasm and in the nucleus of cells.

The �nal goal of single-particle tracking of GNRs is to follow biomole-
cules inside cells. To this aim, they need to be speci�cally functionalized.
As described in Chapter 4, we functionalized GNRs with nuclear local-
ization signal peptides which induce nuclear targeting. We analyzed the
localization of the GNRs inside the cell, and quanti�ed the e�ciency of
nuclear targeting of functionalized GNRs as compared to GNRs with-
out the peptides. We obtained a low nuclear delivery e�ciency that we
attributed to the large size of the GNRs used for the experiment. We
then analyzed the mobility of functionalized GNRs, that yielded similar
results to the ones obtained previously with non-functionalized GNRs.
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In Chapter 5 we explored the use of GNRs for spectroscopy appli-
cations. Our setup allows for fast tuning of the laser wavelength, and
can be used to acquire two-photon excitation spectra of many GNRs in
parallel. The spectra we obtained showed unexpected features, not com-
patible with single GNRs. We tested several hypotheses to explain the
origin of such spectra, and pinpointed the elements in the setup which
my underlie the modulation in the signal. We could not perform sensing
experiments yet, but the experiments we presented were a necessary step
towards the acquisition of TP spectra of single gold nanorods with our
setup.
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