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1 Introduction

1.1 Foreword: the light-matter interaction

Looking at, and seeing an object is, in more than one respect, determining
the interaction between light and matter. An astronomer looking at planets
and stars with his telescope is measuring the light that is emitted or reflected
by the star or the planet, respectively. Similarly, when we take a picture or
simply look at an object, we perform a complex measurement of the light that
the object is reflecting, following absorption of specific components of the light
spectrum that determine the colour of the object. Also when looking at the
world of small objects, scientists use microscopes to measure the effect of a
specific interaction between light and matter. The very word microscopy comes
from the Greek words mikrós, that means ”small”, and skopein, ”to look”.
Since the first microscopes appeared in Holland, Italy and England in the 17th
century, the concept of microscopy has matured to embrace a variety of different
approaches for looking at the world of small objects, but light microscopes still
play a dominant role in the field.

Standard light microscopy techniques are based on the changes in amplitude
or phase that are induced on the white light interacting with an object owing,
primarily, to its local composition or density. While these differences originate
from the variations in the spatial distribution of different molecules in a sample,
the insight provided by most light microscopy techniques on the variations in
sample composition are qualitative at best. Modern research in biological and
material science on the other hand faces an increasing need for information
that go beyond simple qualitative observation of a microscopic sample. The
capability to selectively distinguish different chemical species and to determine
their individual local concentrations are the key ingredients for new generation
microscopy techniques allowing for quantitative measurements.

A number of quantitative approaches have been used as microscopic imaging
techniques in biology [159], the primary alternative to white light microscopy
being fluorescence microscopy. In confocal fluorescence microscopy the presence
of a fluorescent dye molecule (fluorophore) can be identified with high spatial
resolution. However, unless the sample is autofluorescent, this approach re-
quires additional labels tagged to specific constituents of the sample. Hence,
fluorescence microscopy generally requires the use of fluorescent labels. This is
a potential drawback, as the introduction of fluorophores can affect the native
behavior of the sample (see e.g. [151]). On the other hand, the use of these
site-specific labels simplifies the visualization of complex systems, providing a
response linearly dependent on the concentration for low concentrations [77].
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10 Introduction 1.2

Several microscopic imaging techniques allow instead to selectively distin-
guish the different compounds present in a sample by looking at molecular
vibrations. All molecules inherently possess vibrations, and different functional
groups vibrate at different, well-defined frequencies determined by effective
masses and bond strengths. These two properties enable the use of molecu-
lar vibrations as intrinsic contrast agents for label-free, chemically specific, and
potentially quantitative imaging methods.

1.2 Vibrational spectro-microscopy

The history of microscopy techniques based on vibrational contrast dates back
to the end of the 19th century when spectroscopy was developed along with
quantum mechanics. Based on the revolutionary suggestion by Ludwig Boltz-
mann that the energy states of a physical system must be discrete, Max Planck
postulated in 1900 the hypothesis that energy is radiated and absorbed in dis-
crete amounts, quanta, as it was later confirmed by Einstein in his studies on
the photoelectric effect. Nearly 25 years later Schroedinger derived the famous
equation describing the time evolution of the quantum state of a system. Based
on this equation the energies of the quantized vibrational states of molecules
could be derived analytically, in fact providing the theoretical explanation to
the pioneering work on vibrational spectroscopy performed at Cornell Univer-
sity. Here, in 1903, William Coblentz started to collect the spectra of infrared
(IR) light absorbed by inorganic and organic substances [36]. The results of
his work led to the belief that certain functional groups of molecules absorb
only specific IR wavelengths. Over the following years it was shown how the
chemical bonds of each functional group of a molecule are characterized by a set
of vibrations of well-defined energies in the range between 400 and 4000 cm−1,
i.e. part of the IR region of the spectrum. These vibrational states could be
studied indirectly through their interactions with light, providing a fingerprint
of the molecule related both to the strength of its chemical bonds, the masses
of the atoms involved and their geometric conformation.

The most important techniques of vibrational spectroscopy are IR absorp-
tion and Raman scattering, both involving the study of the interaction of elec-
tromagnetic radiation with matter, although differing in the mechanism of en-
ergy transfer between photons and molecules that leads to a transition between
vibrational states. In IR spectroscopy the energy of the radiation matches the
difference of the energy of two vibrational states, hence the incident photon is
absorbed in the process while the resonant transition between the two energetic
levels is promoted. Raman spectroscopy relies instead on a two-photon inelastic
scattering event generated by radiation with much greater energy than the tran-
sition energy. In the scattering process the incoming photon exchanges energy
with the molecule in an off-resonance condition mediated by the polarizability
of the system. The measured vibrational bands are characterized for both tech-
niques by their central frequency, intensity and band shape which are directly
related to the energy, polar character or polarizability and environment of the
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1.3 Introduction 11

bonds respectively. Hence, both IR and Raman spectra contain specific and
potentially quantitative information on the structure of the molecules and their
environment. Based on these features the two techniques have the potential to
be label-free quantitative microscopy tools. Incidentally, due to the long wave-
length required for the experiments, the spatial resolution of IR microscopy is
limited to 2.5 - 25 µm. Although commercial IR microscopes have been avail-
able for several decades, their use in life science has been limited to a handful
of research topics where the resolution would not play a central role [134].

Spontaneous Raman spectro-microscopy circumvents some of the limitations
of IR microscopy as visible or near-IR light is employed as the excitation source.
Consequently, the lateral and depth resolutions are considerably better than
those in IR microscopy, and may go down to 250 nm and 1 µm, respectively, for
a confocal instrument. As mentioned in the previous paragraph, the inelastic
scattering of light by molecules is at the base of the Raman effect discovered in
1928 [174]. The energy level diagrams of spontaneous Raman are depicted in
Fig. 1.1. When a photon from the incident beam with frequency ω1 interacts
with the molecule, it induces a transition to a virtual state. From there three ra-
diative relaxation pathways are possible, differing in the frequency of the emitted
photon. The first and most common event is elastic or Rayleigh scattering (A)
arising from a transition that starts and finishes at the same vibrational energy
level, associated with an emitted photon of frequency ω2 = ω1. Alternatively
and with lower probability of occurrence, inelastic scattering can take place,
resulting in a shift to lower or higher frequency of the emitted photon. Stokes
Raman photons (B) arise from a transition that starts at the ground vibrational
state and finishes at an excited vibrational state characterized by frequency ων .
As a result the emitted photon is red-shifted to the frequency of ω2 = ω1 − ων .
Anti-Stokes Raman (C) arises instead from a transition from an excited vibra-
tional state to the ground state. In this case the frequency of the emitted photon
is blue-shifted to ω2 = ω1 + ων . According to Boltzmann statistics regulating
the distribution of the population of the energy states, most molecular vibra-
tions are in their ground state at room temperature [112], effectively reducing
the probability of occurrence of anti-Stokes scattering events. Also the Stokes
Raman scattering is relatively improbable: typically only ∼ 10−7 of the incident
photons are inelastically scattered.

The Raman scattering cross section of water is relatively low compared to
organic molecules, which means that the technique is readily applicable to in-
vestigate biological matter. In fact Raman spectro-microscopy, micro-Raman,
was first used in 1990 by Puppels et al. to study single cells, combining spon-
taneous Raman spectroscopy with confocal microscopy [169]. Micro-Raman
has largely developed in the last two decades, and is regarded as the best vi-
brational spectroscopy-based technique for bioimaging, although the relatively
long measurement times are still an obstacle for its application to cell dynam-
ics research. Furthermore, in some cases the spontaneous Raman signal suffers
from contamination from single-photon fluorescence.
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12 Introduction 1.3
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Figure 1.1. Molecular energy level diagram of the different scattering processes
taking place when light interacts with a molecule. ω1 and ω1 represent the frequencies
of the incoming and generated beams respectively. ων is the frequency associate with
the vibrational state with energy hων . (A) Rayleigh scattering, (B) Stokes Raman
scattering, and (C) anti-Stokes Raman scattering.

1.3 Coherent anti-Stokes Raman Scattering

Coherent Raman techniques have been developed to circumvent the limitations
of spontaneous Raman scattering, among which the Coherent anti-Stokes Ra-
man Scattering (CARS). These techniques only begun developing in the second
half of the 20th century thanks to the invention of lasers, light sources powerful
enough to induce multi-photon processes. CARS was first observed in 1965 by
Maker and Terhune at the scientific laboratories of Ford Motor Company [131],
and it took almost thirty years before Duncan developed the first CARS micro-
scope in 1982 [59]. The real breakthrough of the technique as a microscopy tool
however arrived with the research of the Xie group at Harvard University [216],
followed by several results including epi-detection geometry [205], polarization
sensitive detection [26], and video-rate imaging [66].

CARS is a third order non-linear process involving the interaction of four
photons with the sample. As shown in Fig. 1.2 (A), a pump photon of frequency
ωpu, a Stokes photon of frequency ωS and a probe photon of frequency ωpr
interact with a molecule and generate an anti-Stokes photon of frequency ωAS =
ωpu−ωS +ωpr. Most experiments actually use a degenerate configuration with
the pump and the probe photon at the same frequency, so that the previous
relationship for the frequency of the anti-Stokes photon is simplified to ωAS =
2ωpu−ωS . When the difference ωpu−ωS matches the frequency of a vibrational
resonance ων of the molecule, the anti-Stokes process is resonantly enhanced.
It is instructive to consider the CARS process as divided in two steps. The
effect of the combined action of the pump and Stokes photons is to resonantly
drive a molecular vibration, creating a polarization between the ground and
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Figure 1.2. CARS energy level diagrams: (A) vibrationally resonant interaction,
and (B) non-resonant electronic interaction. ωpu, ωS , ωpr, and ωAS represent the
frequencies of the pump, Stokes, probe and anti-Stokes beams respectively, and ων is
the frequency associate with the vibrational state with energy hων . For the schemes
shown here, ωpu = ωpr.

excited vibrational states. In the second part of the process, the probe photon
upconverts the polarization to a virtual level, from where the system relaxes to
the ground state while emitting the anti-Stokes photon.

The transitions involved in the CARS process are not spontaneous but driven
by the incoming photons, causing the phase scattered light to be determined
by that of the driving fields, i.e. the process is coherent and the phase of the
CARS light must match that of the driving fields. An important consequence
of the phase matching is the highly directional emission of the CARS signal, as
constructive interference between the CARS-radiating dipoles is only achieved
in a specific direction while destructive interference is observed in all the other
directions. CARS response is over five orders of magnitude stronger relative to
spontaneous Raman scattering, and the technique is not affected by the one-
photon fluorescence background that was previously mentioned to affect the
quality of the response of conventional Raman.

The key to the success of CARS as a microscopy tool relies in the use of
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14 Introduction 1.4

collinear excitation geometries, with the beams focused on the sample by a
high numerical aperture microscope objective. In this configuration the phase
matching conditions are intrinsically fulfilled, and the nonlinear interaction is
confined to the tiny volume at the focus of the beams. This provides CARS mi-
croscopes with intrinsic sub-micron three dimensional resolution. Together with
the chemical specificity and the linear dependency of the response on the con-
centration of chemical species, this prompts CARS as the ideal tool for label-free
high resolution imaging of biological systems. Unfortunately, the concentration
information is generally not immediately accessible from the raw CARS signal,
which has limited the extent to which CARS microscopy has been used as a
fully quantitative imaging technique. The major drawback of CARS compared
to spontaneous Raman scattering is the presence of a non-resonant background
signal of electronic origin. The non-resonant background arises from four wave
mixing processes that do not involve any of the vibrational energy levels of the
molecule, such as the one exemplified in the energy diagram of Fig. 1.2 (B).
Far from electronic resonances, the non-resonant response is strictly real and
frequency-invariant, and it depends solely upon the electronic properties of the
material. The importance of the non-resonant background will be discussed in
details in the next chapter, as well as possible approaches for retrieving the
quantitative information of the CARS signal.

Over the years two complementary approaches to CARS microscopy have
been developed, single frequency CARS and multiplex CARS (also referred to
as broadband CARS). In single frequency CARS an individual vibrational res-
onance (such as the methylene symmetric stretching mode of lipids at ∼ 2845
cm−1 ) is addressed, and the CARS response at that frequency is imaged across
the sample. Often, this vibrational contrast alone is sufficient to report on,
for example, lipid storage and metabolism within a living cell [98] or the mor-
phology of biological tissue for cancer screening [67]. Single frequency CARS is
most suitable when images are sought that exhibit qualitative contrast based
on vibrational differences in the sample, but the lack of spectral information
limits its applicability as a quantitative imaging technique. In multiplex CARS
a broad range of vibrational resonances are simultaneously addressed. Imaging
is accordingly slower than single frequency CARS, but in return richer spec-
tral information is acquired at each location within the sample, making the
extraction of quantitative information considerably simpler than that for single
frequency CARS microscopy.

Multiplex CARS microscopy is comparable to spontaneous Raman mi-
croscopy; in both techniques, a vibrational spectrum is acquired at each location
in the image (hyperspectral imaging). As already mentioned, the nonlinear and
coherent nature of CARS results in a signal enhancement of several orders of
magnitude compared to that of Raman. It should also be noted that the CARS
signal depends on the incident laser intensity in a nonlinear fashion, whereas
in spontaneous Raman, a simple linear scaling applies. Hence, for samples that
are susceptible to photodamage, micro-Raman may in some cases be more ap-
propriate [43].
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1.4 CARS and biology

Although most of the initial research performed with CARS dealt with com-
bustion diagnostics, the drive for the development of CARS microscopy has
mostly been the investigation of biological problems. Here, the potential of
CARS imaging is expressed at its best. Physiological conditions are maintained
in the experiments as exogenous labels are not added to the system, and mul-
tiple biological components can be monitored based solely on their chemical
composition.

Most of the applications of CARS microscopy in life science of the last twenty
years have been performed using the single frequency approach of the technique.
The first example of biological application of CARS used the broad vibration
of water centered at 3300 cm−1 to monitor its diffusion in live Dictyostelium
cells [163]. Subsequently, researchers focused their attention on the symmetric
stretch of CH2 groups at 2845 cm−1, due to the abundance of this molecular
moiety in lipids. When monitoring this vibration, sufficient image contrast can
be generated by variations in concentration of less than 106 CH2 oscillators in
the focal volume. This figure corresponds to roughly 105 lipid molecules, or
alternatively sub-millimolar concentrations [123]. Such high sensitivity allows
CARS microscopy to image even single phospholipid bilayers [165], impossible
to detect with spontaneous Raman.

It is then not surprising that CARS microscopy has become a leading in-
strument for studying lipid biology in cells and tissues. Lipids are the major
component of cell membranes [197], but they are also involved in several bio-
logical problems and the misfunctioning of their metabolic processes can lead
to many debilitating diseases including diabetes and atherosclerosis [51]. It
is in fact believed that lipid droplets (LDs) have a role that goes beyond the
simple storing of fatty acids, and are actively involved in several biological
processes [68]. Experimentally, the cellular processes involving lipid droplets
can be monitored with CARS over extended periods with high frame rates,
thanks to the absence of photobleaching. This allows for example to follow LDs
dynamics in live cells [149], as well as to study the processes underlying LD
formation [148]. Some of these applications of CARS to study lipids in cells are
reviewed in [119].

A natural extension of cellular studies was the application of CARS to in-
vestigate lipids in C. elegans [98], as they are optically transparent and their
metabolic pathways are comparable to those of humans [109]. One step further
is the use of CARS to study tissues. Here the experimental conditions suffer
from the non-trivial complication of the significant amount of light scattering
as a consequence of the large variations of the refractive index in the different
components of the tissue, and the absorption of light simply due to the thickness
of the sample. Thanks to the implementation of smart focusing and detection
approaches, excellent results have come from CARS studies of tissues, e.g. as
reported in a recent review by Potma [166].

CARS biological studies largely benefit from the implementation of other
nonlinear optical techniques on the same experimental platform. The pulsed
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16 Introduction 1.5

lasers used for CARS experiments simultaneously induce other effects such as
2-Photon Fluorescence (2PF), Second Harmonic Generation (SHG) and Third
Harmonic Generation (THG). Hence, all these signals can be monitored si-
multaneously when additional detectors coupled with the appropriate spectral
filters are included in the CARS setup. 2PF can be for example used for si-
multaneous visualization of fluorescently labeled proteins, whereas SHG can
monitor collagen and other non-centrosymmetric molecular structures, while
CARS continues to serve its main function of lipid monitoring. Several exam-
ples of the combination of CARS with other such techniques can be found in
literature [15, 16, 75, 163]. Similarly, single frequency CARS can be combined
with spontaneous Raman. The former providing fast imaging capabilities of
an individual vibration, and the latter measuring the complete spectrum at a
limited number of pixels of interest [190].

The aforementioned examples of CARS in biology have all been single-line
implementations of CARS microscopy. Multiplex CARS has also been suc-
cessfully used in biology. Compared to single frequency CARS, the amount
of information contained in the hyperspectral images of multiplex CARS is
considerably richer as multiple vibrations are addressed simultaneously. The
longer acquisition times and the complexity of data interpretation have slowed
down the diffusion of this approach. Nonetheless, multiplex CARS has provided
important understanding of chemical features of biological processes otherwise
impossible to access with other approaches. Initially, the Muller group was
able study lipid aggregations in adipocytes determining the inhomogeneities in
lipid composition within individual LDs [179]. More recently, the Hamaguchi
group was able to distinguish individual cellular components based only on their
vibrational signatures in the fingerprint region of the spectrum [152].

A complete overview of the applications of CARS microscopy present in
literature goes beyond the aim of this thesis. The short overview presented in
this paragraph is meant to give an insight of the large potential of the technique
to help solving a variety of biological problems.

1.5 Thesis overview

This thesis covers the application of both single-line and multiplex approaches
of CARS microscopy to selected biomedical problems. The results presented
highlight the potential of vibrational microscopy as a quantitative analysis tool
for life science research, capable to provide high resolution biological images
without the requirement of exogenous labels.

• Chapter 2 presents the theoretical aspects of the work discussed in this
thesis. The theoretical foundation of the technique is outlined, starting from
the derivation of the analytic form of the CARS response and the derivation
of the imaginary part of the molecular susceptibility with the Maximum
Entropy Method. The last part of the chapter deals with the basics of
multivariate analysis methods such as Principal Component Analysis, used
for data treatment.
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1.5 Introduction 17

• Chapter 3 presents the experimental aspects of this research work. Here,
the single frequency and broadband CARS setups used for the experiments
are described.

• Chapter 4 presents the single frequency CARS experiments aimed to mon-
itor the efficient internalization of MRI contrast agents (micrometer-sized
iron-oxide particles) in living cells.

• Chapter 5 presents a study on the intracellular uptake of functionalized
nanoparticles in healthy and tumor cells. The particles are visualized in vivo
using the combination of single frequency CARS and Multi-photon Induced
Luminescence.

• Chapter 6 presents the investigation of the imaginal wing disc of drosophila
melanogaster with broadband CARS. The aim of the study is to understand
the local chemical differences underlying the appearance and maintenance
of cell compartments during embryogenesis.

• Chapter 7 presents the visualization of biological components (lipid
droplets and mitochondria) in muscle tissues based on their chemical
signatures. This information is retrieved by applying multivariate analysis
methods to the broadband CARS hyperspectral images.




