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Abstract
Biological systems are first of all physical systems whose function (or mal-
function) is also determined by their response to external and internal forces
as well as their physical properties. Therefore, measuring mechanical prop-
erties is not only essential for a complete understanding of cell function and
organism development but also invaluable in disease diagnosis and treat-
ment. Several techniques are available in the field of mechanobiology (an
emerging field that focuses on the role of mechanical forces and properties in
biology) to measure mechanical properties but they all virtually rely on ana-
lyzing the response of the sample to an external perturbation and have lim-
ited three-dimensional capabilities. Instead, Brillouin microscopy is a purely
optical technique that requires no contact and no external mechanical pertur-
bation of the sample and can provide 3D maps of viscoelastic properties with
(sub)micron resolution. Its first demonstration for 3D imaging of biological
samples was accomplished in 2007 and, since then, it has gained increasing
interest among biologists for its potentialities.

In this context, one of the aims of my PhD project was to facilitate the
use of Brillouin microscopy for addressing biological questions. I did this
by equipping a state-of-the-art Brillouin microscope with the add-ons neces-
sary for studying living biological samples (confocal fluorescence and envi-
ronment control) and by writing an intuitive software interface that would
allow non-experts to use the microscope with minimal training. In collabo-
ration with biologists, we investigated several biological questions, some of
which produced interesting findings (that led to scientific publications) while
others are still being explored.

The second aim of my PhD was to tackle two issues that limit current
implementations of Brillouin microscopy: limited speed (leading to imaging
times in the excess of hours when whole organisms are imaged in 3D) and
potential photodamage, especially in light-sensitive samples. I overcame this
limitation by designing a line-scanning version of a Brillouin microscope,
with particular attention to ensuring physiological mounting of the sample,
low photodamage and high spatial resolution. The speed advantage is given
by the parallel acquisition of about 100 Brillouin spectra in a single camera ac-
quisition. This allowed us to image fast processes (gastrulation in Drosophila),
large volumes (Phallusia embryos) and follow development of light-sensitive
samples (mouse embryos) over two days.
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Zusammenfassung
Biologische Systeme sind in erster Linie physikalische Systeme, deren Funk-

tion (oder Fehlfunktion) auch durch ihre physikalischen Eigenschaften sowie deren

Reaktion auf äußere und innere Kräfte bestimmt wird. Daher ist die Messung mech-

anischer Eigenschaften nicht nur für ein umfassendes Verständnis der Zellfunktion

und der Entwicklung des Organismus von wesentlicher Bedeutung, sondern auch

von unschätzbarem Wert für die Diagnose und Behandlung von Krankheiten. In der

Mechanobiologie (einem aufkommenden Gebiet, das sich mit der Rolle mechanis-

cher Kräfte und Eigenschaften in der Biologie befasst) stehen mehrere Techniken zur

Messung mechanischer Eigenschaften zur Verfügung. Sie alle beruhen aber prak-

tisch auf der Analyse der Reaktion der Probe auf eine äußere Belastung und haben

nur begrenzte Auflösung in 3D. Stattdessen ist die Brillouin-Mikroskopie eine rein

optisches Verfahren, die keinen Kontakt und keine externe mechanische Belastung

der Probe erfordert und 3D-Karten der viskoelastischen Eigenschaften mit einer Au-

flösung im (Sub-)Mikrometerbereich liefern kann. Die erste Demonstration dieser

Technik für die 3D-Darstellung biologischer Proben erfolgte 2007, und seitdem hat

sie unter Biologen aufgrund ihrer Möglichkeiten immer mehr Interesse gefunden.

In diesem Zusammenhang bestand eines der Ziele meines Promotionsprojekts

darin, die Nutzung der Brillouin-Mikroskopie für biologische Fragestellungen zu

erleichtern. Zu diesem Zweck habe ich ein hochmodernes Brillouin-Mikroskop mit

den für die Untersuchung lebender biologischer Proben erforderlichen Zusatzgeräten

(konfokale Fluoreszenz und Umgebungskontrolle) ausgestattet und eine intuitive

Software-Schnittstelle geschrieben, die es auch Laien ermöglicht, das Mikroskop mit

minimaler Schulung zu bedienen. In Zusammenarbeit mit Biologen untersuchten

wir mehrere biologische Fragen, von denen einige zu interessanten Ergebnissen und

wissenschaftlichen Veröffentlichungen führten, während andere noch in Arbeit sind.

Das zweite Ziel meiner Doktorarbeit war es, zwei Probleme zu lösen, die die

derzeitigen Anwendungen der Brillouin-Mikroskopie limitieren: begrenzte Geschwin-

digkeit (d.h. ganze Organismen benötigen mehrere Stunden um in 3D abgebildet

zu werden) und potenzielle lichtinduzierte Schäden, insbesondere bei lichtempfind-

lichen Proben. Zu diesem Zweck habe ich eine Line-Scanning-Version eines Brillouin-

Mikroskops entwickelt, wobei ich besonders darauf geachtet habe, dass die Probe

physiologisch gelagert werden kann, die Lichtschädigung gering ist und die räum-

liche Auflösung hoch ist. Der Geschwindigkeitsvorteil ergibt sich aus der paralle-

len Aufnahme von etwa 100 Brillouin-Spektren in einer einzigen Kameraaufnahme.

So konnten wir schnelle Prozesse (Gastrulation bei Drosophila) und große Volumina

(Phallusia-Embryonen) abbilden und die Entwicklung lichtempfindlicher Proben (Mau-

sembryonen) über zwei Tage verfolgen.
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Chapter 1

Motivation and introduction

Brillouin microscopy is a technique that has recently emerged as a powerful
tool to investigate mechanical properties in living biological samples [1]. Be-
fore introducing this technique and my work for extending its application in
biology, I should first discuss why mechanical properties are interesting in
biology and what Brillouin microscopy can add to other tools already used
to measure mechanical properties in biological samples.

1.1 Importance of mechanical properties in biol-

ogy

Mechanobiology is an emerging field at the interface between biology, physics,
and bioengineering. The fundamental idea is that biological systems are first
of all physical systems, therefore mechanical forces and properties are key
contributors to cell behavior and organism development. This concept is not
new and was in fact explored at the dawn of developmental biology. But the
lack of proper tools and biophysical approaches made the field loose its mo-
mentum [2–4]. In the last decades, new technological developments brought
a renewed interest in the field and, with that, new insights into the role of
mechanical properties in biological systems. In the medical field mechanical
measurements can help elucidate the mechanism behind diseases [5] and fa-
cilitate their diagnosis [6]. Just as an example, cell elasticity is an indicator
of the progression of cells from normal to cancerous state [7]. In cell biology,
mechanical properties have been found to play a role in cell differentiation
[8], migration [9] and are a key player in organism development [4].
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1.2 Standard tools in mechanobiology

Several tools can be used in mechanobiology and I should first introduce
them and their limitation to understand what Brillouin microscopy can be
advantageous for. Virtually all of them rely on analyzing the deformation
of the sample upon an external mechanical load and they differ on how this
load is generated and the response is detected.

Atomic Force Microscopy (AFM) consists of a cantilever (whose displace-
ment can be measured very precisely using an optical lever) mounted
on a piezo, that allows its positioning with nanometer resolution. Me-
chanical properties of biological samples can be measured via indenta-
tion experiments: a tip of known geometry is mounted on the cantilever
and it is used to indent the sample by a known amount (on the order
of hundreds of nanometers), controlled with the piezo; the force ap-
plied to the sample is extracted from the displacement of the cantilever
(that has a known spring constant) and the mechanical properties can
be calculated by using an appropriate mathematical model [10].

Micropipette aspiration A glass tube having a diameter of tens of µm (mi-
cropipette) is used to apply a known suction pressure to the surface
of the cell. In response, the surface is aspirated into the capillary and,
by tracking the edge of the surface with a microscope, both the elastic
and viscous properties of the cell can be derived from the static and
dynamic deformation respectively [11].

Deformability cytometry Cells are deformed by shear stresses and pressure
gradients within a constriction in a microfluidic channel. Their shape
is monitored in real-time with a fast camera and from there the elastic-
ity can be derived. More than 100 cells/s can be measured with this
technique [12].

Optical tweezers Cells are stretched by using optical traps (whose generated
force can be calculated) and their mechanical properties are derived
from the resulting deformation [13].

Microdroplet deformation Biocompatible ferrofluid microdroplets are injected
inside the tissue (thus giving access to the internal structures) and a
known magnetic field is applied. The magnetic field generates a dipole
force (the net force is zero, so there is no movement of the microdroplet)
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that causes a deformation of the microdroplet; from that, the mechan-
ical properties of the surrounding tissue can be derived. The spatial
resolution that can be achieved is on the order of tens of µm [14].

Optical Coherence Elastography OCE An external perturbation, that could
be either compressive, harmonic (i.e. a sine wave), or transient (i.e. an
impulse), is applied to the sample and its response is measured by Op-
tical Coherence Tomography (OCT). The quantification of the displace-
ment of the tissue in different regions provides mechanical contrast,
while the quantitative determination of the elastic modulus requires a
mathematical model of tissue response. The spatial resolution is lim-
ited by both the resolution of OCT (several µm) and by the number of
pixels required to estimate the strain, and usually is in the excess of tens
of µm [15].

From this short summary, it is clear that these techniques are restricted to
measuring mechanical properties of the surface or the tissue as a whole or,
when they provide 3D information, they suffer from poor spatial resolution.
Importantly, all rely on external loading (force application) which can per-
turb the native state of the cell or tissue compound.

1.3 Advantages of Brillouin microscopy

Brillouin microscopy exploits the namesake effect, Brillouin scattering, that is
the interaction between laser light and spontaneous acoustic waves, present
in any matter at finite temperature (see section 2.1). From the spectrum of
the scattered light mechanical properties, such as stiffness and viscosity, can
be derived (see section 2.5). Being a fully optical technique it is non-contact,
has 3D access to the sample (only limited by the penetration of light) and
submicrometer spatial resolution (see section 2.4). It is thus clear that it of-
fers several advantages over the "standard" techniques, with some caveats to
keep in mind when interpreting the data (see section 2.5 and 2.6).

1.4 Outline of the thesis

In my thesis I will first introduce the physical principle behind Brillouin mi-
croscopy (chapter 2), emphasizing the information that can be extracted from
a Brillouin measurement and the spatial resolution that can be achieved. I
will then summarise the main applications that the technique as found so far
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in biology, briefly presenting the main findings (chapter 3). In the following
chapters, I will present both a so-called confocal Brillouin microscope as well
as line-scanning Brillouin microscope. I developed both of them in the lab
and used, in collaboration with biologists, to address biological questions.
The confocal system (chapter 4) was already in the lab when I joined and I
upgraded it (both from the hardware and the software side) to make it reli-
able and intuitive to use for non-experts, with the specific aim of facilitating
its use for biological applications by several collaborators. I will provide a
technical description and characterization of the setup and present some of
the biological projects that were made possible by this microscope. In chap-
ter 5 I will present the line-scanning Brillouin microscope, which is the major
technical achievement of my PhD. It was designed from scratch by me and
Robert Prevedel and built by me. The aim was to solve some of the limita-
tions of the confocal implementation and thus open the doors to studying
biological processes that wouldn’t be otherwise accessible. I will introduce
the design challenges and how we solved them, and present the characteriza-
tion of the setup and the biological processes that we could now investigate.
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Chapter 2

Principle of Brillouin microscopy

2.1 Theory of Brillouin scattering

Brillouin scattering is the interaction of light with acoustic waves within a
material. The effect can be understood both in classical electromagnetism
and quantum mechanics. I will briefly introduce the main concepts of both
interpretations in the next paragraphs.

2.1.1 Classical derivation

A concise mathematical derivation of the classical theory of Brillouin scatter-
ing, together with the relevant references, can be found in the supplementary
information of Fiore, Bevilacqua, and Scarcelli [16]. Here I will only introduce
an intuitive explanation of the phenomenon and the main results.

Photoelasticity is the effect that links a purely mechanical phenomenon
(propagation of acoustic waves) to optical scattering. In fact, acoustic waves
locally generate strain in the material (see section 2.2) and the photoelastic
tensor couples the strain to a change in the dielectric constant1 ϵ, that de-
scribes the optical response of the material. If we consider an acoustic wave
with a well-defined wavevector ka = 2π/λa, the corresponding modulation
of the dielectric constant (i.e. the refractive index) is periodic, effectively cre-
ating a diffraction grating. Light can thus be diffracted2 at an angle that sat-
isfies the Bragg condition λ/n = 2λa sin θ/2, where λ is the wavelength of
light in vacuum, n the (unperturbed) refractive index of the material and θ

is the angle between the incident and scattered wavevector (i.e. the scatter-
ing angle). But, since the wave is traveling, the induced diffraction grating

1From a molecular point of view, the strain causes a local change in density, that is linked
to the dielectric constant via the Clausius-Massotti relation.

2The diffracted light is generated by the time-varying electric polarization, due to the
change in dielectric constant induced by the acoustic wave in the material. In fact, the second
derivative of electric polarisation with respect to time is a source term in Maxwell equations.
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is moving as well at the speed of sound. It is well known that light emit-
ted by a moving source undergoes a Doppler shift; depending on the direc-
tion of propagation of the acoustic waves, the Doppler shift can be towards
lower or higher frequency. This intuitive explanation makes it clear that the
light can be scattered at any angle (that matches the Bragg condition with the
wavevector of the acoustic wave) and the spectrum of the scattered light is
composed of two symmetric peaks (so-called Stokes and anti-Stokes). The
exact expression for the Brillouin frequency shift can be derived from the
classical theory, finding the same result predicted by the quantum theory
(equation 2.3).

The classical theory also predicts that, independently of the origin of the
fluctuations of the dielectric constant, the intensity of the scattered light is
proportional to λ−4, when detecting it far from the scattering volume [17].
In fact, the scattering volume can be divided into smaller volumes, each of
which is radiating as a dipole, having a characteristic λ−4 dependence.

So far I didn’t consider the polarisation (i.e. the direction of the electric
field) of the incident and the scattered light. For isotropic materials, the di-
rection of the scattered electric field is the same as the incident field, when
interacting with longitudinal acoustic waves. Instead, in the interaction with
transverse acoustic waves (that are present only if the shear modulus is non-
zero), the polarization of the scattered light is rotated by 90° [18].

2.1.2 Quantum derivation

Similar to light, which can be described as a collection of photons (the quan-
tum of the electromagnetic field), collective vibrations (i.e. acoustic waves)
can be thought of as a collection of phonons, collective excitations that carry
energy and momentum. Therefore, in the quantum picture, Brillouin scat-
tering can be described as a collision between a photon and a phonon: the
photon can either lose energy by transferring it to a newly created phonon
(Stokes) or gain energy from an already existing phonon (anti-Stokes). In
addition to energy conservation, the momentum must be conserved. From
these two conditions, the equation for Brillouin scattering can be readily de-
rived. Defining k⃗i the wavevector of the incident light, k⃗s the wavevector of
the scattered light and k⃗p the wavevector of the phonon, momentum conser-
vation reads:

k⃗s − k⃗i = ±k⃗p (2.1)
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FIGURE 2.1: Schematic of the momentum conservation for the photon-phonon
collision.

Since the relative change in wavelength of the scattered light is very small
(≈ 10−5), the moduli of the incident and scattered wavevectors are almost
equal (ks ≈ ki), thus the modulus of their difference can be written as (see
figure 2.1): ∣∣∣k⃗s − k⃗i

∣∣∣ ≈ 2ki sin
θ

2
(2.2)

where θ is the angle between the incident and scattered wavevector (i.e. the
scattering angle). By combining equation 2.1 with equation 2.2 and noting
that kp = 2πΩ/v where Ω and v are respectively the frequency and the speed
of the probed phonon and that ki = 2πn/λ where n is the refractive index
within the interaction volume and λ the wavelength of the laser in vacuum,
one can derive:

Ω =
2n
λ

v sin(
θ

2
) (2.3)

From the conservation of energy (h ·Ω) it follows that Ω is both the frequency
of the probed phonon and the shift in the laser frequency induced by the
scattering (hereafter named "Brillouin shift" Ω).

The previous derivation assumes that the phonon has an infinite lifetime
but in viscous materials, the acoustic waves are dissipated and have a lifetime
τ that in typical biological samples is on the order of few ns. Therefore, due
to the uncertainty principle, the Brillouin peaks have a linewidth Γ ∼ 1/τ ≲

1GHz (hereafter named "Brillouin linewidth" Γ).
In section 2.5 I will describe how both the Brillouin shift and linewidth

can provide information on the mechanical properties of the sample.
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2.2 Linear theory of elasticity

Equation 2.3 shows that the Brillouin shift is proportional to the speed of
sound v, that is in turn related to the elastic properties of the material. To
derive the relationship between these two quantities the theory of elasticity
in solids needs to be introduced. A rigorous derivation of the elastic waves
in crystals can be found in Fedorov [19]. Here I will only introduce the fun-
damental concepts and the final results. First of all, I should note that the am-
plitude of the spontaneous acoustic waves probed in Brillouin microscopy is
small, so the linear theory of elasticity is an appropriate description of the
phenomenon. Also, the wavelength of the probed acoustic waves is much
longer than the intermolecular distance, thus the material can be considered
a continuum. Therefore one can write a generalized Hooke’s law for the
most general case of non-isotropic materials; it takes a tensorial form, where
the indices refer to the Cartesian coordinates (i,k,l,m=x,y,z). Using Einstein’s
convention, where a summation over repetitive indices is implicit, Hooke’s
law reads:

σik = ciklmγlm (2.4)

where σik is a 3x3 stress tensor3, γlm is a 3x3 strain tensor and ciklm is a 4th

order 3x3x3x3 stiffness tensor necessary to link the stress and strain tensors.
Out of the 81 components of ciklm only 21 are independent due to symmetry
constraints; the 21 independent components can be rearranged in a 6x6 sym-
metric matrix (that has exactly 21 independent components) and the stress
and strain tensor redefined accordingly. Equation 2.4 assumes then a vecto-
rial form:

σi = cijϵj (2.5)

where i,j=1,...,6.
The relationship between stress and strain allows us to write Newton’s

second law, which describes the motion of the infinitesimal elements forming
the continuum. It takes the form of a homogeneous second-order differential
equation in the displacement vector (related to the strain vector) and one
can seek solutions in the form of monochromatic plane waves, defined by a
wavevector k⃗. If we introduce the matrix

Λlm =
cijlmk jkl

ρ
(2.6)

3Two indices are required to indicate both the surface which the stress is applied to and
the direction of the stress.
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(where ρ is the density, cijlm is the stiffness tensor, as defined in equation
2.4), the problem of solving the equation of motion turns into an eigenvalue
problem (Christoffel equation): ∣∣∣Λ − v2

∣∣∣ = 0 (2.7)

where v is the phase velocity of the acoustic wave. It is important to note
that Λ depends on the direction of propagation k (equation 2.6): for each
direction there are at most 3 eigenvalues v that fulfill the equation of motion;
they correspond to the two transversal and one longitudinal wave.

For an isotropic material the number of independent components in the
stiffness tensor cij is reduced to two [20]:

c11 c12 c12 0 0 0
c12 c11 c12 0 0 0
c12 c12 c11 0 0 0
0 0 0 c44 = c11−c12

2 0 0
0 0 0 0 c44 = c11−c12

2 0
0 0 0 0 0 c44 = c11−c12

2


(2.8)

The element c11 is the longitudinal modulus M, the quantity that is typically
measured in Brillouin experiments. The second independent parameter is
either the element c12 (Lamé’s first parameter λ) or c44 (the shear modulus
G). The shear modulus G could in principle be measured from Brillouin
scattering as well [18]. The challenge here is that its measurement requires
the detection of light scattered by transverse acoustic waves, that has a lower
cross-section and requires a scattering angle different from 180° (typically
employed in Brillouin microscopy). Once M and G are known, all the other
moduli can be calculated from them: the bulk modulus K = M− 4G

3 ; Young’s
modulus E = G(3M−4G)

M−G ; the Lamé’s first parameter λ = M − 2G and the
Poisson’s ratio ν = M−2G

2M−2G . A graphical representation of the different moduli
can be found in figure 2.2.

If the material is not isotropic, the measurement of M and G must be re-
peated along its principal axis of symmetry and the complete stiffness tensor
can be calculated from them [21].

To conclude I want to highlight that the previous derivation is valid for
bulk, homogeneous materials. When the size of the object under investiga-
tion becomes smaller, discrete acoustic modes start to arise, that can be rather
complex (due to boundary conditions imposed by the shape of the object).



10 Chapter 2. Principle of Brillouin microscopy

FIGURE 2.2: Graphic representation of the definition of elastic mod-
uli. Figure taken from https://agilescientific.com/blog/2016/4/28/
all-the-elastic-moduli

Furthermore, the presence of a surface introduces 2D surface waves as well.
These effects make modeling of acoustic waves in biological samples partic-
ularly challenging, given that they have different components with different
dimensions, shapes and mechanical properties.

2.3 Viscoelastic behavior

In section 2.2 I introduced the definition of elastic modulus and how it is re-
lated to the response of the material to mechanical perturbations (i.e. acous-
tic waves probed in Brillouin scattering). In practice, all materials exhibit, to
some extent, a viscous response (due to internal dissipation of the energy).
The viscous component introduces a time delay between the applied stress
and the response of the material and is at the origin of the absorption of
acoustic waves. The latter is conveniently described mathematically by in-
troducing a complex modulus:

M = M′ + iM′′ (2.9)

where the real part M′, called storage modulus, describes the elastic response
and the imaginary part M′′, called loss modulus, the viscous response (M′′ =

ωη where η is the viscosity). Due to the Kramers–Kronig relations, a non-zero
imaginary part implies a frequency dependence of the storage modulus M′

and, from physical constraints, it follows that this dependence is an increas-
ing function of the frequency and it is asymptotically approaching a value
M∞ [22]. The general dependence can be rather complex, but for the sake
of making some observations, let’s discuss the simplest case where the only
source of viscous response is a single relaxation (depicted in figure 2.3). In

https://agilescientific.com/blog/2016/4/28/all-the-elastic-moduli
https://agilescientific.com/blog/2016/4/28/all-the-elastic-moduli
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FIGURE 2.3: Frequency dependence of the complex modulus M = M′ + iM′′ in
the simplest case where only one relaxation is present. With reference to equation
2.10, M0 = ρc2

0 and M∞ = ρc2
∞, where ρ is the density and c the speed of the acous-

tic wave. ωb is the frequency at which the complex modulus is probed (Brillouin
shift). Figure taken from [23]

this case the frequency dependence can be written as [23]:

M(ω) = M∞ +
M0 − M∞

(1 + iωτ)β
+ iωη∞ (2.10)

where τ is the relaxation time and β the stretching parameter. For frequencies
much smaller than the relaxation time (ωτ ≪ 1) equation 2.10 becomes M =

M0 + iωη∞; M0 is thus the storage modulus for quasi-static perturbations
while the loss modulus increases linearly with the frequency (it vanishes at
ω = 0, that is to be expected since the material can respond "immediately"
to infinitely slow perturbations). On the contrary, for ωτ ≫ 1 equation 2.10
becomes M = M∞ + iωη∞. Therefore for frequencies that are either much
higher or much lower than the relaxation time the storage modulus M′ is
constant while the loss modulus M′′ increases linearly with frequency. If the
measurement of the storage modulus M′ is performed at a frequency that lies
in one of these two regions, a change in M′ can be only attributed to a change
in M0 (or M∞). In the intermediate region instead, a change in M′ could also
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be caused by a change in the relaxation time τ; in this case the loss modulus
M′′ would change in the same or opposite direction depending on how the
probe frequency (ωb ∼ GHz) is positioned with respect to τ (see figure 2.3).
An experimental demonstration of such behavior was provided by Bailey
et al. [24]. They changed the relaxation time in hydrogels by varying their
hydration. Indeed they observed the trend described in figure 2.3 (see their
figure 2 and 3B). The viscoelastic response of biological samples can be more
complex than the simplest case described here and Brillouin measurements
are typically performed at a single ωb (single wavelength of the laser), thus
not providing information about the dependence of M with frequency. In
light of this, one needs to be careful when interpreting the results of Brillouin
measurements.

2.4 Spatial resolution

A very important parameter in defining an imaging technique is the spatial
resolution that it can provide. Brillouin microscopy is based on visible light
so one obvious limiting factor to the spatial resolution is the diffraction of
light. It is well known that the diffraction-limited lateral resolution for an
optical system (according to the Rayleigh criterion) is given by [25]

Resolutionxy = 0.61
λ

NA
(2.11)

while the axial resolution is

Resolutionz = 2n
λ

NA2 (2.12)

where NA is the numerical aperture of the objective lens and λ the wave-
length of the light and n is the refractive index of the immersion medium.

But the optical resolution is only one side of the coin. As described in sec-
tion 2.1, Brillouin scattering arises from the interaction of light with thermally-
generated spontaneous acoustic waves, which also contribute to defining the
relevant spatial scales. Specifically acoustic waves are characterised by their
wavelength L1 and propagation length L2, as shown in figure 2.4. From
momentum conservation it follows that the wavelength of acoustic waves
involved in Brillouin scattering is typically smaller than the optical wave-
length 4. If the mechanical heterogeneities in the sample are smaller than the

4From equations 2.1 and 2.2 it follows that λ−1
p ≈ 2λ−1

i sin θ/2 (λi is the wavelength of
the incident light and λp is the wavelength of the acoustic wave), thus λp < λi when θ > 60°



2.4. Spatial resolution 13

FIGURE 2.4: Graphical representation of the relevant spatial scales in Brillouin
scattering. L1 is the acoustic wavelength, L2 the acoustic propagation length and
L3 the scattering volume (i.e. the optical PSF). Figure taken from [26]

acoustic wavelength L1, an average stiffness is measured because the acoustic
waves "see" the material as a continuum. But heterogeneities on this length
scale still play a role in the propagation of acoustic waves because they are
responsible for dissipative mechanisms that reduce their propagation length
L2. Dissipation of acoustic waves could also be caused by internal relax-
ation processes of the material (i.e. at a molecular level). The reduction in
L2 is manifesting in the Brillouin spectrum as an increase in the Brillouin
linewidth5, that is can thus be used as a readout of L2 (see section 2.5). Im-
portantly L2 is affecting the mechanical resolution. In fact, if there is a struc-
ture larger than L1 but smaller than L2 the acoustic waves generated within
the structure can leak outside6; therefore, when measuring a region outside
(but close to) that particular structure, the acoustic waves generated within
the structure can still be detected, effectively "blurring" the image. It is thus

that is almost always the case, since the typically used scattering geometries are epidetection
(θ = 180°) or orthogonal (θ = 90°).

5In this case it is called homogeneous broadening to distinguish it from the non-
homogeneous broadening, that is not caused by absorption of the acoustic waves but rather
by the presence of multiple Brillouin peaks in the spectrum that can’t be spectrally resolved
(more details are in section 2.5).

6That is possible only if the acoustic mismatch between the two materials is small, that is
often the case in biological matter.
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FIGURE 2.5: Schematic of Brillouin spectrum showing the relevant parameter. Ω
is the Brillouin shift, Γ the linewidth and A the amplitude.

clear that L2 set also a lower limit to the spatial resolution, which is sample
dependent but could be assumed to be ≲2µm in biological samples. The con-
tribution of L2 to the resolution produces the counterintuitive effect that in-
creasing the NA of the objective lens might make the spatial resolution worst
[26]. This is because higher NA implies broader distribution of k vectors
(angles) that can cause an enlargement of the volume probed by the acous-
tic waves (see "acoustic volume" in figure 2.4). Care should be taken when
choosing the NA of the objective lens, ideally using some a priori informa-
tion on the structure of interest (both in terms of size and acoustic mismatch
with the surrounding material).

2.5 Interpretation of Brillouin parameters

In this section, I will describe which information can be derived from the Bril-
louin spectrum and what caveats one needs to be aware of when interpret-
ing them. Figure 2.5 shows a schematic of a Brillouin spectrum, indicating
the three parameters that can be extracted: Brillouin shift Ω, linewidth Γ and
amplitude A.

2.5.1 Shift

As introduced in section 2.1, the Brillouin shift Ω is proportional to the speed
of the acoustic wave; the speed of the acoustic wave is in turn related to the
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stiffness, in terms of longitudinal modulus M (see section 2.2). Combining
these results, one finds:

M =
λ2

4
ρ

n2 Ω2 (2.13)

where λ is the wavelength of the laser in vacuum, ρ and n the mass density
and the refractive index within the scattering volume and Ω is the Brillouin
shift in epidetection (if the signal is collected in a different geometry, Ω needs
to be divided by the sine of half the scattering angle).

One obvious observation is that the conversion from Brillouin shift to lon-
gitudinal modulus requires the knowledge of the density and refractive in-
dex within the scattering volume; getting a 3D map for both of them is not
a trivial task. The two quantities are not completely independent though.
They are related by the Lorentz–Lorenz equation

n2 − 1
n2 + 2

=
4π

3
ρα (2.14)

where α is the average polarizability. But polarizability might differ for dif-
ferent molecules, thus equation 2.14 doesn’t allow, in general, to calculate ex-
actly one quantity from the other without additional information [27]. Never-
theless, biological samples are mostly a mixture of water and solid part (dif-
ferent biomolecules, mainly proteins, salts and DNA) and it has been shown
that there is a proportionality between refractive index and concentration of
biomolecules, with a coefficient that is varying in a narrow range around 0.18
ml/g [28–30]. In turn, the concentration is proportional to density (supple-
mentary information in [30]). The knowledge of the refractive index (that can
be measured with optical techniques [31]) is then sufficient to determine the
ratio ρ/n2. In addition, the variation of refractive index in biological samples
is sufficiently small that the ratio ρ/n2 can be considered constant with an er-
ror of few percents [30, 32]. Therefore, typically, the Brillouin shift is reported
as a proxy of the longitudinal modulus, without performing the conversion.

An important caveat must be added to the above discussion though: the
assumptions are valid for solid components dissolved in water and it breaks
for lipids; in fact, lipids have a much lower density and higher refractive
index than water, thus the ratio ρ/n2 is indeed lower than the one in water. To
solve this issue, Schlüßler et al. [33] proposed an independent measurement
of lipids by fluorescently labeling them and, once their location is known, the
appropriate values for density and refractive index can be used.
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2.5.2 Linewidth

The linewidth Γ is proportional to the longitudinal viscosity η = ηB + 4/3ηS,
where ηB is the bulk viscosity and ηS the shear viscosity [1]:

η =
λ2

8π

ρ

n2 Γ (2.15)

Here the same considerations about the ratio ρ/n2, discussed in the previous
paragraph, are relevant.

For the interpretation of linewidth data, it is important to mention that
there are two effects that can broaden the linewidth of the Brillouin peak
while not being related to viscosity: finite resolution of the spectrometer and
broadening due to high NA optics. The first issue could be alleviated by ac-
quiring the spectrum of the laser (which is typically sufficiently narrow to
be considered a δ) and use it to deconvolve the Brillouin spectrum. But, if
within the scattering volume there are compartments having Brillouin shifts
that are distinct but too close to be resolved by the spectrometer, the decon-
volution procedure is not able to recover the different components and one
measures a larger linewidth. This effect is called inhomogeneous broadening
(i.e. arising from different Brillouin peaks that can’t be resolved), in contrast
with homogeneous broadening that reflects a change in L2 (as described in
section 2.4). The broadening when using high NA can be understood when
observing that equation 2.3 depends on the scattering angle: when using
high NA optics to focus and collect the light from the sample, the scattering
angle is no longer well defined but is rather a distribution7. This effect is
minimal in the epidetection configuration [34] and, since the broadening can
be simulated or measured experimentally, deconvolution can be performed
(with the same caveats as in the case of finite resolution of the spectrometer).
Importantly though, increasing the NA implies probing different directions
in the sample, which might have different mechanical properties in case of
anisotropic materials [35, 36]; in that case, a weighted average of the moduli
along the different directions is measured.

One last important note is that, when the linewidth is an important pa-
rameter to be measured, spectrometers having high resolution should be fa-
vored (i.e. based on Fabry-Pérot rather than VIPA, see section 4.2.2) or use
different implementations of Brillouin microscopy that intrinsically provide

7NA = n sin θ where θ is the semiangle of the cone of focused light, thus for NA ≈ 1 in
air the distribution of angles can span a range as large as 180°.
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higher spectral resolution (e.g. stimulated Brillouin scattering microscopy
[37]).

2.5.3 Loss tangent

The loss tangent, equivalent to the inverse of the quality factor, is a parame-
ter that in damped mechanical (and electric) oscillators describes how many
oscillations take place before the motion is damped. The same definition can
be extended to acoustic waves in a material and it is equivalent to the ratio
between the imaginary and the real part of the complex modulus (defined in
section 2.3). Using equations 2.13 and 2.15

tan δ =
M′′

M′ =
Ωη

M
=

Γ
Ω

(2.16)

By definition, the loss tangent is independent of the density and refractive
index (because the complex modulus is independent of them) and can be
calculated directly from the measured Brillouin spectrum. Therefore it is a
useful parameter when it is not possible to measure (or make any assump-
tion about) the density and refractive index [35, 38]. The interpretation of the
structural origin of the loss tangent is not straightforward in biological sam-
ples, due to their heterogeneity and complex structure. Following the discus-
sion in the supplementary information of Chan, Bevilacqua, and Prevedel
[39], the loss tangent can be interpreted as the mean propagation path of
acoustic waves, thus it is related to the microstructural composition of the
material: the smaller the loss tangent the more "ordered" the microstructure
of the material, thus leading to a smaller attenuation of the acoustic waves.
The damping of acoustic waves can also be associated with higher levels of
bound water in the tissue [40].

On the technical side, the measurement of the loss tangent requires the
measurement of the linewidth, so the caveats discussed in the previous para-
graph, regarding the "artifacts" introduced by the finite resolution of the spec-
trometer and the broadening due to high NA optics, are relevant also here.

2.5.4 Amplitude

The amplitude of the Brillouin peaks is related to the cross-section of Bril-
louin scattering and could in principle provide information about the density
within the scattering volume [41]. Unfortunately, in practice, it is also depen-
dent on the absorption from the sample and the two pieces of information are
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difficult to decouple. Therefore in general it is not possible to interpret the
amplitude of the Brillouin peaks in terms of the physical parameters of the
sample but it can still provide contrast, useful to determine the morphology
of the sample.

2.6 Difference between "Brillouin" and Young’s mod-

ulus

Standard tools in mechanobiology (see section 1.2) typically measure Young’s
modulus E, therefore a recurring question when interpreting the Brillouin
data is how the two moduli are related. As I already mentioned in section
2.2, in the linear regime (valid for small perturbations of the sample), the
different elastic moduli are fully determined by the stiffness tensor. In partic-
ular, when looking at an isotropic material (or a non-isotropic material along
a principal axis of symmetry), the knowledge of two elastic moduli is suffi-
cient to determine all the others. The Young’s modulus E can be written in
terms of the longitudinal modulus M and shear modulus G:

E =
G(3M − 4G)

M − G
(2.17)

Unfortunately, the determination of the shear modulus from Brillouin spec-
tra is challenging because it requires the measurements of shear waves, that
have a low scattering cross-section and can be determined only in a non-
epidetection configuration [18]. One could think that the knowledge of the
typical range in which the shear modulus varies in biological samples is suffi-
cient for an approximate conversion between the two moduli. But for liquids
G ≈ 0 and this has two implications in equation 2.17: Young’s modulus is
much smaller than the longitudinal modulus and small absolute variations
of G reflects in large relative variations of E. Additionally, the Brillouin mea-
surements probe the stiffness tensor at the nanosecond timescale while stan-
dard measurements are in the millisecond range. As discussed in section 2.3,
a difference in timescale also results in a difference in elastic modulus.

In conclusion, the difficulty in determining the complete elastic tensor
experimentally in biological samples and the different timescale probed by
quasi-static measurements compared to Brillouin microscopy make a gen-
eral theoretical model that links the two moduli unfeasible. Empirical corre-
lations between the longitudinal modulus and Young’s modulus have been
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found [42] but they are not general (i.e. the parameters of the model depend
on the tissue). Therefore a calibration curve on the tissue under investigation
must be performed before attempting a quantitative conversion.

However, the current opinion in the Bio-Brillouin field is that changes in
the longitudinal modulus over space and time or between different condi-
tions are already informative because they reflect a change in Young’s mod-
ulus (even though it can’t be quantitatively extracted). Furthermore, the lon-
gitudinal modulus itself might actually be a relevant quantity for certain bio-
logical processes. Further investigations are needed to tackle the latter ques-
tion and one of the aims of my PhD was to establish Brillouin microscopy as
a tool in mechanobiology to aid in this process.
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Chapter 3

Current applications of Brillouin
microscopy in biology

Due to its advantages, mentioned in section 1.3, Brillouin microscopy has
been applied to many fields in biology and medicine both for fundamental
research and as a diagnostic tool. Several reviews [1, 43–47] have already
summarised the applications that Brillouin microscopy has found in biology
in the last decades but they often focus on specific topics or only briefly de-
scribe the main findings. In this chapter I will try to give a comprehensive (to
the best of my knowledge) list of applications, citing the relevant literature
and the most significant findings. I will focus on the applications in cell biol-
ogy, developmental biology and medicine, while leaving out the studies on
biological materials (e.g. collagen and muscular fibers, biofilms, bones, etc..).
The latter form a consistent part of the literature but falls at the intersection
between material science and biology, outside the scope of this thesis.

3.1 Cell biology

3.1.1 Animal cells

Nanobiomechanics is an emerging field that studies the mechanical proper-
ties of biomaterials at the nanometer scale. It has important implications in
disease diagnosis and treatment, since changes in structural and mechanical
properties of cells have been suggested to be the cause of several diseases [5].
Brillouin microscopy can measure mechanical properties in situ at a subcel-
lular scale and it can thus provide valuable information in that context. For
example, it has been hypothesized that phase transition inside the cytoplasm,
due to mutated proteins, can be the mechanism behind the neurogenerative
disease amyotrophic lateral sclerosis (ALS). Indeed, when Antonacci et al.
[48] looked at stress granules containing ALS mutant FUS in comparison to
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"non-mutant" stress granules in HeLa cells, they found a higher Brillouin
shift and width in the former, suggesting a liquid to solid transition. Such
transition was already observed in vitro but the Brillouin data suggests that
it happens also in cells.

From a more fundamental perspective, Brillouin microscopy can be em-
ployed to understand how cells regulate their mechanical properties via their
cytoskelotonal components. This can be done by comparing control cells
with cells treated with drugs that have a known effect on the cytoskele-
ton or by changing the environment surrounding the cells (e.g. osmolar-
ity, substrate stiffness). Such an approach has the added value of allow-
ing the "validation" of Brillouin microscopy: global mechanical properties
of isolated cells can be measured with standard techniques (e.g. AFM, see
section 1.2), it is thus possible to establish a correlation between the longi-
tudinal (Brillouin) modulus at high frequency and Young’s modulus at low
frequency. The first of such validations in cells was done by Scarcelli et al.
[49] where they observed an increase of both longitudinal modulus (M) and
Young’s modulus (E) of cells upon the increase of sucrose concentration in
the medium. They found that the two moduli can be linked via the relation-
ship log(M) = a log(E) + b where a and b are coefficients that depend on
the material1. To further validate the relevance of Brillouin shift as a proxy
for cellular mechanics, they also reported an increase in the Brillouin shift
of cells when growing them on stiffer substrates, consistently with previous
studies employing AFM. Finally, they showed that Brillouin microscopy is
sensitive to alterations of the cytoskeleton: when NIH 3T3 cells were treated
with cytochalasin D, an inhibitor of actin polymerization, their average Bril-
louin shift went down; this result was complemented with the observation
of an increasing Brillouin shift during actin polymerization and branching in
reconstituted actin gels in vitro.

After validating Brillouin microscopy, one can take advantage of its high
spatial resolution and look at subcellular components. Antonacci and Braak-
man [50] reported for the first time a high-resolution Brillouin map of porcine
aortic endothelial cells and observed distinct mechanical properties of the
nuclear envelope and nucleoli. The improved resolution allowed them to
determine that the treatment with Latrunculin A, a drug that prevents actin
polymerization, decreases the Brillouin shift of the cytoplasm but not of the

1An example of the variability of the coefficients a and b is given by Scarcelli, Kim, and
Yun [42], who found that even the same tissue (crystalline lens) from two different animals
(pig and cow) has different coefficients (a = 0.093 and b = 9.29 in the porcine lens while
a = 0.034 and b = 9.50 in the bovine lens).
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nucleoli, showing that Brillouin microscopy is capable of detecting changes
in mechanical properties at a subcellular level. Similarly, Coppola et al. [51]
investigated the hypothesis that actin stress fibers are responsible for the in-
creased Brillouin shift on stiffer substrates. Although they could not directly
observe the stress fibers in the Brillouin images2, they could distinguish 3
populations, based on the Brillouin shift, only one of which was significantly
changing upon changing the stiffness of the substrate. They confirmed that
the average Brillouin shift of this population is close to the average of pixels
containing stress fibers, identified by correlative fluorescence imaging.

The possibility of looking at subcellular structures opens the doors to
studying the mechanical properties of the nucleus, that is known to play
an important role in mechanosensing and mechanotransduction. Zhang et
al. [52] extensively characterized it, also with the aid of their previously de-
veloped microfluidic device [53], by performing perturbations that affect the
mechanics of the nucleus (Lamin A/C Knockdown, chromatin decondensa-
tion by trichostatin A) or of the cytoskeleton (depolymerization of actin with
cytochalasin D and microtubules with nocodazole). Interestingly in both
cases they observed a significant change in the mechanical properties of the
nucleus and they developed a 3D chemomechanical mathematical model, to
explain how mechanical signals are transmitted from the extracellular en-
vironment to the nucleus and how the perturbations on the cytoskeleton are
thus affecting the mechanical properties of the nucleus. Their model correctly
predicts the experimental observations and it thus highlights the importance
of measuring the nucleus in the intact cell, without detaching it from the cy-
toskelotonal components.

In addition to fluorescently labeling a specific constituent of the cell, the
combination of Brillouin with Raman spectroscopy can provide mechanical
information with chemical specificity in a label-free manner [54, 55].

3.1.2 Plant cells

Mechanical properties, especially of the cell wall, have a fundamental role in
providing structure and strength to the plant and, at the same time, control-
ling plants’ growth and organ formation [56]. While the mechanical proper-
ties of cell walls in epidermal tissues have been investigated, in vivo, using
"standard" techniques (e.g. AFM, see section 1.2), the sub-epidermal tissues
are inaccessible, thus more challenging to measure. Brillouin microscopy,

2Due to their small size, actin stress fibers can not support bulk acoustic modes.
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instead, gives access to deeper layers with high spatial resolution and can
also inform about the mechanical anisotropy. The possibility of assessing
the non-uniformity and anisotropy is very valuable since it has been shown
that they are a prerequisite to driving directional growth. Elsayad et al. [57]
observed that the extra-cellular matrix (ECM) along the growth axis of Ara-
bidopsis hypocotyls is stiffer than the one perpendicular to it, suggesting that
the higher stiffness prevents transverse swelling and promotes elongation of
the hypocotyl. When looking at double-mutants phytochrome A and B, in
which the growth of the hypocotyl is not arrested in response to light, they
observed softer ECM. This finding seems to confirm that the stiffness of the
ECM has a role in hypocotyl growth. Along the same line Altartouri et al. [58]
hypothesized that heterogeneity of mechanical properties is the first step in
the formation of pavement cells in Arabidopsis, which are lobe-shaped cells:
first, the prospective neck region becomes stiffer and that drives the forma-
tion of the lobe. Indeed when acquiring Brillouin images of pavement cells
they observed a significant difference between the neck and lobe region. In-
terestingly, they could also link the crystalline of cellulose with the stiffness
of the cell wall. They imaged any 1 mutants, having the same amount of cel-
lulose but lower crystallinity and showing impaired lobe expansion in the
later development as a phenotype. When looking at Brillouin images, they
observed an overall softer cell wall and a smaller difference in stiffness be-
tween the neck and lobe region: that could explain why the lobes are formed
but fail to develop properly. Another investigation on the role of mechanical
properties in root growth was reported by [56]. They observed that overex-
pression of expansin correlates with stiffer regions in the root tip and impairs
root growth. The increase in stiffness is opposite to what one would expect
since expansin is known to loosen the cell wall. Although the authors say
that the underlying molecular/biophysical mechanism of this counterintu-
itive finding remains to be clarified, they proposed that the overexpression
of expansin might alter the endogenous equilibrium of mechanical forces,
thus producing an avalanche effect leading to the counterintuitive increase
in cell wall stiffness. Altogether these findings show that the spatial distri-
bution and anisotropy of mechanical properties are essential for the proper
development of the plants and are thus tightly regulated. Laura et al. [59]
investigated the role of the kinase Theseus1 in regulating the stiffness of cell
wall, in response to changes in turgor pressure and cell wall damage induced
by drugs. Brillouin microscopy allowed them to measure the mechanical
properties at the center of the root, without dissecting it, which could alter
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the mechanical properties and release the turgor pressure.
Lastly, plant fibers have a high strength-to-weight ratio, are renewable

and provide good thermal insulation, which makes them an interesting bio-
material. Brillouin microscopy can be used to rapidly characterize their me-
chanical properties in different directions [35], or even to determine the com-
plete elastic tensor [60].

3.2 Developmental biology

Despite the physical forces and mechanical properties of tissues playing a
fundamental role in the development and final shape of an organism, they
are not explored as extensively as the genetic mechanisms and chemical sig-
nalling [4]. The possibility of measuring internal tissues in vivo over time
makes Brillouin microscopy a valuable tool in developmental biology. In
fact, ex vivo measurement of mechanical properties in multicellular organ-
isms could lead to wrong conclusions, even when comparing different tis-
sues within the same sample: Schlüßler et al. [30] observed that, while in vivo
imaging of zebrafish showed no mechanical difference between muscle and
spinal cord tissue, ex vivo sections showed a difference when probed with
both AFM and Brillouin. Obviously, in addition to measuring the sample in
physiological conditions, in vivo measurements allow to follow the develop-
ment of a single organism instead of taking snapshots at different times in
different organisms, thus reducing the biological variability and the number
of replicates necessary to have a statistically significant trend. For example
Schlüßler et al. [30] imaged the injured spinal cord of 6 zebrafish at 3 days
post fertilisation (dpf) for 2 days after the injury: they observed a decrease in
Brillouin shift immediately after the injury followed by a gradual increase,
showing that mechanical properties are indeed involved in the regenerative
process. Similarly, when looking at axolotl (which is well known for its re-
generative capabilities), Riquelme-Guzmán et al. [61] found that the Brillouin
shift of the cartilage in the digit is decreased 15 days post-amputation (dpa)
and increased again afterward. Interestingly, at 30 dpa the arrangement of
cells indicates a mature-like morphology but the Brillouin shift was not back
to the value before amputation, indicating that the regeneration process was
not completed despite its morphology would indicate otherwise. Addition-
ally, the increase of Brillouin shift over time was observed also during the
normal development of the digits, showing a similarity between the devel-
opment and regenerative processes.
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Several studies looked at the interplay between mechanical properties
and morphogenetic events or the final structure of tissues in different model
organisms. I will now introduce the relevant literature and main findings,
grouping them by model organism.

In mouse Zhang et al. [62] looked at the process of neural tube closure
and they observed stiffer neural folds in closed neural tubes compared to the
open. At the end of the process, a gradient of mechanical properties along the
dorsal-ventral direction was observed, that the authors hypothesized could
be essential in facilitating the closure of the neural tube. Chan, Bevilacqua,
and Prevedel [39] studied intact ovaries extracted from mice at different ages
and found that different regions within the ovary show different mechani-
cal properties, suggesting that they play a role in follicle development (see
section 4.3.2 for more details).

In zebrafish Bevilacqua et al. [36] found that the thin layer of extracel-
lular matrix (ECM) surrounding the notochord has distinctly high stiffness,
suggesting its essential role in withstanding the high pressure exerted by the
vacuoles and thus achieving the almost perfectly cylindrical shape (see sec-
tion 4.3.1). Amini et al. [63] looked at the formation of the retina, specifi-
cally how horizontal cells can migrate in the highly crowded environment
of the retina to reach their final position inner nuclear layer. They observed
an amoeboid-like behavior, that doesn’t seem to be directed by a mechani-
cal gradient but rather to be happening in a mechanical uniform tissue that
permits the migration.

In C. elegans Geisler et al. [64] looked at the role of intermediate filaments
(IF) in the morphogenesis and function of the endotube in the intestine. Al-
though the layer of IF surrounding the endotube is too thin to be resolved by
Brillouin microscopy (∼60 nm), its localization by fluorescence microscopy
shows that it is positioned between the stiff brush border and soft cytoplasm.
Since IFs are known to be very flexible, they could serve as a mechanical
buffer between the two different regions and accommodate the deformations
and movement of the lumen during food intake. Remer et al. [37] imaged a
single plane from the whole nematode at L2, L3, and L4 stages and found
that the pharynx was stiffer and more viscous than the surrounding tissue
and its viscoelasticity was constant during development, suggesting that it is
established early in development, due to its essential function in feeding.

Bevilacqua et al. [65] studied the process of ventral furrow formation
(VFF) during gastrulation in Drosophila. During VVF cells on the ventral side
exhibit a drastic and rapid change of shape and eventually invaginate. It is
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thus believed (and indirectly tested by laser ablation and simulations) that
their mechanical properties play a fundamental role in the process. Indeed
they exhibit a transient increase in Brillouin shift when the invagination starts
(see section 5.5 for more details).

Finally, Pukhlyakova et al. [66] looked at gastrulation in Nematostella vecten-
sis, specifically at the interplay between gene expression and mechanics. They
observed that Brachyury, a protein that is essential for mesoderm formation,
is normally expressed in the blastopore region but its expression can be in-
duced by physical forces via mechanotransduction. By using Brillouin mi-
croscopy, they found that the blastopore lip cells are stiffer than the surround-
ing tissue and this suggests that their mechanical properties are involved in
the force generation that facilitates the expression of Brachyury.

3.3 Medical applications

3.3.1 Disease mechanism and diagnosis

Alteration of mechanical properties is a distinctive feature of several dis-
eases [6]. It is therefore not surprising that Brillouin microscopy has been
proposed, by several studies, for both diagnosis and understanding of the
mechanism leading to the disease.

Palombo et al. [40] showed the potential of combined Brillouin, Raman
microspectroscopy (and, in a later study [67], Fourier Transform IR imag-
ing) for the chemical and mechanical characterization of tissue from patients
affected by Barrett’s oesophagus. This allowed them to determine the link
between the chemical composition and mechanical properties of the tissue,
in particular the role of bound water (as measured by Raman) in determin-
ing the mechanical properties of the extra-cellular matrix. Their study is the
first demonstration of imaging diseased tissue with Brillouin microscopy, as
a potential tool for diagnosis.

Steelman et al. [68] proposed the use of Brillouin microscopy for the di-
agnosis of bacterial meningitis. In fact the total protein content in the cere-
brospinal fluid (CSF) is increased during the disease and they found that
the Brillouin microscope can reliably measure the difference. In contrast
to other existing diagnostic tools, Brillouin microscopy is fast (importantly,
swift treatment is essential to reduce the mortality rate) and non-destructive
for the CSF sample (that could be thus used for other tests).



28 Chapter 3. Current applications of Brillouin microscopy in biology

Cardiovascular diseases are the leading cause of death in the world, ac-
counting for about 18 million deaths each year (32% of the total) [69]. Several
of them are caused by the rupture of atherosclerotic plaques, which is rec-
ognized to be caused by mechanical stress that accumulates at the interface
between the stiff cap and less rigid core of the plaque. Therefore a local mea-
surement of plaque stiffness in vivo would improve the risk assessment of
plaque rupture. Antonacci et al. [70] performed Brillouin imaging on thin
cap fibroatheromas and could distinguish the lipid-rich heterogeneous tis-
sue of the plaque from the healthy, collagen-rich tissue. They speculate that
future in vivo measurements of both vessel geometry and stiffness could pro-
vide the framework to predict the risk of plaque rupture. Jannasch et al. [71]
demonstrated that Brillouin microscopy can be used to study the aortic valve,
whose mechanical properties are important for its function. Villalba-Orero et
al. [72] looked at myocardium and detected different mechanical properties
between the left and right ventricles in mice. Additionally, they could mea-
sure differences in Brillouin shift, following infarction and aortic stenosis,
compared to control hearts. Interestingly, although they found a correlation
between Brillouin modulus and ventricular wall motion and deformation (as
measured by speckle tracking echocardiography), the correlation was lost in
diseased heart, suggesting an important role of the mechanical properties for
the proper contraction of the myocardium.

Obesity, that is becoming a global epidemic, consists of an increased ra-
tio of lipid tissue to the total body mass and, consequently, a remodeling of
adipose tissue. Despite the mechanical properties of the adipose tissue being
important for its function both for the protection against mechanical stress
and storage of lipids, their characterization is limited. Troyanova-Wood et al.
[73] used Brillouin microscopy to study both white and brown adipose tissue
in control and diet-induced obese mice. They found that the stiffness of both
adipose tissues in obese mice is increased. Furthermore, with the aid of Ra-
man spectroscopy, they showed that the growth of adipose tissue in high-fat
diet mice is mainly driven by an increase in lipids and less in proteins.

Mattana et al. [74] looked at amyloid plaques in ex vivo tissue from mouse
brain. Amyloid plaques are considered to be the main cause in the pathogen-
esis of Alzheimer’s disease, the most common form of dementia. They found
that plaques are formed by a rigid core surrounded by a softer lipid-rich ring.
A later analysis [75] showed that a non-negative matrix factorization of the
Brillouin spectra can distinguish 4 regions (i.e. the plaque core, the region
around the core, the lipid ring and the normal ECM) in a non-supervised
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way. Altogether these results can have implications for both the diagnosis of
Alzheimer’s disease and the screening of novel drugs.

Lainović et al. [76] studied the dentin and found that healthy dentin can
be very clearly distinguished from the diseased dentin by looking at their
Brillouin shift. Furthermore, when looking at the interface between the sound
dentin and the tooth-filling resin, Brillouin microscopy revealed the presence
of a hybrid layer where both the dentin and resin are present. This informa-
tion could be used in clinical settings to guide the procedure of caries removal
and tooth filling.

At the onset of osteoarthritis, there is a depletion of proteoglycan in the
cartilage, that in turns leads to increased tissue hydration and permeability.
Wu et al. [77] explored whether Brillouin microscopy is sensitive to these
changes and could thus be used for the early diagnosis and monitoring of
osteoarthritis. To model the degradation of the cartilage during osteoarthri-
tis they exposed porcine articular cartilage to enzymatic digestion and mea-
sured the Brillouin shift of the samples before and after the treatment. They
found a reduced Brillouin shift after treatment that they interpreted as a
change in the hydration of the extra-cellular matrix.

One of the key advancements that are needed to translate many of these
findings into clinical settings is the possibility of measuring the tissues in situ
via an endoscope. Here the main challenge is that, when using a glass opti-
cal fiber to deliver the light, the Brillouin signal generated by the fiber itself
is much more intense than the one collected from the sample, thus creating
a large background that interferes with the measurement. Kabakova et al.
[78] proposed the use of two separate fibers for illumination and detection,
showing virtually no background but low efficiency due to the poor overlap
between the spatial mode of illumination and detection. A few years later the
same group proposed the use of hollow core fibers for Brillouin endoscopy
[79]. Due to their peculiar structure, hollow core fibers can guide the light
without needing a glass core, thus generating almost no background signal.
They imaged a tissue-mimicking phantom, demonstrating the imaging capa-
bilities of the endoscope.

Finally, Brillouin microscopy has been proposed as a method to perform
label-free histology, without the need of tissue preparation and staining, that
is a time-consuming step necessary in conventional histologic analysis [80].
Ryu et al. [80] showed that the different tissues within cartilage, skin and
brain could be clearly resolved and they speculated that the contrast mech-
anism is due to both differences in water content and mechanical properties
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of the tissue. They reported a maximum penetration depth on the tissue of
about 100µm that could be in principle increased by optically clearing the tis-
sue. In fact, Riobóo, Desco, and Gómez-Gaviro [81] showed that the clearing
procedure doesn’t affect the Brillouin shift, while significantly improving the
reliability of the measurements.

3.3.1.1 Ophthalmology

Ophthalmology deserves a separate section due to the vast literature that
investigated the eye using Brillouin microscopy, both for a fundamental un-
derstanding of its structure and for disease diagnosis and treatment, lead-
ing to successful ongoing clinical trials. Regarding the first point, already
in 1980 Vaughan and Randall [82] recognized the potential of Brillouin spec-
troscopy to study the biophysics of the eye at a molecular scale. They mea-
sured, for the first time, the longitudinal modulus and density of dissected
corneas, capsules and lenses of the eye from 4 classes of vertebrates (Mam-
malia, Aves, Pisces and Amphibia); the acquisition speed was limited by the
use of a triple-pass Fabry-Perot, limiting the 3D capabilities. It was only with
the introduction of VIPA-based spectrometers in 2007 that 3D imaging of the
intact eye post mortem was made possible [83] and 5 years later the first in vivo
imaging on the human eye was reported [84]. Several studies have looked
at the Brillouin spatial map from mouse, bovine, pig and human eyes [32,
42, 84–86], showing a different mechanical signature for the different regions
of the eye (cornea, aqueous humor and crystalline lens) and also a gradient
along the depth of cornea and lens. All the studies mentioned so far have fo-
cused on the spatial heterogeneity in mechanical properties and not on their
anisotropy. But the cornea is known to be formed by a network of fibers, that
provides mechanical strength, and is aligned in a plane parallel to the corneal
surface, thus an asymmetry of the mechanical properties can be expected. In-
deed, recent studies found that the measured Brillouin shift depends on the
angle of the optical axis with respect to the cornea surface and individual
fibers can be clearly discerned by having the optical axis parallel to the sur-
face of the cornea. [87, 88]

For ocular disease diagnosis and treatment, Brillouin microscopy has found
several applications in the last decade [89]. Stiffening of the cornea was hy-
pothesized to be one of the causes of the decline of accommodation with age
that leads to presbyopia. Scarcelli, Kim, and Yun [42] found in mice, in vivo,
that there is a substantial stiffening with age. On the contrary, human studies
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ex vivo [85] and in vivo [90] found no significant change of mechanical prop-
erties with age, suggesting that stiffening of the lens is not the main cause of
presbyopia.

Keratoconus is a disease that causes vision problems due to the change
in the shape of the cornea. Scarcelli et al. [91] measured discarded human
corneal tissue after surgery and observed a lower Brillouin shift in the re-
gion affected by keratoconus. This observation was later confirmed in vivo
[92, 93] and strong spatial variations between healthy and keratoconus tissue
were observed as well. They also found a significant stiffening of the healthy
corneal tissue with age. Shao et al. [94] tested the use of Brillouin microscopy
as a diagnostic tool for keratoconus showing better performances than stan-
dard techniques for mild cases.

Corneal collagen crosslinking (CXL) is a procedure used to prevent corneal
ectasia. Scarcelli, Pineda, and Yun [32] showed that Brillouin microscopy
is sensitive to the changes in mechanical properties induced by CXL. Later
studies investigated the outcome of CXL when changing the experimental
parameters [95], using two photons (that gives better control on the crosslinked
area) [96], reducing the exposure time to UV radiation by keeping the same
energy [97] or using different crosslinking protocols [98, 99]. Altogether these
studies highlight how Brillouin microscopy can be used to improve the CXL
protocols or monitor their results.

One important consideration, when interpreting the Brillouin maps, is
that the hydration of the cornea will affect the measured Brillouin shift [100].
Shao et al. [101] developed a theoretical model to study this effect and they
validated it on ex vivo porcine corneas and in vivo healthy human volunteers,
looking at diurnal changes of hydration; they concluded that corneas from
patients should be imaged at least 2 hours after waking up, to mitigate the
effect of hydration. The increase in hydration was also hypothesized to be the
cause of the transient decrease of Brillouin shift after LASIK surgery [102].

From a more fundamental perspective, the possibility of extracting tis-
sue from the cornea or the lens made it possible to look at the correlation
between longitudinal modulus measured by Brillouin and Young’s modu-
lus measured by other techniques [32, 42, 103]: while the absolute values
of the two moduli are very different (due to their different definition and
timescales, see section 2.6) they show a very strong correlation.
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3.3.2 Tumor biology

Tumor growth and metastasis is intrinsically a 3D process, thus Brillouin mi-
croscopy is a powerful tool to measure the mechanical properties of both tu-
mor tissue and its surrounding environment, in a spatially resolved fashion,
and how they correlate with tumor aggressiveness, migration or response to
drugs.

Margueritat et al. [38] measured, for the first time, a spatially resolved
map of mechanical properties from deep tumoral tissue, showing hetero-
geneity of mechanical properties in tumor spheroid from colorectal carci-
noma cells. Moreover, they observed a change in both stiffness and vis-
cosity, with different spatial and temporal dynamics, upon treatment with
5-fluorouracil, a drug commonly used for treating colorectal cancer. Their re-
sults showed the applicability of Brillouin microscopy to study the response
of tumors to drug treatment in a spatially resolved fashion. Similarly, Conrad
et al. [104] observed a decrease in stiffness of ovarian cancer nodules upon
treatment with carboplatin, a drug commonly used in the treatment of ovar-
ian cancer. They also measured the nodules using Brillouin microscopy, AFM
and MicroSquisher and observed a similar trend of the respective elastic
moduli under different osmolarity conditions for all of them, validating Bril-
louin microscopy against other established mechanical measurements. Ma-
hajan et al. [105] observed that MCF-7 tumor spheroids adapt their growth
and their mechanical properties to the stiffness and degradability of the em-
bedding hydrogel. They hypothesized that the difference in mechanical prop-
erties of the spheroids is due to their response to compressive stress. More-
over, they embedded invasive cancer cell lines in degradable hydrogels ob-
serving that invasiveness correlates with lower Brillouin shift of the cells.
Nikolić, Scarcelli, and Tanner [106] also investigated the influence of the sub-
strate on the mechanical properties of tumor cells. They observed no differ-
ence in the mechanical properties of cells in 2D vs. 3D but a dependence
on the stiffness of the substrate, suggesting that a robust use of mechanical
properties as a proxy for cell state needs to take into account the surrounding
environment and be integrated with additional information (e.g. morphol-
ogy). They also observed a lower variance of the Brillouin shift of tumor
spheroids compared to single cells, suggesting a cooperative behavior of the
cells during the formation of the spheroid. Roberts et al. [107] focused on
the role of stiffness in tumor invasiveness; they used metastatic tumor cells
to study transendothelial migration (TEM) through an artificial blood ves-
sel, mimicked by human umbilical vein endothelial cells seeded on collagen.
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Their focus was on the mechanical properties of the nucleus, which needs
to deform during TEM, since the tumor cells are squeezing through pores
smaller than the initial size of the nucleus and it is thus thought to be a limit-
ing factor in extravasation. They found that during the extravasation process
the tumor cells, and prominently their nuclei, soften and maintain these me-
chanical properties for at least 24h. Their observations suggest that tumor
metastasis is facilitated by the softening of the cancer cells.

Brillouin microscopy was also applied to differentiate healthy tissue from
normal and regressing melanoma in histological samples collected from Sin-
clair miniature swine. Troyanova-Wood, Meng, and Yakovlev [108] reported
that normal melanoma has a higher Brillouin shift than regressing melanoma,
with the healthy tissue being the softest.
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Chapter 4

Confocal Brillouin microscope

4.1 Motivation

As described in chapter 1, Brillouin microscopy is a powerful tool to study
the role of mechanical properties in biological systems. Therefore one of the
aims of my PhD was to improve a confocal Brillouin microscope, whose spec-
trometer was built by Dmitry Richter during his master thesis, to allow biolo-
gists to use a state-of-the-art Brillouin microscope on their own with minimal
training.

To achieve this goal I worked both on the software and on the hardware
side. Regarding the software, I wrote a LabVIEW program that makes the
acquisition and data processing more intuitive and automated (see section
4.2.4). On the hardware side, I exchanged the microscope body previously in
use with a motorized version, essential to automatize the acquisition and I re-
designed and re-built the optical path for illumination and detection. I also
designed and built a concurrent confocal fluorescence excitation and detec-
tion (see section 4.2.3); the possibility of co-registering a fluorescence image
to the Brillouin image allows for the correlation of the mechanical properties
with a cell constituent of interest.

The big goal was to establish Brillouin microscopy by applying it to many
different samples (see section 4.3) and exploring its potential in biology. I did
this by discussing the potential use of Brillouin microscopy with collabora-
tors, helping them with acquiring Brillouin microscopy data, and interpret-
ing the results.

4.2 Setup description and characterisation

Conceptually a confocal Brillouin microscope is the same as a confocal fluo-
rescence microscope where a high resolution spectrometer is used instead of
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FIGURE 4.1: Picture of the incubator for environmental control.

a photomultiplier tube (PMT) to resolve the Brillouin spectrum. An objective
lens focuses the light on a point in the sample and the point is scanned to
reconstruct the image.

The main building blocks are the microscope body, the optical compo-
nents that deliver and collect the light and the Brillouin spectrometer (see
dashed boxes in figure 4.2). Additionally, a confocal fluorescence microscope
is implemented (more details on the implementation in section 4.2.3) that,
as mentioned in section 4.1, is important when looking at how specific cell
components are related to mechanical properties.

As microscope body I used a Zeiss Axiovert 200M, that is motorized and
can be controlled from the computer via serial commands; that makes it pos-
sible to select the optical path inside the microscope in an automated fashion,
via a self-written LabVIEW software. The microscope was also equipped, by
the EMBL mechanical and electronic workshops, with an incubator (fig. 4.1)
that can control the temperature, the CO2 and O2, essential for life imag-
ing of some biological samples. A motorized translational stage is used to
position the sample in the FOV; a 3D piezo stage (P-545.3R8H, Physik In-
strumente), having a maximum travel range of 200µm and a resolution of up
to 1nm, is mounted on top of the motorized stage and it is used for precise
movements of the sample during image acquisition. Contrary to fluorescence
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FIGURE 4.2: Schematic of the optical setup for the confocal Brillouin setup. L =
lens, TL = tube lens, PMT = photomultiplier, P = pinhole, EF = emission filter, DM
= dichroic mirror, FC = fiber coupler/collimator, QWP = quarter waveplate, HWP
= half waveplate, PBS = polarizing beam splitter, S = shutter, FR = Faraday rotator,
CL = cylindrical lens.

microscopy where the standard approach is to scan the focus spot (with gal-
vanometric mirrors) while leaving the sample still, we keep the focus spot
fixed and move the sample in 3D to reconstruct the image. The approach
of scanning the beam has the advantage of being faster and avoiding possi-
ble drifts of the sample (due to acceleration during movement) but requires
higher complexity in the optical design; in Brillouin microscopy, the acquisi-
tion speed is limited by the weak signal (see section 4.4), therefore there is no
speed advantage in using a beam scanning approach, thus sample scanning
is commonly used.

4.2.1 Brillouin illumination and detection

The optics in figure 4.2 that are not enclosed in a dashed box have the aim
of delivering the laser light to the sample and redirecting the Brillouin sig-
nal to the spectrometer. Before describing how this is achieved, there are
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some important requirements for the laser to be discussed. The wavelength
of the laser can be anywhere in the visible or near IR range; shorter wave-
lengths will have a higher Brillouin signal (as the cross-section is propor-
tional to λ−4) but are more prone to inducing photodamage in the sample
[109]. The linewidth has to be narrow (≪0.5GHz that is the typical reso-
lution of a VIPA based spectrometer) with high spectral purity (>60dB) to
avoid the shoulders in the spectrum to be stronger than the Brillouin sig-
nal; the wavelength needs to be stable (≲1GHz drift) during the duration of
imaging. These requirements limit the commercially available choices and, at
the time the setup was built, one of the few lasers that met the requirements
was the Torus 532 from Laser quantum.

Going back to the design of the optical path (figure 4.2), I coupled the
laser in a single mode polarisation-maintaining (PM) optical fiber. The use of
a single mode fiber allows to spatial-filter the laser, producing a very clean
Gaussian profile at the output, and to have the 488nm laser, used for fluores-
cence excitation (see section 4.2.3), co-aligned with the 532nm laser after the
fiber. An achromatic fiber collimator (LPC-04-405/640-3/125-P-1.8-12AC-40,
OZ Optics) produces a linearly polarised beam with a diameter of 1.8mm
(1/e2). A half waveplate, mounted on a rotational mount, allows selecting
the polarisation direction, that in turn determines the ratio of light transmit-
ted and reflected by the polarizing beam splitter (PBS). The reflected light is
focused on a cuvette filled with distilled water, used as a calibration material
(details in section 4.2.2): the Brillouin shift for water at 532nm excitation at
room temperature (7.46GHz) is taken from Scarcelli and Yun [83]. The Bril-
louin signal generated by the water has the same polarisation as the incident
light, when probing longitudinal acoustic waves (see section 2.1). Therefore
a Faraday rotator can be used to fully redirect the signal to a single "port" of
the PBS, similarly to an optical circulator: a Faraday rotator rotates the polar-
isation by 45° in a non-reciprocal fashion, meaning that, when the Brillouin
signal travels in the opposite direction through the rotator, the polarisation
is further rotated by 45° in the same direction, adding up to an overall ro-
tation of 90°. Since the polarisation is now orthogonal to the one originally
reflected by the PBS, the signal will be fully transmitted by the PBS and will
reach the fiber coupler. Similarly, on the optical path that goes to the sam-
ple, a quarter waveplate achieves the same effect: the axis of the waveplate
is oriented at 45° with respect to the incident linear polarisation, effectively
behaving as a half waveplate on double pass, that rotates the polarisation by
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90°. The only difference is that the polarisation on the sample will be circu-
lar. The use of a quarter waveplate instead of a Faraday rotator is motivated
by the need of having a broadband transmission over the visible range to
detect fluorescence signal. After the quarter waveplate, an achromatic lens
(f=30mm, AC254-030-A-ML, Thorlabs) forms a 4-f system with the tube lens
inside the microscope (f=165mm), that magnifies the beam by a factor of 5.5,
to fill the back aperture of the objective. Two shutters after the PBS allow
for selecting either the reference or the sample path: during acquisition, the
spectrum from the water in the calibration arm is acquired every 50 points in
the sample to correct for drifts in the laser.

4.2.1.1 Spatial resolution

As described in section 2.4 the spatial resolution of Brillouin microscopy de-
pends both on the optical PSF and on the attenuation length of the phonon,
that is sample dependent. Therefore one needs to be careful when report-
ing the spatial resolution of a Brillouin microscope. One possible way of
quantifying it is to look at the intensity of the Brillouin signal while transi-
tioning between two materials that have a very high mismatch of the acous-
tic impedance [26]; in that case, the Brillouin resolution tends to match the
optical resolution. I used the transition between immersion oil and a glass
coverslip to quantify the step response: from an optical standpoint the cov-
erslip has an optical-quality surface so the transition is very sharp and the oil
is index-matched with the glass, reducing the reflection and refraction at the
interface; from a mechanical standpoint the acoustic speed in glass is about 4-
folds higher than the one in oil. By scanning the sample both perpendicularly
(x) and along (z) the optical axis of the objective and calculating the ampli-
tude of the Brillouin signal from the oil, I obtained the plots in figure 4.3. I
measured a 1.4 and 1.0 oil immersion objective, commonly used in the setup.
I fitted the raw data with an er f function, that is the integral of a Gaussian,
and calculated the FWHM from the fit. By repeating the same measurement
multiple times I obtained the following table 4.1. Note that the lower value
of the effective NA compared to the nominal one could be both due to un-
derfilling of the objective and contribution of the acoustical resolution to the
measurement.
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FIGURE 4.3: Step response at the oil/glass interface perpendicularly (x) and along
(z) the optical axis of the objectives. A 1.4NA and 1.0 NA objective, commonly
used in the setup, are measured. Blue dots are the raw data and the red solid line
is a fit with an er f function. The blue solid line is the derivative of the fitted er f
(gaussian function).

nominal NA x z effective NA
1.0 0.298 ± 0.009µm 1.758 ± 0.011µm 0.85
1.4 0.210 ± 0.011µm 0.661 ± 0.009µm 1.28

TABLE 4.1: Spatial resolution of the confocal Brillouin microscope with two dif-
ferent objectives. The error is the standard deviation and the effective NA is calcu-
lated as the value that would theoretically produce the measured axial resolution.
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FIGURE 4.4: Principle of the VIPA. Image from https://en.wikipedia.org/
wiki/File:Modified_Operational_principle_of_VIPA.jpg

4.2.2 Brillouin spectrometer

The spectrometer was designed and built by Dmitry Richter and it is based
on a two-stage VIPA1 configuration reported by Scarcelli and Yun [110].

The measurement of the Brillouin spectrum from biological samples is
challenging because the Brillouin scattering is much weaker than elastic scat-
tering (≳ 6 order of magnitude weaker) and the Brillouin frequency shift is
very small ≲ 10GHz(∼ pm). Therefore the spectrometer needs to have high
resolution and high extinction. The high resolution is achieved by using a
VIPA as a dispersive device and two VIPAs in a cross-axis configuration pro-
vide sufficient extinction. The VIPA is conceptually similar to a Fabry-Pérot
interferometer. They are both based on two parallel (partially) reflecting sur-
faces. When the light is launched inside the device, multiple beams are cre-
ated by the reflection on the two surfaces and they interfere at the exit. De-
pending on the optical path between the surfaces, some specific wavelengths
are constructively interfering while others are destructively interfering, cre-
ating thus a narrowband filter. The distance between two subsequent wave-
lengths that are transmitted is named free spectral range (FSR) and represents
the maximum extension of the spectrum that can be measured unambigu-
ously. In a Fabry-Pérot the two surfaces have the same reflectivity and the
direction of light propagation is perpendicular to the surfaces. Assuming
perfect surface quality, this configuration allows having an arbitrarily large
number of reflections, i.e. arbitrary high spectral resolution. The wavelength
scanning is achieved by changing the distance of the reflecting surfaces (typ-
ically with a piezo). In a VIPA, instead, the back surface is 100% reflective

1VIPA stands for Virtually-Imaged Phase Array

https://en.wikipedia.org/wiki/File:Modified_Operational_principle_of_VIPA.jpg
https://en.wikipedia.org/wiki/File:Modified_Operational_principle_of_VIPA.jpg
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FIGURE 4.5: Optical schematic of the two-stage VIPA spectrometer. FC = fiber
coupler/collimator, CL = cylindrical lens, V = VIPA, Sl = slit, L = lens.

(figure 4.4) with a small AR-coated region, that serves as an entrance win-
dow for the light. The light is focused, through the AR-coated region, on
the front surface (that is partially transmissive) at a small angle, so that the
reflected light hits the 100% reflective part of the back surface, is entirely re-
flected and reaches the back surface again. As shown in figure 4.4, the multi-
ple reflections behave like virtual sources having an exponentially decaying
intensity and a constant phase delay, due to their spatial displacement (hence
the name "Virtually-Imaged Phase Array"). The different configuration of the
VIPA compared to the Fabry-Pérot entails two important advantages for the
VIPA: it has higher throughput and it disperses the light angularly [111]. The
first advantage comes from the fact that the light is fully transmitted, while
in a Fabry-Pérot only one wavelength2 is transmitted and the others are re-
flected. The second advantage is due to the fact that the light is focused,
thus it has a certain angular distribution: light at different angles travels a
different optical path; at the output, each different angle corresponds to con-
structive interference for a different wavelength. The main disadvantage is
a lower spectral resolution since the number of reflections is limited by the
walk-off of the beam.

The optical schematic of the spectrometer is shown in figure 4.5. The Bril-
louin signal is delivered to the spectrometer via a single mode optical fiber
and the output is collimated by a collimator (F220FC-532, Thorlabs) provid-
ing a Gaussian beam with a diameter of 2.1mm (1/e2). A cylindrical lens
(f=200mm) focuses the light on the entrance of the VIPA (OP-6721-3371-2,
Light Machinery) and a second cylindrical lens (f=200mm) generates, in its

2The transmitted bandwidth around the wavelength of constructive interference rep-
resents the spectral resolution. Therefore the higher the spectral resolution the lower the
throughput.
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focal plane, the interference pattern that corresponds to the spectrum. A sin-
gle VIPA can only provide about 30dB extinction [110]. To increase the ex-
tinction, an adjustable slit blocks the strong peaks corresponding to the elas-
tically scattered (Rayleigh) light (that are spatially separated from the Bril-
louin peaks) but their tails might be still more intense than the Brillouin sig-
nal. The second stage disperses the light (composed by the Brillouin signal
and the residual Rayleigh) in the orthogonal direction, further increasing the
extinction by 30dB. It is composed by two plano-convex lenses (f=200mm)
in a 4-f configuration: in one direction they just relay the interference pat-
tern from the first stage to the second slit, while in the orthogonal direction
they act the same way as the cylindrical lenses in the first stage. The sec-
ond slit blocks the peaks corresponding to the Rayleigh light: that does not
increase the extinction of the spectrometer but avoids possible saturation of
the camera (iXon DU897, Andor Technology). A 1:3.33 achromatic matched
pair ( f1 = 30mm, f2 = 100mm) magnifies the pattern for proper sampling on
the camera and introduces a Lyot stop: that is an adjustable iris, positioned
in the Fourier plane, that acts as a low pass spatial filter. The Lyot stop can
further increase the extinction of the spectrometer by up to 20 dB [112]. In
fact the elastically scattered light forms four spots (’laser’ spots in figure 4.6),
two of which are relatively close to the Brillouin peaks for water. Their in-
tensity distribution is a convolution of the spectral pattern of the VIPA with
an Airy function (due to the finite aperture of the lenses) and it thus shows
high frequency components far from the peak. For highly scattering samples,
the high frequency components can be stronger than the Brillouin signal but
they can be effectively suppressed with the Lyot stop.

Once the spectrum is acquired, it needs to be converted from camera pixel
to GHz. The dispersion of the VIPA is known to be non-linear (Appendix
A.1) but the typical Brillouin shift of biological samples is close to the one
of water. Therefore, if a linear relationship is assumed close to the Brillouin
shift of water, the systematic error is small (<0.1%, see appendix A.2). Nam-
ing dmeas the distance of the Stokes and anti-Stokes of water, in pixels, and
ΩH2O = 7.46GHz the Brillouin shift of water, the calibration factor c can be
calculated as

c =
FSR − 2ΩH2O

dmeas
(4.1)

where FSR = 30GHz (from the specs of the VIPA used).
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FIGURE 4.6: Raw output of the spectrometer (without Lyot stop); the signal is
from a plastic cuvette filled with distilled water.
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FIGURE 4.7: Precision histogram obtained by measuring the Brillouin shift of wa-
ter 440 times (8.3 mW on the sample, 180 ms integration time). The data is fitted
with a normal distribution (σ ≈ 9MHz).

When acquiring an unknown spectrum, the Brillouin frequency shift Ω
can be calculated as:

Ω =
FSR − c · dmeas

2
(4.2)

The calibration spectrum from a water cuvette is acquired every 50 spectra
from the sample and the calibration factor for each spectrum is calculated as
the linear interpolation of the c from the preceding and following calibration
spectrum.

4.2.2.1 Spectral precision

The minimum detectable difference in mechanical properties is determined
by the precision in measuring the Brillouin shift. In the assumption that the
Brillouin signal consists only of a single (Stokes and anti-Stokes) peak, the
precision can be determined by measuring multiple times the Brillouin shift
of a water sample (figure 4.7) and calculating the standard deviation of the
measurements. I found a precision of about 9MHz with 8.3mW on the sam-
ple and 180 ms integration time. The values for the optical power on the
sample and integration time are comparable to other VIPA-based confocal
microscopes at 532nm (Table 1 in [46]). Note that the precision is dependent
on the SNR [111], that in turn depends on the total illumination energy3. It is

3The SNR is proportional to the square root of the total illumination energy (i.e. the
number of photons) in shot noise limited conditions
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FIGURE 4.8: Linewidth of the laser measured by the spectrometer, which corre-
sponds to its spectral resolution. The blue dots are the raw data while the red solid
curve is a Lorentzian fit. Due to the periodicity of the VIPA pattern, multiple laser
peaks are visible: in the figure, the two brightest are shown.

thus necessary to always mention the total illumination energy when report-
ing the precision.

4.2.2.2 Spectral resolution

The spectral resolution of the spectrometer can be measured by looking at the
linewidth of the laser. In fact, the intrinsic linewidth of the laser is 1MHz that
is much smaller than the expected resolution of the spectrometer (hundreds
of MHz) and it can thus be considered a δ function.

Figure 4.8 shows the laser peaks fitted with a Lorentzian curve. Multiple
laser peaks are present due to the periodicity of the VIPA pattern but their
intensity is decaying with a gaussian envelope. Therefore I only used the
two brightest peaks for the analysis. Note that the FWHM in pixels is dif-
ferent for the two peaks (20% difference) due to the nonlinearity of the VIPA
(see section A.1). By using the relationship and the coefficients calculated in
section A.2, it is possible to convert the FWHM in GHz and correct for the
nonlinearity. After conversion the two peaks have a FWHM of 538MHz and
550MHz respectively, corresponding to a difference of only 2%. The average
is 544MHz. The ratio between the FSR and the resolution (FWHM) is called
finesse. The maximum achievable finesse is limited by the dimension of the
VIPA and its surface quality. For the VIPA we are using the manufacturer
reported a target finesse of around 64 and I measured a finesse is 55, that is
quite close to the expected value.
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4.2.2.3 Extinction

The extinction (or spectral contrast) is a measure of the weakest intensity
that can be reliably measured close to a bright spectral feature. It is a very
important parameter in Brillouin imaging since the signal of interest (Bril-
louin peaks) is close in frequency and several orders of magnitude weaker
than the elastically scattered light.

The expected extinction of the spectrometer, including the Lyot stop, is
80dB [112], that is much larger than the dynamic range of the camera. In
order to measure it, one needs to acquire different portions of the spectrum
with different optical power and/or camera exposure time and then stitch
them together. I first sent some laser light to the spectrometer, by placing a
mirror in the sample holder of the microscope. The optical power at the input
of the spectrometer (measured with a powermeter) was 12µW. While having
the slits blocking the intense laser light, I acquired one spectrum with the
Lyot filter (100ms exposure time, no EM gain) and one without the Lyot filter
(20ms exposure time, no EM gain). I then opened the slits, attenuated the
laser with a ND filter, so that the input optical power at the spectrometer was
32nW, and acquired a spectrum with 0.2ms exposure time (no EM gain). I
measured the offset intensity of the camera (around 100 counts) from a region
without light and subtracted it from all the acquired images. I reconstructed
the spectra by taking the same line profile for all the images in FIJI [113]
and normalized them by dividing by the product of the optical power times
the exposure time. In order to have a value that is relative to the laser, I
divided all the spectra by the maximum value in the laser spectrum and took
10 times the log10 of the intensity to convert the intensity in dB. I cropped
the two regions with the laser peaks from the spectrum acquired with the slits
opened and plotted them in the same graph with the central region of the two
spectra acquired with the slits closed in order to generate the plot in figure
4.9. I didn’t plot the points in between the two sections because they don’t
merge smoothly (due to additional peaks created by the light diffracted from
the slits) and they do not affect the Brillouin measurement. The measured
extinction ratio is in good agreement with the literature [110, 112] where a
two-stage VIPA spectrometer was shown to provide about 55dB of extinction
and the Lyot stop additional 20dB.
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FIGURE 4.9: Extinction of the Brillouin spectrometer with (blue line) and without
(orange line) the Lyot stop. The dotted lines represent the minimum intensity of
the Brillouin signal that can be detected.

4.2.3 Confocal fluorescence

As mentioned in section 4.1, having a fluorescence confocal microscope co-
aligned with the Brillouin microscope is essential in order to measure tissue-
specific mechanical properties or correlate them to underlying molecular con-
stituents. In fact, fluorescent microscopy is a powerful and very well es-
tablish technique to label and image specific tissues or molecules with high
specificity.

An additional 488nm diode laser is coupled into the same fiber as the Bril-
louin laser and it can be used as excitation for GFP-like fluorophores (figure
4.11 shows an example image of a fibroblast cell labeled with GFP) while
the Brillouin laser at 532nm can be used for the excitation of mCherry-like
fluorophores (see figure 4.10 for the excitation and emission spectra of GFP
and mCherry). Although 2 colors imaging is possible, it is better to avoid
the use of mCherry-like fluorophores: the high intensity of the Brillouin laser
will largely bleach the fluorophore, thus making it not possible to perform
fluorescence imaging after Brillouin imaging and potentially increasing the
photodamage.

A narrowband bandpass filter (LL01-532, Semrock) is used to separate
the emitted fluorescence from the Brillouin signal: when mounting the fil-
ter almost perpendicular to the direction of light propagation, the light at
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FIGURE 4.10: Excitation (dashed line) and emission (filled curve) of GFP (blue)
and mCherry (orange). [Data from https://www.thermofisher.com/order/
fluorescence-spectraviewer]

a bConfocal fluorescence
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FIGURE 4.11: a) Orthogonal projects from a 3D stack of a fibroblast cell; mem-
branes are labeled with CAAX-GFP b) Corresponding Brillouin image from a sin-
gle plane.

https://www.thermofisher.com/order/fluorescence-spectraviewer
https://www.thermofisher.com/order/fluorescence-spectraviewer
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532 ± 4nm (that includes the excitation laser and Brillouin signal) is trans-
mitted while everything else is reflected and can be sent to the photomulti-
plier tube (PMT). Note that the filter can not be placed in the optical path
between the laser and the microscope otherwise it would block the 488 ex-
citation laser. The solution to this issue was to place the filter after the PBS,
right before the fiber coupler that delivers the light to the Brillouin spectrom-
eter (refer to figure 4.2). Under the assumption that the fluorescence light is
completely unpolarised4, only half of it will be reflected by the PBS and be
detected. After the filter, a plano-convex lens (f = 75 mm) focuses the fluo-
rescence light on a pinhole and the transmitted light is detected by the PMT
(PMT1001, Thorlabs). The pinhole size is determined by the diameter of the
Airy disk, given by 2.44 f λ

d where λ is the wavelength, f the focal lens of the
lens focusing the light on the pinhole and d is the beam diameter before the
lens. Assuming a beam diameter of 1.8mm (the actual beam diameter de-
pends on the objective) and a wavelength of 510nm (peak emission of GFP)
the diameter of the Airy disk is 52µm. The pinhole size was chosen to be
40µm, corresponding to ∼0.8 Airy units.

In a commercial fluorescence confocal microscope, typically a pair of gal-
vanometric mirrors are used to scan the focal spot in the sample in a step-
wise manner; in this configuration, the fluorescence signal from a single point
is collected over a certain (settable) time before moving to the next point.
The same strategy could be used when scanning the sample but that would
substantially increase the dead time between pixels, during the acceleration
and deceleration phase: galvanometric scanners are designed to have a very
small mechanical inertia while that is not the case for the stage and sample.
Furthermore, each acceleration/deceleration phase can cause some drift of
the sample, when it is not strongly attached to the dish. A possible solution
is to move the stage continuously when acquiring a line; in that way, the
acceleration (deceleration) is only at the beginning (end) of the scan and it
can be made smaller without significantly increasing the dead time. When
acquiring a 3D volume the axis along the longest dimension of the volume
is set as the one moving continuously (termed "fast axis") and the other two
(termed "slow axis") are moving in a step-wise fashion (see figure 4.12). The
controller of the piezo stage is programmed to output the current position
of the fast axis in one channel and the "on target" signal on another. The
"on target" signal is a digital signal that is high when the stage is being held
at the set position and low when the stage is moving. Thus its falling edge

4That is true if the fluorophore is in a random orientation in the sample.
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FIGURE 4.12: Time diagram of the confocal fluorescence acquisition.

signals the start of the movement and can be used to trigger the acquisition
from the PMT. The synchronization of the slow axis with the fast axis and
the image reconstruction is done via the self-written LabVIEW software. A
DAQ card (PCIe-6323, National Instruments) is used to sample the signal
from the PMT and the position of the fast axis. Data is acquired at the max-
imum sampling rate allowed by the DAQ (125kS/s, that is one sample each
∆t = 8µs). The speed of the fast axis is chosen so that N points (N = 25,
typically) are averaged to get the signal from a single pixel; e.g. with a pixel
size of ∆L = 0.25µm and N = 25 averages per pixel the speed of the stage is
∆L

N∆t = 1.25 mm s−1. The position of the fast axis is sampled in parallel with
the PMT signal and it is used to assign the fluorescence signal to the corre-
sponding spatial position during the image reconstruction and to correct for
non-linearity of the stage position vs. time (especially in the acceleration and
deceleration phase).

4.2.4 Graphical User Interface

The Graphical User Interface (GUI) of the LabVIEW software that controls
the microscope plays an essential role in facilitating the use of the micro-
scope. Indeed, in light of the goal of establishing the technique mentioned
in section 4.1, an accessible software interface reduces the time necessary to
learn how to use the microscope independently, thus making it possible for
more people to use it and explore different biological questions and samples.
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FIGURE 4.13: Graphical interface of the LabVIEW program that I wrote for con-
trolling the confocal Brillouin microscope. The brightfield (or fluorescence) image
of the sample can be used to select in real-time the ROI (red box), while moving
the motorized stage (green arrows) and adjusting the focus (mouse wheel).

Specifically, the following features make the acquisition more intuitive and
less time consuming for the user:

• The area to be imaged can be visualized and selected from the bright-
field or epifluorescence image of the sample (see figure 4.13). Arbitrary
polygonal areas are possible in addition to rectangular areas.

• Image reconstruction (fitting of the Brillouin peaks and assignment of
the pixels) is done in real-time (see figure 4.14) and provides instanta-
neous feedback to the user (especially useful for long acquisitions).

• Automatic acquisition of multiple ROIs with a customizable schedule
and using multiple modalities (Brillouin, brightfield, epifluorescence,
confocal fluorescence); designed by me and Tim Dullweber and written
mainly by Tim.
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FIGURE 4.14: Sub-VI that is controlling the Brillouin acquisition. The recon-
structed Brillouin image is shown in real-time (providing instantaneous feedback
to the experimenter) together with the raw camera image from the spectrometer,
the fitted spectrum (to assess the signal quality) and the calibration from the water
cuvette (to monitor the drift of the laser).
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4.3 Biological projects

As already mentioned in section 4.1, the main goal of this part of my PhD
project was to apply Brillouin microscopy to address biological questions. In
the next sections, I will present two main biological projects in which I was
involved and which led to a scientific publication. I will also briefly present
other projects that took advantage of the confocal Brillouin microscope and
in which I was involved, though to a lesser extent. Some of these are still
ongoing.

4.3.1 Imaging sub-micron extra-cellular matrix in zebrafish

notochord

In this section I will briefly present the work done by me and Héctor Sánchez-
Iranzo on the analysis of the extra-cellular matrix (ECM) surrounding the
notochord in zebrafish using Brillouin microscopy. Sample preparation and
acquisition was done by Héctor Sánchez-Iranzo. Both me and Héctor worked
on analyzing the data. The findings I am presenting here are published in
Biomedical Optics Express [36].

The extra-cellular matrix (ECM), together with the cytoskeleton, is one
of the main components that determines the mechanical properties of bio-
logical tissues. As mentioned in section 1.1, mechanical properties play an
important role in certain developmental processes; this is likely the case for
zebrafish notochord. The notochord is one of the anatomical features that
define animals in the phylum Chordata and provides structural support to
the developing zebrafish embryo [114]. Figure 4.15 shows a schematic of the
zebrafish notochord at 3 days post fertilization (dpf). It has the shape of an
almost perfect cylinder (figure 4.15c) and it is composed of two cell types:
sheath cells and vacuolated cells. Most of the volume of the vacuolated cells
is occupied by a vacuole, which contains fluid under high hydrostatic pres-
sure, while the sheath cells are epithelial cells that surround the vacuolated
cells and form the "wall" of the cylinder. They secrete the ECM from their
basal surface. The ECM is likely to play a crucial role in withstanding the
high pressure generated by the vacuoles and to provide structural integrity
to the notochord. In fact, inhibition of collagen crosslinking shows a dis-
torted notochord as a phenotype [115]. However, the direct measurement of
the mechanical properties of the ECM in-vivo is not possible with the stan-
dard techniques (see section 1.2) because it is a thin layer embedded in a
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FIGURE 4.15: Characterization of the zebrafish notochord at 3 days post fertiliza-
tion (dpf). Panel a shows a schematic of the notochord both in a lateral (top) and
cross section (bottom) view. Panels b-d show microscopy data from a transgenic
fish in which sheath cells are labeled with GFP and vacuolated cells are labeled
with mCherry. Panel b is a brightfield image with overlapping GFP signal (sheath
cells) while panels c and d are maximum projections from fluorescence confocal
images. Scale bars, 500 µm in (b), 20 µm in (c and d). The figure was prepared by
Héctor Sánchez-Iranzo and published in Bevilacqua et al. [36].

different tissue. When we imaged a zebrafish at 3dpf (figure 4.16) we ob-
served a line of high Brillouin shift running along the notochord that could
potentially be originated from the ECM. The confocal fluorescent imaging
confirmed that the high Brillouin shift is next to the sheath cells (figure 4.16a)
that secrete the ECM. A closer look at the Brillouin spectra collected along the
ECM layer (figure 4.17a) showed that they can be decomposed into the sum
of two Lorentzian peaks (blue and orange curves). The peak having a high
Brillouin shift is only present in a thin region (less than 1µm) (figure 4.17b),
it can thus be assigned to the ECM. But the other peak also shows a different
Brillouin shift in the ECM region (figure 4.17c). Therefore, we interpreted the
two peaks as being generated by two acoustic modes (bulk and parallel-to-
surface) within the ECM as was shown in isolated collagen fibers [116]. Ad-
ditionally, by plotting the ratio between the area of the high-shift peak and
the total area under the Brillouin spectrum (figure 4.17d-e) we could deter-
mine the thickness of the ECM layer: after deconvolving the curves in figure
4.17e (using an independent measurement of the PSF, see table 4.1) we found
a thickness of 488 ± 72nm, in very good agreement with EM measurements
(390 ± 58nm) [36].

In conclusion, with a careful spectral analysis, we could determine both
the mechanical properties and the thickness of a thin (less than 500nm) ECM
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FIGURE 4.16: Brillouin imaging of a 3dpf zebrafish notochord. Panel a shows the
fluorescence image of the sheath cells and panel b shows the Brillouin shift map
in the corresponding region. Note that the different tissues can be clearly dis-
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becomes more visible when acquiring an oversampled image with a step size of
0.1µm (c-d). (d=dorsal, v=ventral). Figure adapted from [36].
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FIGURE 4.17: Analysis of thin ECM layer in vivo. The spectra along the ECM are
composed by a double Lorentzian peak (a). When plotting the Brillouin shift of
the two peaks separately, the high-shift peak is present only in the ECM (b) while
the low-shift peak is still clearly distinguishable from the surrounding tissue (c).
The ratio between the amplitude of the two peaks (d-e) allows quantifying the
thickness of the ECM. The scalebars in b-d are 1µm. Figure adapted from [36].



4.3. Biological projects 57

layer in the notochord of a living zebrafish. Having access to this informa-
tion, in vivo, could potentially help in studying the process of notochord
formation and what role the ECM plays. Specifically, measuring the mechan-
ical properties of the ECM over time and space and performing perturbation
experiments on sheath and vacuolar activity can help inform how the perfect
cylindrical shape is achieved. From there a more general understanding of
tube morphogenesis and the role that mechanical anisotropies have in this
process could be gained.

4.3.2 Mechanical mapping of mammalian follicle develop-

ment

In this section I will present the work on the mechanical mapping of follicle
development in mice, that was published in Communications biology [39]. The
sample preparation, data acquisition were done by Chii Jou (Joe) Chan and
we worked together on the data analysis and interpretation.

The proper development of follicles is essential for the production of ma-
ture oocytes, thus having important implications in fertility. A schematic of
the process is shown in figure 4.18: initially, the follicles are in the primor-
dial state and, after activation, they transition to the primary state, charac-
terized by a change in the shape and proliferation of somatic cells; then to
the secondary state, where the somatic cells rearrange into several layers and
an additional outer layer of cells (theca) is formed; the antral stage follows,
where some fluid pockets start to emerge until the follicle is mature and the
oocyte can be released (ovulation). Recently it has been shown that mechani-
cal stress plays a role in maintaining oocytes dormant in the primordial state
[117], suggesting that mechanical properties have a role in the follicle devel-
opment. Another study reported mechanical differences within the ovary
[118], but they had to bisect the ovaries, which might alter their mechanical
properties. Brillouin microscopy can instead provide a mechanical map of
the follicles within the intact ovary.

In the manuscript, we reported both the Brillouin shift and the Brillouin
loss tangent (BLT), that can be interpreted as a measure of the micro-viscosity
(see section 2.5). The BLT has the advantage of being independent of the local
optical properties (refractive index) and density of the sample, that might be
the driving factor in the observed changes of the Brillouin shift in a complex
tissue such as the ovary. Previous studies [35, 38] have reported the BLT with
the aim of decoupling the material properties (refractive index and density)
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FIGURE 4.18: Schematic of the developmental cycle of follicles during mouse fol-
liculogenesis. A follicle consists of the oocyte (pink) with its nucleus (blue), sur-
rounded by the somatic cells (orange) and theca cells (gray). The oocyte grows
in size during the transition to the secondary follicle stage, followed by the emer-
gence of a fluid-filled lumen (blue) in the antral follicle stage. The oocyte is even-
tually released during ovulation, and upon fertilization undergoes embryo devel-
opment. The interstitial tissues of the ovaries comprise stromal cells, extracellular
matrix, and vasculature. Figure taken from [39] and made by Chii Jou Chan.

from the mechanical properties or determining the contribution of bound
water to the measured mechanical properties [40].

Here I will summarise our main findings, following the same structure as
in [39]:

The ovary exhibits regional differences in tissue mechanical properties When
comparing the cortex, where the primordial follicles reside, with the in-
terior part of the tissue in P7 and P14 ovaries (figure 4.19), we observed
a higher BLT in the latter. This might suggest that the mechanical prop-
erties play a role in the positioning of the follicle within the ovary.

Mechanical compartments emerge during follicle maturation When looking
at follicles from the preantral to the mature antral stage we found that
an outer shell (consistent with the layer of theca cells) with increasingly
higher BLT (figure 4.20a) starts to emerge. We then looked at the av-
erage BLT of oocytes from the primordial to antral stage (figure 4.20b)
and observed a significantly higher BLT of the oocytes in primordial
follicles compared to secondary and antral.
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FIGURE 4.19: Maps of Brillouin shift and the corresponding BLT for a P7 ovarian
cortex and the inner tissue (a). Both images were obtained from the same ovary.
Primordial follicles (PrF) and primary follicles (PF) reside primarily in the cortex
while the secondary follicles (SF) tend to be found in the inner part of the ovary,
which shows a higher interstitial BLT. Maps of Brillouin shift and BLT for a P14
ovarian cortex and the inner tissue (b). Similar to P7 ovaries, higher BLT is as-
sociated with the inner tissue of the ovaries, compared to the cortex. Scale bar =
40µm. Figure taken from [39] and made by Chii Jou Chan.

a bBLT of Theca vs. somatic cells Oocyte BLT

FIGURE 4.20: Boxplot of BLT for the outer theca cells versus the inner somatic
cell layer of follicles at various stages of development (a). Each data point corre-
sponds to the average signal of somatic or theca cells in one follicle. Boxplot of
BLT for oocytes at various stages of follicle development (b). Each data point cor-
responds to the average signal of one oocyte. N=35, 45, 45, 21 for E17.5 germ
cells and oocytes from primordial, secondary, and antral follicle stage, respec-
tively. ***P<0.001. Figure adapted from [39]; plots made by Chii Jou Chan.
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FIGURE 4.21: Top row: Brillouin shift of a P14 ovary when treated with CTK,
which digests collagen matrix. CTK leads to a clear increase in the interstitial
space (blue) between the primordial follicles at the cortex. Bottom row: Corre-
sponding BLT maps. Scale bar = 40µm. Figure taken from [39] and made by Chii
Jou Chan.

Higher BLT correlates with interstitial ECM deposition Second harmonic gen-
eration (SHG) showed the presence of interstitial collagen in the P14
and P21 ovaries; to check whether the collagen is contributing to the
BLT signal, Joe treated P14 ovaries with CTK, a drug that digests the
ECM. Following the treatment, a decrease in the interstitial BLT signal
can be observed (figure 4.21).

In conclusion, our work showed, for the first time, a mechanical map of
mammalian ovaries with subcellular resolution, over time. This study is a
starting point to further investigate the role of mechanical properties during
follicle development.

4.3.3 Other projects

As I already mentioned in section 4.1, I developed the confocal Brillouin mi-
croscope with the aim of making it more readily available to biologists; in-
deed the microscope was used by several collaborators. My main contribu-
tion was to provide technical support with the microscope, discuss the best
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choice of objective lens and sample mounting strategies and implement new
features in the LabVIEW software that might be beneficial for the specific
project. I will briefly present the projects that lead to some interesting find-
ings or are still ongoing.

Geisler et al. [64] employed the confocal Brillouin microscope to comple-
ment their study on the role of intermediate filaments in endotube morpho-
genesis and function in the intestine of c. elegans. They found that interme-
diate filaments are positioned between the stiff brush border and soft cyto-
plasm and could thus serve as a mechanical buffer between the two differ-
ent regions and accommodate the deformations and movement of the lumen
during food intake.

Júlia Garcia Baucells and Marketa Schmidt Cernohorska from the Dammer-
mann lab at the University of Vienna are looking at the mechanical properties
of centrosomes in human cell lines and c. elegans embryos. Theresa Schlamp
from the Greb lab at the university of Heidelberg is studying the difference
in mechanical properties of shoot apical meristem in arabidopsis upon drug
treatments or in mutants that have an effect on the cell wall.

Grégoire Lemahieu from the Cavalcanti-Adam lab at the Max Planck in-
stitute for medical research in Heidelberg is characterizing the mechanical
properties of self-made alginate spheres to determine their homogeneity and
the mechanical properties of cells growing inside them.

Muzamil Majid Khan from the Pepperkok team at EMBL in Heidelberg is
studying the effect of fibrosis on the mechanical properties of ex vivo mouse
lung tissue.

4.4 Limitations

Despite the great potential and advantages of a confocal Brillouin microscope
highlighted in this chapter, some biological samples or processes cannot be
imaged with it. In fact, the acquisition time for a single point is on the order
of 100ms, limited by the very weak Brillouin signal. As an example, imaging
a volume of 100µmx100µmx100µm (e.g. a mouse embryo) with such an ac-
quisition time and a step size of 2µm takes around 200 minutes. During such
a long time the sample can develop or move. One could increase the opti-
cal power of the incident laser to reduce the acquisition time, but this will
increase the photodamage to the sample and, in any case the lowest acquisi-
tion time is limited by the readout time of the camera. Thus, to improve the
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speed and reducephotodamage a different approach must be taken. In the
next chapter, I will present our work in that direction.
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Chapter 5

Line-scanning Brillouin
microscope (LSBM)

In this chapter, I will describe the work presented in Bevilacqua et al. [65],
currently under review. The microscope was designed by me and Robert
Prevedel and built and characterized by me. The contribution of the other
authors is acknowledged in the corresponding sections.

5.1 Motivation

As mentioned in section 4.4, confocal Brillouin microscopy is affected by rel-
atively slow acquisition time and potential photodamage. When looking at
living biological samples, these limitations might preclude the investigation
of certain processes. For example, gastrulation in Drosophila is a develop-
mental process in which mechanical properties are believed to play a fun-
damental role, but their measurement is quite challenging because the cells
involved are changing their shape and moving fast (i.e. in about 20 minutes
they invaginate and form a furrow). Regarding the possible photodamage,
mouse embryos are an established model to study mammalian development
and it would thus be insightful to study their mechanical properties during
development (i.e. following the same embryo over time) without impairing
their viability but they are notoriously light sensitivity.

Confocal fluorescence microscopy is also affected, to a certain extent, by
long acquisition time and potential photodamage of the sample. Lightsheet
fluorescence microscopy improves both aspects [120]: millions of points1 are
acquired in parallel leading to very large multiplexing (figure 5.1a), thus a
tremendous increase in the acquisition speed and the sample is only illumi-
nated in the volume that is being imaged - hence the name "Selective Plane

1A camera can typically have 1000x1000 pixels forming its sensor.
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a

b
confocal

line-scanning

camera

FIGURE 5.1: a) Principle of lightsheet fluorescence microscopy: a whole plane in
the sample is illuminated and imaged on the camera, leading to large multiplex-
ing (a camera can typically have more than 1 million pixels). Figure adapted from
[119]. b) In confocal microscopy the illuminated volume is much larger than the
imaged volume, thus increasing the portion of the tissue that is potentially af-
fected by photodamage; in contrast in line-scanning microscopy only the imaged
region is illuminated.
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FIGURE 5.2: Principle of multiplexing for Brillouin imaging. The Brillouin signal
coming from a line on the sample is spectrally dispersed by a VIPA. On the camera
one dimension carries the spectral information while the other retains the spatial
information.

Illumination Microscopy" (SPIM) - thus restricting the potential photodam-
age (figure 5.1b).

The question is whether we can use a similar strategy in Brillouin mi-
croscopy. In the next section, I will answer that question and present the
related challenges.

5.2 Design principles and challenges

In Brillouin microscopy, one needs to collect a spectrum from each point in
the sample. When using a 2D sensor (camera), one dimension needs to be
used for the spectral information and only one spatial dimension is left (fig-
ure 5.2). Therefore only one line can be acquired in a single camera frame (in-
stead of a whole plane in the case of lightsheet fluorescence microscopy) but
that can still lead to large multiplexing (>100 folds). In 2016, Zhang et al. [121]
demonstrated that it is indeed possible to use a single VIPA to disperse the
light spectrally in one direction while still retaining the spatial information
in the other. However, their work was a proof of principle in non-biological
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samples with low resolution and no sufficient suppression of elastically scat-
tered light. To apply this approach for imaging living biological samples at a
subcellular level, there are several issues to be addressed:

• The sample must be mounted in physiological conditions to keep it
alive and enable to study of its development.

• The axial spatial resolution should be around 2µm, i.e. the maximum
achievable spatial resolution for the mechanical properties (see section
2.4). The FOV should be around 200µm to target developing embryos
(see section 5.5).

• The wavelength needs to be chosen to reduce potential photodamage.

• The suppression of elastically scattered light needs to be better than
60dB.

To overcome all these challenges and enable to visualize mechanics in 3D
and over time in sensitive, developing organisms, we engineered a new mi-
croscope (LSBM) which addresses these points, as described in the following
sub-sections.

5.2.1 Physiological mounting of the sample

Regarding the physiological mounting of the sample, we employed an in-
verted SPIM configuration [122]. In our design two identical water immer-
sion objectives (MRD07420, Nikon, 40x, 0.8NA) are mounted at 90° (figure
5.3) in a chamber containing the immersion liquid (figure 5.6a). The objec-
tives have a working distance of 3.5mm, leaving sufficient space for mount-
ing the sample. The sample is mounted on a chamber that can be scanned in
3D and it is separated from the immersion liquid by a Fluorinated Ethylene
Propylene (FEP) foil (figure 5.3). FEP has a refractive index similar to water,
thus reducing optical aberrations. The temperature and CO2 in the envi-
ronment close to the sample can be controlled (see section 5.3.1.1 for more
details) to ensure physiological conditions.

5.2.2 Multiplexing with high spatial resolution

The objectives were chosen so that they can mechanically fit in the 90° con-
figuration while still providing sufficient space for the sample and high res-
olution. Indeed their NA (0.8) provides a (theoretical) lateral resolution of
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FEP foil

Scanning

Sample

FIGURE 5.3: Schematic of the inverted SPIM configuration. Two identical water
immersion objectives (0.8NA, 40x, WD=3.5mm) are used for illumination and de-
tection respectively. The sample is mounted on a chamber that can be scanned
in 3D and it is separated from the immersion liquid by a Fluorinated Ethylene
Propylene (FEP) foil.

about 0.5 µm (FWHM) and axial resolution of about 2.6 µm (FWHM), that
is consistent with the target resolution of ≲2 µm. The high NA poses addi-
tional challenges in the design of the spectrometer for multiplexing, that will
be covered in section 5.3.3.

5.2.3 Reduction of the photodamage

The potential photodamage can further be reduced by moving the Brillouin
laser towards longer wavelengths (IR); this comes at the cost of a lower signal
(Brillouin cross-section is proportional to λ−4, see section 2.1) but, at these
wavelengths, the illumination energy can be increased while still retaining
the photodamage advantage. In fact, Nikolić and Scarcelli [109] showed that
cells are about 80 times less susceptible to laser light at 660 nm compared
to 532nm, while the Brillouin signal is only about 2.4 times lower, giving a
speed advantage of 34x; at 780nm we expect even lower photodamage be-
cause it is more towards the IR and the absorption coefficient of water is still
<10 m−1. The use of IR light has the additional advantage of not overlap-
ping with excitation spectra of fluorophores commonly used in biology, thus
leaving more freedom in the choice of the fluorescent labels and preventing
photobleaching during Brillouin imaging.

5.2.4 Suppression of elastically scattered light

Biological samples have an heterogeneous distribution of refractive index
that causes elastic scattering of the light. Even in transparent samples it can
be much stronger than the Brillouin signal. Therefore, for the typical samples
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we are interested in, a suppression of at least 60dB of the elastically scattered
light is necessary. To that aim a good candidate for the laser wavelength
is 780nm because it corresponds to one absorption line of atomic Rubidium
(Rb). A glass cell containing Rb vapor can be used as a highly selective notch
filter that absorbs the elastically scattered light while not affecting the Bril-
louin signal [30]. Such a filter can provide up to almost 80dB suppression of
the elastically scattered light (see section 5.3.3.1 for more details). In order for
the filter to work, the laser wavelength needs to match the peak absorption
of Rb, within 0.1pm. That is achievable by using a tunable laser that is locked
to the peak of absorption via a feedback loop.

5.2.5 Spectral purity of the laser

There are commercially available solutions that already implement the stabi-
lization to an external gas cell but they are based on laser diodes that have
high Amplified Spontaneous Emission (ASE). The ASE compromises the spec-
tral purity of the laser and needs to be filtered not to overwhelm the weak
Brillouin signal. That requires an additional custom build filter (detailed in
section 5.3.2.1) which I designed and built.

5.2.6 Refractive index heterogeneity in the sample

Typically a (transparent) biological sample has a refractive index that is dif-
ferent from the surrounding medium and heterogeneous within the sample.
Light is refracted every time it encounters an interface between different re-
fractive indices and, in lightsheet fluorescence microscopy, this causes de-
terioration of the optical resolution due to displacement of the illumination
sheet out of the focal plane of the detection objective [123]. In Brillouin mi-
croscopy, refraction affects also the measured Brillouin shift Ω. In fact, Ω
depends on the angle between the illumination and detection direction – i.e.
the scattering angle θ – (equation 2.3) and its value is different at each point
of the sample due to refraction of both the illumination light and the detected
signal (figure 5.4). Thus, the measured Ω contains information on both the
speed of sound and the scattering angle θ, that can not be easily decoupled.
A possible solution is to determine θ by simulating refraction on the mea-
sured 3D refractive index map of the sample. The refractive index in thin
transparent samples can be measured using holographic techniques [124],
while in thicker samples it can be inferred from multiple intensity images at
the expense of a larger computational time [125]. These techniques need to
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FIGURE 5.4: The difference in refractive index between the sample ns and the
surrounding medium nm causes refraction of both the illumination and detected
light, effectively changing the scattering angle θ.

be implemented on the same microscope used for Brillouin imaging because
the alignment of the volumes measured in the two modalities is crucial for
the correction to work. Therefore, this strategy would require major changes
in the optical setup and data processing. We thus decided to leave this strat-
egy for a future upgraded version of the microscope and we used a different
strategy in the current version of the microscope that, despite some disad-
vantages, proved to be very effective. The strategy comes from the consid-
eration that refraction does not produce a change in the scattering angle in
the epidetection configuration. In fact, the detected signal follows the same
optical path as the illumination light and, even if refraction may change its
direction with respect to the optical axis, the angle between the two is always
180°. By placing a cylindrical lens before the objective, light can be focused
on a line (lying in the focal plane of the objective, along the x direction in fig-
ure 5.5). We named this modality Epidetection Line-scanning Brillouin mi-
croscope (E-LSBM) in contrast with the Orthogonal Line-scanning Brillouin
microscope (O-LSBM) (figure 5.5). E-LSBM has some disadvantages com-
pared to O-LSBM, namely poorer z resolution (see section 5.3.3.2) and loss
of the photodamage advantage due to the missing optical sectioning on the
illumination but retains the speed improvement. The severity of refraction
depends on the refractive index of the sample and its geometry: for some
sample the O-LSBM modality can still provide reliable information without
the need of correcting for refraction. Therefore, we designed the microscope
so that the two modalities can easily be exchanged, depending on the sample.
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FIGURE 5.5: Comparison of orthogonal (O-LSBM) and epiline (E-LSBM) line-
scanning Brillouin microscope modalities. In O-LSBM the illumination (ki) and
detection (ks) directions form an angle of 90° while in E-LSBM they are paral-
lel. Red color is used in all the subsequent figures when referring to the O-LSBM
modality while blue for the E-LSBM modality. Figure adapted from [65].

5.3 Setup description and characterisation

5.3.1 Microscope body

Figure 5.6 shows a rendering of the microscope body that was designed by
Ling Wang using SolidWorks and the mechanical parts were produced by
the EMBL mechanical workshop. The whole microscope body is built on a
single vertical metal plate to increase mechanical stability. Each objective is
fixed in the immersion chamber by means of a conical ring at the bottom
of the chamber. By design, the optical axis of one objective lies on the focal
plane of the other to within 100µm and the fine adjustment of the focus is
done optically (see section 5.3.2). The light is delivered/collected through
two holes at the back of the plate. Two mirrors redirect light so that a hori-
zontal beam perpendicular to the plate is aligned with the optical axis of the
objectives after reflection. A single mirror could be used instead but in that
case the image of the line formed after the objective would not be parallel or
perpendicular to the optical table, making the alignment of the spectrometer
more challenging.

The sample is mounted in a separate chamber, fixed to 3 one-axis trans-
lational stages (SLC-2430, SmarAct) that can move it over 16mm in all di-
rections with a resolution of 50nm. The movement axes of the translational
stages are aligned to the x, y and z axes in figure 5.5 to provide intuitive scan-
ning of the sample with respect to the optical axis of the detection objective.
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FIGURE 5.6: a) Mechanical design of the microscope body. The light is delivered
to each objective by means of two mirrors that rotate the image of the line so that
it is vertical with respect to the optical table. The objectives are mounted in an im-
mersion chamber filled with water. The sample is mounted in a separate chamber
(not shown in the figure) that is connected to a 3D stage for scanning the sample.
A 3D printed plastic cover forms the incubation chamber for environmental con-
trol. b) zoom in on the immersion chamber, containing the heating element for
temperature control. Figure adapted from [65].

5.3.1.1 Environment control

Inside the immersion chamber, there is a metal foil on which a temperature
sensor and some resistors are mounted. They are connected to a temperature
controller that can keep the temperature to a specific value via a feedback
loop. The immersion chamber is covered with a 3D-printed plastic housing.
A hole on the side of the chamber allows a premixed gas to be injected inside.
The gas is prepared by a custom-built mixer that can mix compressed air with
CO2 from the pipes system at EMBL in a settable ratio. The temperature con-
trol and gas mixer were built by Christian Kieser from the EMBL electronic
workshop. I calibrated the gas mixer by temporarily inserting a CO2 sensor
in the chamber and adjusting the ratio so that the CO2 concentration inside
the chamber is 5%.

5.3.2 Brillouin illumination and detection

The following text is adapted from the method section of Bevilacqua et al.
[65] and it was written by myself. Figure 5.7 shows an optical schematic of
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FIGURE 5.7: Optical schematic of the LSBM microscope. Figure adapted from [65].

the microscope. The laser is an amplified tunable diode laser (TA pro, Top-
tica) locked to the D2, F=2 absorption line of Rb87 (780.24nm). This allows
a Rb cell to be used as an ultra-narrowband notch filter (section 5.3.3.1). To
further clean up the laser’s spectrum from ASE noise, we designed a custom-
built narrowband double-pass optical filter (see section 5.3.2.1). After the
filter, the light is coupled into a polarization-maintaining (PM) fiber and de-
livered to the main microscope. Here, a collimator (LPC-OT-780-5/125-P-
3-16AC-40-3A, OZ Optics) produces a collimated beam with a diameter of
2.77mm (1/e2, theoretical), that corresponds to a focused beam of 1.79µm
(1/e2, theoretical) after the objective. The beam then passes through an elec-
trically tunable lens (ETL) (EL-10-30, Optotune) coupled with a negative off-
set lens (LC1258-B, Thorlabs). This allows axial scanning of the focus position
after the objective (see section 5.3.2.2). After the tunable lens, a flip mirror al-
lows to switch between the epi-line and orthogonal-line illumination: the
separate optical path for the epi-line illumination consists of a f=40mm lens
(LA1422-B, Thorlabs), that collimates the light out of a PM fiber (P3-780PM-
FC-2, Thorlabs), providing a beam of diameter 8.7mm (1/e2, theoretical) (fill-
ing the back focal aperture of the objective, which is 8mm); a f=200mm cylin-
drical lens (LJ1653RM-B, Thorlabs) generates the focused line in the focal
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plane of the objective with an extension of about 185µm (1/e2) (see section
5.3.2.3). A half waveplate (WPH05M-780, Thorlabs) is used to rotate the lin-
ear polarization of the illumination light to match the required direction for
the two geometries. Two mirrors, conjugated to the back and the front focal
plane of the objective (by means of two 200m lenses: #33-362 and #49-364, Ed-
mund), respectively, allow for fine position and angle adjustment of the beam
inside the sample in order to aid in the alignment between the illumination
and detection objectives. For the epi-line Brillouin geometry (E-LSBM), a po-
larizing beam splitter (PBS) (BPB-12.7SF2-R400-800, Lambda), mounted on a
magnetic base for switching between the two modalities, followed by quarter
waveplate (WPRM-25.4-12.7CQ-M-4-780, Lambda) reflects the light towards
one of the two objectives; the Brillouin signal is collected by the same objec-
tive and transmitted by the PBS towards the spectrometer (the polarization
is rotated by 90° due to double pass at the quarter waveplate). A polariser is
added before the other objective (used for SPIM excitation, details in section
5.3.4) which is required to block the backward-scattered un-polarised fluo-
rescence light that would otherwise be reflected by the PBS and generate a
bright line at the center on the FOV of the SPIM camera.

5.3.2.1 ASE filter

The detection of Brillouin signal from biological samples poses very strict re-
quirements on the spectral purity of the laser. In fact, one needs to detect
a signal that can be 6 orders of magnitude (60dB) weaker than the scattered
laser light and very close in wavelength (about 10pm). As already mentioned
in section 5.2, the laser’s spectrum shows a floor (that is about 50dB below the
laser intensity) due to Amplified Spontaneous Emission (ASE). It might seem
that 50dB is not far from the required purity of 60dB but one needs to con-
sider that the ASE extends over several nm, while the FSR of the spectrom-
eter is around 30pm. Therefore the total ASE is effectively integrated, lead-
ing to a much larger background within the measurement range. To reduce
the background to a level that would allow imaging of biological samples, I
built a filter, whose optical schematic is shown in figure 5.8a. The filter con-
tains a holographic diffraction grating (NoiseBlock, Coherent) that is specifi-
cally designed to filter ASE in Raman spectroscopy. Unfortunately, its band-
width is around 0.5nm, still much larger than the separation between the
Brillouin signal and the laser (0.01nm). An additional piezo-tunable Fabry-
Perot (FP) (FSR 15GHz, Finesse ~60, LightMachinery) further suppresses the
ASE within a bandwidth of about 0.5pm. The FSR of the FP is matching
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FIGURE 5.8: Characterisation and filtering of Amplified Spontaneous Emission
(ASE) (a) Optical layout of the double-pass ASE filter employed. To stabilize the
Fabry-Perot (FP) based filter over a long time a feedback loop is realized via a
photodiode, custom-written Arduino software and piezo that adjusts the FP mir-
ror spacing. (b) Optical setup used to measure the ASE (c,d) Plots of ASE spec-
trum with and without filter few nm (c) and few GHz (d) away from the laser line.
The filter suppresses the total ASE (integrated over the whole measured range) by
more than 40dB. Figure taken from [65].
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the FSR of the spectrometer: in this way the residual ASE, transmitted by
higher orders of the FP, will be mapped in the same position as the laser by
the spectrometer, not overlapping with the Brillouin signal. To further im-
prove its suppression, the filter is designed in a double pass configuration:
the polarisation of the input light is adjusted to be transmitted by a Polarising
Beam Splitter (PBS), it then goes through the FP and is diffracted by the holo-
graphic grating. The diffracted light goes through a quarter waveplate and it
is back-reflected by a mirror. After the quarter waveplate, the polarisation is
orthogonal with respect to the original one, thus the light is reflected by the
PBS, after traveling the inverse optical path through the holographic grating
and the FP. The orthogonal polarisation also ensures that there is no interac-
tion between the light propagating in opposite directions inside the FP. After
the PBS a beam sampler reflects 5% of the light to a photodiode. The signal of
the photodiode is fed into an Arduino board. The Arduino board can output
a voltage to control the FP mirror spacing through a piezo. A self-written
code maximizes the intensity detected by the photodiode to correct for long
term drift of the FP cavity with respect to the laser wavelength.

5.8b shows the setup that I built to measure the suppression of the ASE:
the combination of a VIPA and diffraction grating allows to measure the spec-
trum over several nm (figure 5.8c), while still having a sub-GHz resolution
(figure 5.8d). A Rb cell absorbs the intense laser light (see section 5.3.3.1 for
more details) and makes it possible to achieve the required dynamic range.
The measurement shows a suppression of the ASE in spectral region relevant
for Brillouin imaging (-6GHz to 6 GHz) down to about -90dB with respect to
the laser line.

5.3.2.2 Maximizing axial resolution in O-LSBM

It is well known that in optics there is a trade-off between the spot size and
depth of field: one needs to increase the NA to reduce the spot size (propor-
tional to NA−1) but increasing the NA largely decreases the depth of field
(proportional to NA−2). In the O-LSBM configuration, the illumination line
needs to have an extension of about 200µm and a thickness of about 1.5µm
but this is not possible to achieve with a static beam (figure 5.9a-b). This lim-
itation can be overcome by scanning a tightly focused Gaussian beam (figure
5.9c-d). A tunable lens achieves this by generating a diverging (converg-
ing) beam before the objective that causes the focus spot to move far from
(towards) the objective. The tunable lens should be placed in a plane conju-
gated to the back focal aperture (BFA) of the objective to minimize clipping
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of the beam when it diverges. In our case, the actual conjugated plane is not
accessible because it is occupied by the mirror used for alignment (see section
5.3.2). Thus, I placed the tunable lens as close as possible to the mirror (which
I estimated to be about 20mm apart due to the 45° angle of the mirror). The
focal length of the electrically tunable lens (ETL) (EL-10-30 from Optotune)
can vary from 45mm to 120mm. Contrary to TAG lenses, ETLs always have
a positive focal length (converging lens) and a negative offset lens needs to
be added to create an alternatively diverging and converging beam. I used
Zemax to estimate the ideal focal length for the negative offset lens in order
to obtain the desired scanning range of ±100µm. I found that, between the
commercially available negative lenses, a focal length of -75mm (LC1258-B,
Thorlabs) was the optimal.

The ETL is controlled by current (up to 200mA) that can not be directly
provided by a DAQ. Therefore, Alejandro Gil Ortiz from the EMBL electronic
workshop built a voltage-to-current converter. I calibrated the ETL by mea-
suring the displacement of the focus spot (visualized by imaging the fluores-
cence signal from an ICG die in water.) when varying the voltage applied to
the controller of the ETL (figure 5.10). I measured the zero displacement by
determining the voltage that would produce a collimated beam (2V) with the
help of a shearing interferometer.
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FIGURE 5.10: Calibration curve of the ETL determined by measuring the displace-
ment of the focus spot (visualised by imaging the fluorescence signal from a ICG
die in water.) when varying the voltage applied to the controller of the ETL.

Since the ETL is relative slow (the step response from 10% to 90% re-
quires 2.5ms) it is not possible to scan the focal spot much faster than the
camera exposure time (100ms), so that the camera always "sees" an average
of the intensity along the whole scanning range, independently of the phase
of the scan. Instead, the ETL needs to be synchronized so that one full scan
of the focus is done in a single camera acquisition. To that aim, I used the fire
output of the camera (high when the camera is exposing) to trigger a DAQ
(PCI-6221, National Instruments). In response to the trigger, the DAQ out-
puts a waveform of the same duration as the camera exposure and with the
shape given in figure 5.10; the extension of the scan, in µm, can be changed
depending on the sample.

5.3.2.3 Field of view

As mentioned in section 5.2 our target FOV is 200µm, that covers the ex-
tension of the model organisms we are interested in studying. The FOV is
determined both by the detection optics (that in our case is the Brillouin spec-
trometer, detailed in section 5.3.3) and by the illumination. In the O-LSBM
configuration the extension of the illumination is determined by the scanning
range of the focus spot; figure 5.11a shows the longest illumination profile
used in the acquisition of a biological sample. In the E-LSBM the extension
of the illumination profile is determined by the focal length of the cylindri-
cal lens before the objective (see section 5.3.2) and it is quantified in figure
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FIGURE 5.11: Illumination profile along the FOV (measured as the intensity of the
Stokes/anti-Stokes spectral peaks in water) for the (a) epi line and (b) orthogonal
line geometries, respectively. Note that a relative intensity value of >15% is gen-
erally sufficient for reliable Brillouin peak fitting/detection. Figure adapted from
[65].

5.11b. Both illumination profiles are determined by measuring the intensity
of the Brillouin peaks in water2. Note that 15% of the maximum intensity is
still sufficient for reliable Brillouin peak fitting/detection. In fact, differently
from lightsheet fluorescence microscopy where a gradient in the illumination
intensity causes a gradient in the measured signal, in Brillouin microscopy a
reduced illumination intensity causes only a decrease in the fitting precision
(more noisy images); in shot noise limited conditions (that is the case for our
spectrometer, as shown in section 5.3.3.3) a relative intensity of 0.15 causes a
precision that is 1/

√
0.15 ≈ 2.6 times worst.

5.3.3 LSBM spectrometer

The spectrometer is the key optical part of the LSBM determining both the
spectral and the spatial performance of the microscope. As demonstrated by
Zhang et al. [121], multiplexing can be achieved by having the VIPA conju-
gated to the back focal aperture (BFA) of the objective in the direction parallel
to the illumination line (x-axis in figure 5.12): light originating from differ-
ent points along the line impinges on the VIPA under different angles; a lens
after the VIPA remaps these different angles to their corresponding spatial
positions. Two drawbacks arise from the need of entering the VIPA at an an-
gle: the optical path inside the VIPA is different for each angle (generating a
curved interference pattern, see figure 5.14a) and the beam undergoes a lat-
eral walk-off at each reflection and might be clipped after some reflections

2This measurement is affected by potential spatial-dependent losses of the spectrometer,
so it is not an accurate measurement of the illumination profile. But the overall signal at the
output of the spectrometer is the quantity of interest for our purposes.
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FIGURE 5.12: Optical design of the LSBM spectrometer (a) Orthogonal views of
the optical components in the LSBM spectrometer with relevant distances; top
shows the plane determined by the illumination line and the optical axis of the
detection objective, where the BFA of the objective is relayed and appropriately
magnified by the optics to the VIPA plane; bottom shows the plane perpendicular
to the illumination line, where the image plane is appropriately magnified and
relayed by the optics to the VIPA plane. (b) Details of the relay shown in panel a.
Figure adapted from [65].

(higher losses and lower finesse for the points at the edge of the FOV). To
mitigate these effects, the angles need to be kept small and this makes the
optical design more challenging when having high magnification (40x) and
a large FOV (200µm). Furthermore, there are also constraints on the focusing
angle on the VIPA (along the y-axis in figure 5.12) because that determines
the distribution of the light among the different interference orders (intensity
envelope in figure 5.14b). Ideally, if only a single order is used for deter-
mining the Brillouin shift, the intensity envelope should extend over a single
order to achieve the best efficiency. We took a different approach, and av-
erage the light from different orders to recover the SNR (see section 5.4 for
details).

Figure 5.12 shows the optical schematic of the LSBM spectrometer. The
role of the optics before the VIPA is to relay and expand the BFA of the ob-
jective in the x direction while focusing the light on the VIPA in the y direc-
tion. At the BFA the beam is 8mm and the angles corresponding to a FOV
of 200µm are ±0.02rad. First, due to the mechanical and optical components
before the spectrometer, the first position where a lens can be placed is about
300mm from the BFA. Therefore, I used a 300mm plano-convex lens (LA1256-
B, Thorlabs) followed by a 200mm plano-convex lens (LA1979-B-ML, Thor-
labs) to relay the BFA. An adjustable slit (VA100/M, Thorlabs) in the focal
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FIGURE 5.13: Spatial calibration (µm to pixel) acquired by translating a bead, with
steps of 10 µm, along the x direction and determining its position on the camera.
Figure adapted from [65].

plane of the first lens ensures confocality in the direction perpendicular to
the illumination line. After the relay, the beam has a diameter of 5.3mm and
the angles are ±0.03rad. I will now describe separately the role of the op-
tics along the spatial direction (x) and the ones along the spectral direction
(y). In the spatial direction (x) an achromatic lens L1 (f=76.2mm, #49-794,
Edmund) and a plano-convex lens L2 (f=250mm, #69-513, Edmund) relay
the BFA to the plane where the VIPA (OP-6721-6743-9, LightMachinery) is:
there the beam has a diameter of 17.5mm (matching the clear aperture of the
VIPA of 18mm) and the angles are ±0.009rad (corresponding to a maximum
walk-off of ≈80µm at each reflection). After the VIPA a cylindrical lens CL2

(f=250mm, LJ1267L1-B, Thorlabs) focuses light on an EM-CCD camera (iXon
DU-897U-CS0-BV, Andor), providing a sampling of about 0.7µm/px (figure
5.13). In the spectral (y) direction L1 and the cylindrical lens CL1 (f=50mm,
#36-231, Edmund) reduce the beam to a diameter of 3.5mm; L2 focuses it on
the entrance slit of the VIPA with a semi-angle of 0.007rad. After the VIPA
the cylindrical lens CL3 (f=150mm, LJ1629L2-B, Thorlabs) focuses the light on
the camera with a spectral sampling of ≈0.25 to ≈0.5 GHz/px. A bandpass
filter centered at 780nm (FBH780-10, Thorlabs) blocks the ambient light.

Figure 5.14 shows the spectrum of a mixture of water with intralipid (to
make the Rayleigh peak visible). The multiple interference orders are clearly
visible and the intensity envelope is marked with a dotted line in the line
profile in panel b.

To facilitate the alignment, I built the spectrometer on an optical rail. I ad-
justed the height and the z position of the optics with the aid of a beam at the
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FIGURE 5.14: Raw spectrum from an intralipid solution in water. a) Raw image
from the camera in the spectrometer. Note that the pattern is curved and multiple
interference orders can be observed. b) Line profile of the yellow line highlighted
in a. The dashed line indicates the intensity envelope covering multiple interfer-
ence orders.

same height as the beam after the objectives (100mm). The collimated beam
was produced by a fiber collimator mounted on a rail carrier. I aligned the re-
lays by checking the collimation after them with a shearing interferometer. I
mounted the cylindrical lenses on rotational mounts because their alignment
to the entrance window of the VIPA is critical.

5.3.3.1 Rb cell for background suppression

As mentioned in section 5.3.2, a glass cell filled with Rubidium can be used
as an ultra-narrowband filter to suppress the elastically scattered light, while
leaving the Brillouin signal almost unaffected. Indeed, the vapor inside the
cell is mainly composed of atomic Rb, whose absorption linewidth is very
narrow, approximately 500MHz, limited only by Doppler broadening3. When
looking closer at the Doppler-broadened D2 line of natural Rubidium, cen-
tered at 780.24nm, one can see that it is formed by 4 lines (figure 5.15). These
are two doublets, each of which from the two isotopes (Rb85 and Rb87) that
constitute natural Rubidium in a ratio 2.6:1; the doublet is due to the hyper-
fine splitting of the atomic line. The laser can be locked to any of the lines but
one needs to choose carefully in order to avoid that other lines overlap with

3The linewidth is proportional to
√

T, where T is the temperature in K. The difference in
linewidth between room temperature and 80C (the maximum temperature we heat the Rb
cell up to) is less than 10%.
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FIGURE 5.15: Hyperfine structure of the D2 line of Rb, acquired with the CoSy unit
of the Toptica laser (by measuring the absorption of a Rb cell while scanning the
laser wavelength). Note that natural Rubidium is composed by a mixture of Rb85

and Rb87, each of which has two absorption lines. The frequency shift between
the different lines was determined by Fan Yang by measuring, with a frequency
counter, the beating of two lasers, tuned to different absorption peaks.

the Brillouin signal. Glass cells filled with pure Rb85 or Rb87 are commer-
cially available; the spectrum of such a cell would have only two absorption
lines. Rb85 has a distance between the lines of 2.92GHz which, especially
in the O-LSBM configuration, could overlap with the Brillouin signal, thus
partially absorbing it. In Rb87, the distance is 6.48GHz, which is larger than
any expected Brillouin signal from biological samples and therefore the best
choice for out application was Rb87. Nevertheless, in case of overlap, only
the Stokes (or anti-Stokes) peak is affected, thus it would still be possible to
determine the Brillouin shift by looking at a single peak.

The absorption of the cell depends exponentially on its length. There-
fore, in order to increase the suppression of the elastically scattered light, we
used two gas cells: a 150mm-long (SC-RB87-(25x150-474 Q)-AR, Photonics
Technologies) and a 75mm-long Rb87 cell (SC-RB87-480 (25x75-Q)-AR, Pho-
tonics Technologies). We could not use a single, longer cell, since cells longer
than 150mm are not commercially available, due to regulations on dangerous
goods. Additionally, using two shorter cells is also advantageous since it is
easier to fit them in-between the optics in the spectrometer (figure 5.12). The
absorption of each cell also depends on the density of the Rb vapor, which
can be tuned with temperature. In fact its internal pressure corresponds to
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75mm long (blue line) cell filled with pure Rb87 as a function of temperature. Fig-
ure adapted from [65].

the vapor pressure of Rb at a given temperature. Higher temperatures cor-
respond to higher vapor pressures (assuming there is enough solid Rb in the
cell to vaporize), thus higher densities. Figure 5.16 shows the measured ab-
sorption of the two cells as a function of temperature. To heat up the cells I
used several heating foils (2 for the 75mm-long cell and 3 for the 150mm-long
cell) with an integrated thermistor (HT10K, Thorlabs). I designed, together
with Christian Kieser, a custom board (fitting on an Arduino Mega) to power
and read the temperature from the heating foils. I wrote the Arduino code
that maintains the cell at a settable temperature via PID. To prevent conden-
sation of the Rb on the optical windows when the cells cool down, I placed
the heating foils close to the windows and set the temperature of the heating
foil in the middle (for the 150mm-long cell) 5C lower than the ones close to
the window. In this way, the colder spot, where condensation happens, is
always in the middle of the cell.

5.3.3.2 Spatial resolution

In the confocal Brillouin microscope, I quantified the spatial resolution by
imaging a sharp transition between two materials that have a high acous-
tic mismatch, that is an approximation of the optical resolution (see section
4.2.1.1). In the line-scanning Brillouin microscope the Rayleigh light can be
detected, thus it can be used to measure the true optical resolution. To quan-
tify it, I embedded 0.5µm beads (Tetraspeck, Thermo Fischer) in 0.5% agarose
and mounted them in the sample chamber of the LSBM. I located a bead in
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generate panel a in the O-LSBM (b) and E-LSBM (c). The convention for the axes
is the same as in figure 5.5. Figure adapted from [65].

the fluorescence channel4 (section 5.3.4) and adjusted the laser intensity and
exposure time of the camera so that the light elastically scattered from the
bead is clearly visible in the Brillouin spectrum. I scanned the sample in the
y and z direction (with reference to the axes in figure 5.5), while, in the x
direction, I used the calibrated pixel size (0.7µm, figure 5.13). To reconstruct
the image of the beads, I looked at the intensity of the Rayleigh light and
generated the data in figure 5.17. Note that, while the x and y resolutions are
similar in the two geometries, the z resolution is significantly worst in the
E-LSBM due to the missing optical sectioning on the illumination.

5.3.3.3 Spectral precision

To determine the spectral precision, I used the same method as the one in sec-
tion 4.2.2.1, consisting on measuring multiple times the Brillouin spectrum of
water and calculating the standard deviation. As it can be seen in figure 5.18a

4I used the bead also to align the Brillouin and fluorescence modalities.
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FIGURE 5.18: Spectral precision. Panel a shows a histogram of multiple measure-
ments of the Brillouin shift of water in the O-LSBM (red) or E-LSBM (blue) config-
uration in typical imaging conditions (100ms exposure ≈20mW. The distributions
are fitted to a Gaussian (dark solid line) and their standard deviations (that repre-
sent the spectral precision) is written next to them. Note that the average value is
different in the two configurations due to the sin(θ) dependence of the Brillouin
shift (equation 2.3). Panel b shows the spectral precision (standard deviation of
multiple measurements) under different illumination energies in the two config-
urations (red=O-LSBM, blue=E-LSBM). The shaded red region indicates typical
imaging conditions. The data is fitted to a line in a log plot and slope ≈0.5 indi-
cates a square root dependence, typical of shot noise limited conditions. Figure
adapted from [65].

the distribution is Gaussian and its standard deviation is 19.33 MHz for O-
LSBM and 12.79 MHz for E-LSBM. The lower precision in the O-LSBM is due
to the larger linewidth [34] and reduced geometrical efficiency [121] in the
90° scattering geometry. Panel b shows the spectral precision under different
illumination energies in the O-LSBM and E-LSBM configurations. The slope
≈0.5 in a logarithmic plot indicates a square root dependence, as expected in
shot noise limited conditions.

5.3.3.4 Spectral accuracy

The Rb cell provides also a method to calibrate the spectrometer. In fact
the relative position of the absorption peaks is known (figure 5.15)and the
laser can be locked to each of the peaks (figure 5.19a). The reconstruction
pipeline (detailed in section 5.4) allows to determine the absolute value of
the frequency from the raw spectra, once the FSR is known (figure 5.19b).
I determined the FSR to be 15.15GHz (15GHz in the specs of the VIPA) by
minimizing the sum of the distances between the measured and the known
frequency of the Rb absorption lines. The distance is measured as the aver-
age absolute discrepancy along all the spatial points in a spectrum (L1 norm).
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FIGURE 5.19: (a) Acquired, raw spectra of the 4 hyperfine D2 spectral lines of Rb85

and Rb87 as measured by the spectrometer. (b) Frequency shift of the Rb lines in
panel a after applying the reconstruction pipeline (see section 5.4); dotted lines
represent the exact values (figure 5.15); d is the L1 distance between the measured
and the exact values divided by the number of points i.e. the average discrepancy
from the true frequency; the FSR is measured to be 15.15GHz by minimizing the
sum of d for the 4 Rb lines. (c) left axis: Residuals (i.e. difference between the
measured and the known value) of the data in panel b; right axis: position of the
Rayleigh peak from the Rb87 F=2 line (used as the ’zero’) from one order, relative
to the previous pixel. Figure adapted from [65].
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Note that the distance is on the orders of tens of MHz, larger than the spec-
tral precision (section 5.3.3.3), thus noticeable in an image. We attribute this
effect to re-sampling artifacts introduced in the reconstruction pipeline when
remapping the spectrum from a non-linear sampling (due to the VIPA disper-
sion, see appendix A.1) to an equispaced sampling (more details in section
5.4). In fact, due to the curvature of the interference pattern (figure 5.14),
the spectrum of each spatial point is shifted on the camera plane and it is
thus sampled differently. This effect could explain the pattern observed in
the residuals (figure 5.19c): the period of the "oscillations" would correspond
to a shift of exactly one pixel, thus the period would be larger close to the
center (where the interference pattern is better aligned to a column of pixels
on the camera). Indeed the same change in period is observed when plotting
the position of the Rayleigh peak from the Rb87 F=2 line (used as the ’zero’)
from one order, relative to the previous pixel (shown in figure 5.19c, on a dif-
ferent y axis). Note that its pattern is not expected to correspond perfectly
to the data converted to GHz, because the reconstruction takes into account
Rayleigh peaks from at least 3 orders and the re-sampling artifacts should
depend also on the position of the Stokes (and anti-Stokes) peaks relative to
a pixel, nevertheless its similarity is an indication of the validity of our inter-
pretation. This issue could potentially be mitigated by increasing the spectral
sampling (i.e. changing the lens CL3 in figure 5.12 to a longer focal length),
with the drawback of getting poorer spectral precision. We did not follow
that path because accuracy (i.e. getting the exact value in GHz of the Bril-
louin shift) is less important than precision (i.e. the ’noise’ on the Brillouin
images) when looking at relative changes in time, or space, in biological sam-
ples.

5.3.3.5 Spectral resolution

Similarly to the confocal Brillouin microscope (section 4.2.2.2), I measured
the spectral resolution by looking at the laser spectrum through the LSBM
spectrometer. I applied the reconstruction pipeline (detailed in section 5.4)
and generated the plot shown in figure 5.20. By fitting a Lorentzian curve, I
determined the FWHM to be 0.51GHz, corresponding to a finesse of approx-
imately 30 (FSR=15GHz). This is lower than the nominal value specified by
the manufacturer (70) and the discrepancy could be attributed to aberrations
of the optics before the VIPA. In fact, typically, a single lens is used to fo-
cus the light on the VIPA after a single mode fiber, which produces a clean
Gaussian beam profile. In our setup instead, there is a combination of several
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FIGURE 5.20: Spectral resolution of the spectrometer, as measured by the FWHM
of the laser line, after applying the reconstruction pipeline (section 5.4). Figure
adapted from [65].

spherical and cylindrical lenses relaying the light to the VIPA and the beam
profile is only partially spatially filtered (there is a confocal slit instead of a
pinhole). Since the VIPA is based on the interference of multiple reflections,
wavefront aberrations can significantly impact its performance [126].

5.3.4 Lightsheet fluorescence modality of the LSBM

The following text is adapted from the method section of Bevilacqua et al.
[65] and it was written by myself.

The optical schematic of the fluorescence SPIM modality is shown in fig-
ure 5.7. We utilized a laser box providing several laser lines for fluorescence
excitation (405nm, 488nm, 560nm, 640nm). The fluorescence excitation is
introduced into the setup by a single mode fiber (P1-460Y-FC-1, Thorlabs)
whose output is collimated by an achromatic lens (f=4mm), producing a
≈0.8mm (1/e2, theoretical) beam. A fiber polarisation controller (FPC030,
Thorlabs) is used to adjust the polarization and a polariser rejects potential
residual non-linear polarisation. The excitation light is then coupled into the
same optical path as the Brillouin illumination by means of a dichroic mir-
ror (FF765-Di01, Semrock). Similarly to the Brillouin illumination path, two
lenses (#67-159, Edmund and #49-364, Edmund, shared with the Brillouin
path) and mirrors (not shown in figure 5.7) allow for beam adjustment. A
18mm cylindrical lens (#68-041, Edmund) is used in order to generate the
light sheet. The corresponding thickness and lateral extent of the light sheet
inside the sample are ≈4µm and ≈200µm(1/e2, theoretical), respectively.
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FIGURE 5.21: Example image of a multicolor SPIM image of a mouse embryo
where both membranes and nuclei are fluorescently labelled.

The fluorescence and Brillouin signals are split via a dichroic mirror (FF765-
Di01, Semrock), reflecting the fluorescence emission. A tube lens (MXA20696,
Nikon) focuses the fluorescence image on the SPIM camera (Zyla sCMOS,
Andor); a motorized filter wheel (96A361, Ludl) allows for the selection of
the proper emission filter. Figure 5.21 shows an example image acquired
with the SPIM setup.

5.3.5 Graphical User Interface

I designed and programmed the Graphical User interface for the LSBM to
facilitate the selection of the ROI (that is most of the times a 3D volume) and
the acquisition of timelapses of multiple samples in an automatic fashion
(named Sequential acquisition). The main window of the LabVIEW program
is divided in 3 tabs: Fluorescence (figure 5.22), Brillouin (figure 5.23) and
Sequential acquisition (figure 5.24).

The "Fluorescence" tab displays the frames continuously acquired by the
SPIM camera (see section 5.3.4) and allows to select between imaging a spe-
cific fluorophore (selection of both the excitation laser and emission filter) or
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brightfield (the light is produced by a small white LED placed in the housing
of the incubator). The ROI can be selected by changing the x, y and z param-
eters in the box in the right bottom corner in figure 5.22. The size of the ROI
in the focal plane of the detection objective (x,z axes) can be evaluated di-
rectly from the image. Instead, the "depth" (y axis) is determined by moving
the sample by a known step (controlled by the slider above the green arrows)
and identifying the top and bottom planes that contain the interesting region;
for that fluorescence imaging (not brightfield) should be used, if possible, be-
cause it is not affected by out of focus light, which makes it hard to precisely
determine the plane of interest. Once the ROI is set, the current sample can
be added to the list of samples to be imaged by pushing the button "Add
current position".

The "Brillouin" tab displays the signal acquired by the Brillouin spectrom-
eter in real time, so that signal strength and quality can be checked and the
optical power and exposure time can be adjusted accordingly.

The "Sequential acquisition" tab shows the list of samples included in the
current sequential acquisition (left table in figure 5.24). Different modalities
(Fluorescence, Brightfield and Brillouin) with different acquisition parame-
ters (exposure time, EM gain, fluorophore) and different timing (period be-
tween subsequent acquisitions, maximum number of repetitions and delay
of the first acquisition after the start of the imaging session) can be added to
the right table. Each of them is automatically assigned an index, which uni-
vocally identifies them. The assignment of specific modalities (right table) to
the samples (left table) is done by inputting the corresponding indices in the
"Acq" column. The modalities and samples are automatically color-coded to
help visually identify the matching between the two.

5.4 Processing of raw spectra

In the LSBM spectrometer, multiple interference orders are visible and they
can be used to calibrate the spectrometer. As explained in appendix A.1, the
interference orders m of the Rayleigh peaks is a function of a second order
polynomial of their position on the camera. Therefore, when at least three
orders are visible, the non-linear dispersion relationship of the VIPA can be
determined and used to remap the spectra onto a linear space. The non-
linear dispersion needs to be determined independently for each spectrum
in a single acquisition (rows in figure 5.14a) and the position of the Rayleigh
peaks needs to be known very precisely for accurate results. To that aim, I
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FIGURE 5.22: The "Fluorescence" tab in the LabVIEW program is used to see flu-
orescence (or brightfield) images from the sample in real time and determine to
ROI.

FIGURE 5.23: The "Brillouin" tab in the LabVIEW program is used to see the signal
from the Brillouin spectrometer in real time and determine signal strength and
quality.



92 Chapter 5. Line-scanning Brillouin microscope (LSBM)

FIGURE 5.24: The "Sequential acquisition" tab in the LabVIEW program controls
the assignment of different acquisition modalities (right table) to each sample (left
table). Colors help to visually identifying the matching between the two.

derived that the Rayleigh peaks of each order lie on an ellipse (see appendix
A.3) and I wrote a Matlab script that allows the user to manually select some
points on the Rayleigh lines and fit an ellipse to each of them. From the fitted
ellipses, the position of the Rayleigh peaks for each row can be determined.
Then each row is processed separately following three main steps:

1. the spectrum is remapped to a linear frequency space and re-sampled
(by using spline interpolation) so that the samples are equispaced in
frequency. The conversion from pixels to GHz is done by knowing that
subsequent orders are spaced by one FSR;

2. the different orders are summed together to increase the SNR (effec-
tively recovering the lost SNR due to the light spreading over several
orders);

3. an appropriate function is fitted to the Stokes and anti-Stokes peaks to
determine their position.

Regarding the last point, in the E-LSBM configuration, the Brillouin peaks
can be fitted by a Lorentzian function, but in the O-LSBM configuration the
effect of asymmetric broadening due to high NA is quite pronounced and
a Lorentzian lineshape is not appropriate [34]. Unfortunately, there is no
analytical solution to the integral that describes the lineshape [34] and we
decided to implement it numerically. A big disadvantage is the increase of
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FIGURE 5.25: Performance of the GPU-accelerated spectral analysis pipeline. (a)
Brillouin spectrum fitting time as a function of image size (equal to the number of
independent spectra), comparing standard, CPU-based fitting routines (Matlab)
and our custom GPU-accelerated library. Total analysis time is generally >1000-
fold improved with GPU acceleration, making the processing time smaller than
the acquisition time. The shaded red region shows the typical length of the Bril-
louin line in pixels. Note most error bars are smaller than data points. (b) Fitting
accuracy between the CPU- and GPU-based pipelines, showing comparable per-
formance. Note that the accuracy uncertainty ( 1MHz) is negligible compared to
the spectral fitting precision based on realistic, noisy data ( 10-20MHz). The plots
were generated by Sebastian Hambura. Figure taken from [65].

the computational cost for each fit, that, together with the fact that for each
camera acquisition hundreds of spectra need to be processed, made the pro-
cessing time (10s) much longer than the acquisition time (0.1s). However,
since each line can be processed independently, the whole pipeline can be
implemented on a GPU. The GPU implementation drastically reduces the
processing time per camera image (bringing it below the acquisition time of
100ms) while not affecting the fitting accuracy (figure 5.25). The CUDA code
was written by Sebastian Hambura and it is available on GitHub: https:

//github.com/prevedel-lab/brillouin-gpu-acceleration.

5.5 Biological demonstrations

To demonstrate the capabilities of the LSBM to image fast processes, large
volumes and photosensitive samples with subcellular resolution over time,
we imaged several model organisms. I will present the results in the next
sections.

https://github.com/prevedel-lab/brillouin-gpu-acceleration
https://github.com/prevedel-lab/brillouin-gpu-acceleration
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5.5.1 Drosophila gastrulation

Drosophila melanogaster is a widely used model organism in biology. Gastru-
lation is an extensively studied process in Drosophila [127], that comprises
rapid (on the minute timescale) cell rearrangement and cell shape changes. It
is thus an interesting process from a mechanical point of view and Brillouin
microscopy has the unique advantage of providing 3D mechanical informa-
tion from deep tissue. In particular, we looked at two different folding events,
namely ventral furrow formation (VVF) and posterior midgut invagination
(PMG). They are both driven by the same cytoskeletonal machinery (acto-
myosin) but the shape of the contractile domain is different. Both processes
are quite fast, lasting about 20 minutes, thus fast acquisition is a strict re-
quirement.

The sample preparation and mounting was done by Juan Manuel Gomez.
To ensure proper orientation of the embryo with respect to the objective5, he
glued the embryos on the FEP foil (with Heptane-glue) and oriented them
under a stereoscope. The embryos were glued on the outside of the sam-
ple chamber (glued area on the opposite side of the embryo compared to the
one imaged) to avoid any possible interference of the gluing process with the
morphogenetic event under investigation. In this condition, the sample is di-
rectly immersed in the chamber containing the objectives, that was thus filled
with a buffer solution (PBS), necessary for proper embryo development.

Figure 5.26a-b illustrates the process of VFF: cells with the mesodermal
fate, identified by the expression of the transcription factor Snail (in green),
change their shape and position and will eventually invaginate. When we
looked at this process in the E-LSBM, together with SPIM imaging of mem-
branes (Gap43-mCherry) (figure 5.26c), we observed a transient increase of
the Brillouin shifts of the tissue close to the ventral furrow. By looking at the
membrane signal, Juan identified and manually segmented the presumable
mesodermal cells (by taking 9 cells on the left and on the right of the center
of the furrow and back-tracking them for timepoints where the furrow is not
visible) and plotted their average Brillouin shift over time (figure 5.26d); by
performing a paired-one-way ANOVA test (F=44.29, p=0.066), followed by a
post-hoc multiple comparison test, he confirmed that there is indeed a statis-
tically significant increase of their Brillouin shift, consistently in 3 different

5At this developmental stage, the Drosophila embryo is filled with yolk that is quite scat-
tering and has a very different refractive index compared with the surrounding tissue. The
embryo must thus be oriented so that the tissue of interest is facing the objective, in order to
avoid strong optical aberrations when imaging through the yolk.



5.5. Biological demonstrations 95

embryos.
We then looked at PMG (figure 5.27a) to investigate whether the increase

in Brillouin shift is a common feature of invagination events driven by ac-
tomyosin, independently of the geometry of the contractile domain. Indeed
we observed a transient increase of Brillouin shift in the area close to the
invaginating tissue (figure 5.27b), consistently in 3 different embryos.

To understand whether the observed change in mechanical properties is
driven by the actomyosin network, future experiments could be performed:
firstly one could correlate the myosin levels (having it labeled in a separate
fluorescence channel) with the Brillouin shift or perform perturbation exper-
iments with drugs that affect myosin activity or actin polymerisation; finally
one could look at folding events that are driven by a different molecular
mechanism (e.g. dorsal folds).

To conclude, I want to highlight that the fast acquisition of a spacial re-
solved Brillouin map was fundamental to determining the transient increase
in Brillouin shit: a spatial or temporal average would wash out the interest-
ing dynamics. Also, despite the continuous acquisition of the same volume
in the sample, no photodamage was observed and all the imaged embryos
progressed to the first larval stage (24hpf).

5.5.2 Phallusia

Phallusia mammillata is a marine tunicate of the ascidian class. Phallusia em-
bryos exhibit a very stereotypical development and they are highly trans-
parent, making them ideal for microscopy. Recently the full single cell tran-
scriptome up to gastrulation was analyzed and made publicly available [128],
opening the intriguing possibility of correlating the mechanical properties of
individual cells with their gene expression.

We imaged whole embryos (about 180µm in diameter), at different stages
from 1-cell to 64-cell stage. Ulla-Maj Fiuza was responsible for the sample
preparation and biological interpretation of the results. We utilized the O-
LSBM modality because the high transparency of the sample guarantees re-
duced artifacts. When looking at the 16-cell stage (figure 5.28a-c), we ob-
served a region with high Brillouin shift localised next to the nucleus of B5.2
cells (figure 5.28e-f). We interpreted it as a dense microtubule bundle, that is
known to be present in the B5.2 cells [129]. In fact, the B5.2 cells, progenitors
of the germline cells, undergo an asymmetric division and the nucleus is kept
to one side of the cell by the microtubule bundle (figure 5.28d). In this case,
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FIGURE 5.26: (a) Superficial view of a fixed Drosophila embryo undergoing ven-
tral furrow formation (VFF, arrow). The embryo expresses the membrane marker
Gap43-mCherry to visualize cell outlines. The green arrowhead indicates the di-
rection of Brillouin illumination which here is orthogonal to the apical surface of
cells. Red segmented line indicates the approximate location of physical cross-
sections shown in b and c. (b) Stages of VFF progression shown in physical cross-
sections of fixed embryos, stained with a Snail antibody (green) to label the nuclei
of cells engaged in VFF and a Discs Large antibody (magenta) to label cell outlines.
(c) left: Images from a SPIM recording of an embryo expressing Gap43-mCherry
to mark cell membranes; right: median-projected Brillouin shift maps from the
same embryo at the same timepoints and positions as shown above (representa-
tive embryo of n = 3 total). The imaged volume is 22x170x71µm (z-increment of
1.5µm) with a time resolution of about 2min. The dotted line encloses the presum-
able mesoderm region within the Brillouin shift maps used for quantification in
d. The apical side of cells faces the outer surface of the embryo. (d) Quantification
of Brillouin shift averaged over 18 cells engaged in apical constriction and invagi-
nation during VFF progression, as inferred from SPIM slices (dotted line in c).
Changes in Brillouin shift are shown relative to the Brillouin shift at time-point 0’,
which corresponds to the initiation of apical constriction. Data points are average
Brillouin shift within the contractile domain, error bars denote S.D. over different
slices. Statistical significance was evaluated using a paired-one-way ANOVA test
(F = 44.29, p = 0.066), followed by a post-hoc multiple comparison test (FDR cor-
rected, a = 0.05, q-value = 0.1); * p = 0.039, ** p = 0.0054. Timescale is minutes.
Scale bars are 50 µm. Figure adapted from [65] and made by Juan Manuel Gomez.
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ing PMG formation; (bottom) superficial-dorsal view a Drosophila embryo show-
ing the formation of the circular contractile domain of the PMG that encloses the
Pole Cells (PCs, arrow). The embryo expresses the membrane marker Gap43-
mCherry to visualize cell outlines. The green arrowhead indicates the direction
of Brillouin illumination which here is orthogonal to the lateral surface of cells.
(b) Representative SPIM images (left) and median-projected Brillouin shift maps
(right) at five timepoints during invagination (out of n = 3 total). The imaged
volume is 83x141x46µm (z-increment of 2.5µm) with a time resolution of about
2min. Arrowhead indicates the displacement of the posterior end during PMG
invagination. The initiation of apical constriction was set as 0’ time point. Images
in Gap43-mCherry and Brillouin panels are median projections of 3 slices of the
re-sliced ROI. Timescale is minutes. Scale bars are 50 µm. Figure adapted from
[65] and made by Juan Manuel Gomez.
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5.5. Biological demonstrations 99

the LSBM allowed us to image the whole embryo (165x186x172µm) within
about 17 minutes (smaller than the transition time to the next stage), while
still retaining a sufficiently high resolution to visualize subcellular structures.

We also imaged a later stage (late tailbud I) with the E-LSBM modal-
ity (figure 5.29a-c). Here, by looking at the membranes stained with the
lipophilic dye FM4-64, Ulla could segment three different tissue types in the
head of the embryo: epidermis, central nervous system (CNS) and meso-
derm/endoderm. Using this segmentation, I generated the violin plot in
figure 5.29d, which shows different distributions for the three tissue types,
suggesting that they have different mechanical properties.

We proceeded to image three embryos for 14 hours with a time resolution
of 30min, not observing significant changes of the Brillouin shift of the differ-
ent tissue types but demonstrating that we could follow development over a
long period of time without apparent photodamage in this time window.

In conclusion, by looking at an early stage of Pallusia, we demonstrated
that the high resolution of the LSBM allowed us to detect subcellular mod-
ulations in mechanical properties; at a later stage, the possibility of imaging
large volumes, in combination with the concurrent SPIM modality, allowed
us to segment different tissue types and determine their mechanical proper-
ties in 3D.

5.5.3 Mouse embryo development

The mouse embryo is a widely used and notoriously light sensitive model
organism. To test whether the reduced phototoxicity of the O-LSBM allows
imaging of such a delicate sample, we performed volumetric imaging of six
embryos over two days with a time resolution of approximately 1 hour and
a half and less than 20mW optical power on the sample, in the time window
from early morula to late blastocyst (figure 5.30a). The design of the micro-
scope was critical to keeping the embryos in physiological conditions while
following development. First of all, mouse embryos are typically cultured in
micro-drops of medium covered by mineral oil to prevent evaporation, while
conventional sample mounting techniques for lightsheet microscopy rely on
embedding the sample in an agarose cylinder and thus they are not compati-
ble with mouse embryos. Following Strnad et al. [122], we designed a sample
holder with a groove that can support a thin FEP foil (see section 5.2.1). The
embryos can sit at the bottom of individual micro-wells (created by "deform-
ing" the foil with a glass capillary having a closed tip of about 100µm) filled
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FIGURE 5.29: Imaging of a Phallusia embryo at the tailbud stage (out 389 of n
= 3 total) (a-d). Orthogonal views (a) and maximum intensity projection (MIP)
(b) from the SPIM volume (195µm x 191µm x 111µm) of membranes labeled
with lipophilic dye FM4-64 of a Phallusia embryo at the tailbud stage (late tail-
bud I). Corresponding orthogonal views (c), acquired with E-LSBM modality, of
the volume in panel a. Violin plot (d) showing the Brillouin shift differences of
three distinct tissue regions (Epidermis, Central Nervous System (CNS) and En-
doderm/Mesoderm) manually-segmented in 3D according to SPIM data in a. The
green, yellow and light-blue outlines in panels a and c show the segmented re-
gions for Epidermis, CNS and Endoderm/Mesoderm respectively. BS, Brillouin
shift. Figure adapted from [65].
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with the medium and covered with oil. Additionally, the temperature needs
to be kept at 37C and the CO2 at 5%: this was achieved by enclosing the
imaging chamber with a 3D printed cover, heating the immersion water of
the objective with resistors, controlled via a feedback loop, and flowing pre-
mixed air+CO2 at the adequate concentration inside the chamber (see section
5.3.1.1).

The embryos were derived from a transgenic mouse line having the nuclei
fluorescently-labeled (H2B-mCherry) and were micro-injected with mRNA
to have fluorescently-labeled membranes (Myr-Palm-iRFP). The samples were
prepared and micro-injected by Manuel Eguren and mounted in the imaging
chamber by Chii Jou Chan. Four out of six imaged embryos developed prop-
erly, as confirmed by morphology - in comparison with embryos that were
kept in the same imaging chamber but not imaged - (figure 5.31a) and by
cell fate staining and cell number (figure 5.31b). This is in stark contrast with
imaging in the 532 confocal Brillouin microscope, where the mouse embryos
undergo cell death after imaging a single plane for few timepoints (figure
5.32).

In conclusion, we demonstrated that O-LSBM has sufficiently low photo-
toxicity to image a very delicate sample (mouse embryo) over two days with
a time resolution of about 1 hour and a half.

5.5.4 Conclusions and outlook

I want to summarise the key advancements of the LSBM and the avenues
that it could open in biology. We showed that the LSBM enabled, for the first
time, the measurement of mechanical properties of entire organisms at high
spatial resolution in 3D and over an extended period of time. Indeed we
could observe a transient increase in Brillouin shift in different tissue fold-
ing processes during Drosophila gastrulation (section 5.5.1). This observation
required very high temporal resolution (around 2 minutes for each volume,
consisting of both fluorescence and Brillouin imaging) in order to follow such
fast processes (around 20 minutes). We could also detect differences in the
mechanical properties at the subcellular level in Phallusia, that are likely re-
lated to microtubules (section 5.5.2). Finally, we could follow the develop-
ment of mouse embryos over 2 days with a time resolution of about 1 hour
and a half without observing any apparent photodamage (section 5.5.3).

In conclusion, the reduced phototoxicity and the improved acquisition
time of the LSBM could open exciting avenues in mechanobiology and, in
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FIGURE 5.30: (a) Timeline of mouse embryo development from the one cell stage
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from n=4 embryos. Figure adapted from [65].
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an embryo that underwent Brillouin time-lapse imaging, taken at the end of the
timelapse. Bottom: SPIM image (MIP) of a control embryo (taken at the same
time as the embryo in top panel), that was in the same imaging chamber but not
imaged by Brillouin or SPIM, showing qualitatively similar morphology. (b) To
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in the ICM at late blastocyst stage. The number of cells in the ICM is 26, consistent
with the reported values in literature [130]. Figure adapted from [65].
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FIGURE 5.32: a. Brightfield images of an 8-cell stage mouse embryo that eventu-
ally undergoes cell death. b. Images of Brillouin shift for the same embryo in (a),
showing a loss of Brillouin signals within 6 hours, which is a clear sign of embryo
death. The embryo also appears round and decompacted, a sign of abnormality.
c. Another representative embryo undergoing cell death under the same imaging
condition. Time is shown in hh:mm. Scale bar = 20 µm. Data collected by Chii Jou
Chan. Figure taken from [65] and made by Chii Jou Chan.
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particular, in the study of developmental processes. Here, the mechanical in-
formation provided by the LSBM could be correlated with cell fate or molec-
ular information provided by fluorescence reporters or with ultra-structural
information provided by electron microscopy. That would help get a more
complete picture of developmental processes, which encompass a complex
interplay between genetics, biochemical signal and mechanics, where the lat-
ter is still not as extensively explored as the others [4].
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Chapter 6

Outlook and conclusions

In the last chapter I want to discuss about the future directions of Brillouin
microscopy that can be explored in our lab and, more in general, what is the
foreseeable future in the Bio-Brillouin field.

In the last decade Brillouin microscopy has emerged to be a powerful tool
to study the role of mechanical properties not only in biological processes
at the cellular and organismal level but also in diseases diagnosis and treat-
ment. Yet a deep understanding of the physical origin of Brillouin signal
in complex, heterogeneous materials, such as biological samples, is lacking.
This issue can be approached from different directions. A bottom-up ap-
proach can be used, whereby few cell constituents are combined in vitro and
the viscoelastic properties of the mixture are analyzed under varying condi-
tions. Along that line, Scarcelli et al. [49] showed that the Brillouin shift of
reconstituted actin gels increases during actin polymerization and branching
of actin fibers. Additionally, the Guck lab [33] explored the Brillouin signa-
ture of phase-separated protein aggregates both in vitro and in living cells.
Such studies could provide insights in systems with lower complexity which
might be the building blocks to understanding more complex biological sys-
tems. Another approach would be to use theoretical modeling, together with
numerical simulation, of cells and tissues to understand how the mechanical
properties and dynamics of the single constituents contribute to the mea-
sured longitudinal modulus. Finally, following what has already been done
in several studies [49, 50, 52], drug perturbations of the main cytoskeletal
components (actin, microtubules) can be performed and the change in Bril-
louin signature measured. The studies have so far focused on single cells and
the perturbation experiments were rather reported as validation for Brillouin
microscopy. Performing more systematic experiments, extending them on or-
ganismal or tissue scale and taking advantage of optogenetic tools (that allow
to alter cellular constituents with high temporal and spatial selectivity) could
help unravel the contribution of cytoskeletal components to tissue elasticity.
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Altogether the final goal should be to understand the role of high-frequency
longitudinal (Brillouin) modulus in biological processes, which could prove
to be itself relevant, without assuming that is a proxy for the quasi-static
Young’s modulus.

The advancement in the fundamental understanding of the physical ori-
gin of the Brillouin signal in biological samples should go hand-in-hand with
further improvement of the instrumentation. My PhD work was in that direc-
tion. In fact, I improved a state-of-the-art confocal Brillouin setup to make it
suitable for addressing biological questions and easy to use by non-experts. I
also designed and built a line-scanning Brillouin microscope (LSBM) that im-
proves the speed by a factor of 100 over the confocal implementation while
ensuring physiological mounting of the sample, low photodamage and high
spatial resolution. LSBM opened the doors to studying fast processes and
light-sensitive samples that were not accessible before. Depending on the re-
quirements of the specific experiment, both setups can be used in the future
in our lab to address new biological questions or investigate the origin of Bril-
louin signal (as I highlighted in the previous paragraph). In particular, the
confocal Brillouin setup is more suited for experiments where very high spa-
tial resolution and mounting of the sample in standard dishes or coverslips
are favored over fast acquisition and low photodamage.

In future LSBM can be further improved by combining it with an optical
method which can measure the refractive index in 3D (e.g. holography-based
[124] or intensity-based [125] reconstruction algorithms). The advantage of
having a 3D map of refractive index would be twofold: one one side, one
could numerically simulate the effect of refraction and determine the scat-
tering angle at each point so that the image quality can be improved in the
O-LSBM modality (see section 5.2.6); on the other side, refractive index, to-
gether with fluorescence imaging of lipids, can be used to convert to Brillouin
shift to the actual longitudinal modulus (see section 2.5 and Schlüßler et al.
[33]).

On the instrument side, another direction that we are exploring in our lab
is the use of stimulated Brillouin microscopy [37]. It is based on the transfer
of energy between two counterpropagating beams (pump and probe) when
the difference in their optical frequencies is matching the natural frequency of
the acoustic wave. Being a stimulated process, it overcomes the main limita-
tion of spontaneous Brillouin scattering (that is low cross section, thus weak
signal) and the signal can be detected electronically with a lock-in amplifier
without needing a spectrometer. Despite the complication of needing optical
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access from two opposite sides of the sample, it has the potential to reduce
the acquisition time, have high spectral resolution and allows the determi-
nation of material density within the scattering volume from the signal in-
tensity. I collaborated with Fan Yang, who designed and built a stimulated
Brillouin microscope that uses pulsed pump and probe (in contrast with the
first demonstration by Remer et al. [37] that used CW lasers) and can thus
achieve the same SNR with much lower power.
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Appendix A

VIPA dispersion and spectrometer
calibration

A.1 VIPA dispersion

Xiao, Weiner, and Lin [131] derived the dispersion law for VIPA using the
Fresnel diffraction analysis. Solving equation (14) from their paper for θλ

and taking the first order approximation in θi (the typical incidence angle is
few degrees):

θλ ≈ −θi ±
√

2n

√
1 − mλ

2nt
(A.1)

where n is the refractive index of the VIPA, m is the interference order and
the other parameters are shown in figure A.1. By squaring equation A.1:

mλ ≈ 2nt[1 − (θλ + θi)
2

2n2 ] (A.2)

FIGURE A.1: Schematic of the VIPA with the relevant parameters from [131]
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Rayleigh

Stokes anti-Stokes

FSR

sAS
sS

sS-AS

Frequency

FIGURE A.2: Representation of the periodic pattern created by the spectrometer
on the camera. In the confocal Brillouin microscope, the shaded grey area is not
accessible during the measurement because is blocked by the slits.

Given that the position on the camera is proportional to tan(θλ) ≈ θλ (the
largest angle that is imaged on the camera is ≈ 0.04rad), the diffraction or-
der or the wavelength depends on the square of the position on the camera.
Note that, in general, the change in wavelength ∆λ is not proportional to the
change in frequency ∆ν (equivalent to the Brillouin shift s) because they are
inversely proportional (νλ = c). But since the typical frequency shifts are on
the order of 0.001% of the optical frequency the approximation s ∝ ∆λ is very
good.

In conclusion, in our experimental conditions, m · s can be expressed as a
second order polynomial of the position on the camera.

A.2 Two-stage VIPA spectrometer calibration

Figure A.2 shows the pattern created by the spectrometer on the camera. The
objective is to measure sAS but it is not possible to do it directly since the
strong laser peaks are blocked by the slits. From the figure it is clear that the
measurement of sS−AS and the knowledge of FSR allows to calculate

sAS =
FSR − sS−AS

2
(A.3)

sS−AS is measured from the distance between the Stokes and anti-Stokes
peaks in pixels and must be converted to GHz in order to apply equation
A.3. As shown in section A.1, the generic relationship between the distance
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in pixels d and the frequency shift s can be written as:

s = α · d2 + β · d (A.4)

Keeping the same convention for the subscripts of d as the ones for s, one can
write:

sS−AS = sS − sAS = α · (dS
2 − dAS

2)+ β · (dS − dAS) = (dS − dAS) · [α · (dS + dAS)+ β]

(A.5)
dmeas = dS − dAS is the distance between the Stokes and anti-Stokes peaks
in pixel that is measured directly, while k = dS + dAS cannot be measured.
Intuitively k should be similar to the FSR in pixels (indeed it would be exactly
that if the dispersion of the VIPA were linear), thus be constant. In that case,

sS−AS = c · dmeas (A.6)

where c = α · k + β ≈ const. I will show that the approximation is valid in
our experimental conditions.

By collecting a spectrum where both the water signal and the laser peaks
are visible and fitting the peaks with a Lorentzian function I found:

First laser peak 0

anti-Stokes peak 64.4px

Stokes peak 207.0px

Second laser peak 288.1px

Using the Brillouin shift of water from literature (ΩH2O =7.46GHz from [83])
and the FSR of the VIPA from the manufacturer (30GHz) I calculated α =

−5.65 · 10−5GHz/px2 and β = 0.12GHz/px.
Using equation A.4 to calculate k at the Brillouin shift of water kH2O and at

1GHz above the Brillouin shift of water1 kH2O+1GHz, I found kH2O = 272.35px
and kH2O+1GHz = 270.96px. This corresponds to cH2O = 0.10461GHz/px and
cH2O+1GHz = 0.10469GHz/px, that are the same within less than 0.1% error.

Therefore equation A.6 is valid with constant c and, by combining it with
equation A.3,

c =
FSR − 2ΩH2O

dH2O
meas

(A.7)

dH2O
meas is measured from the spectrum of the water in the calibration arm.

1Typical biological samples are within this range.
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A.3 Line-scanning spectrometer calibration

As already described in section 5.3.3, the Rayleigh light coming from dif-
ferent spatial positions in the sample is dispersed into a curved line by the
spectrometer. In this section I will show that its shape can be approximated
by an ellipse.

Calling αi and θi the angles to the normal of the VIPA, the angles inside
the VIPA (after the refraction at the interface between air and glass, whose re-
fractive index is n) are αin ≈ αi/n and θin ≈ θi/n (the approximation is valid
for small angles). In the approximation of geometrical optics, the optical path
length difference between two subsequent virtual sources is:

OPL = 2nt
√

cos2(αin) + cos2(θin) (A.8)

where t is the thickness of the VIPA.
Since αin, θin ≪ 1, cos2(αin) ≈ 1 − α2

in and cos2(θin) ≈ 1 − θ2
in. Under

the same approximation, the position on the camera x and y are given by
x = f1 tan θi ≈ n · f1θin and y = f2 tan αi ≈ n · f2αin, where f1 and f2 are the
focal lengths of the two cylindrical lenses after the VIPA.

Under the previous approximations:

OPL ≈ 2t
√

2n2 − (
x
f1
)2 − (

y
f2
)2 (A.9)

In order to have constructive interference the condition OPL = m · λ must
hold:

m2(
λ

2t
)2 = 2n2 − (

x
f1
)2 − (

y
f2
)2 (A.10)

Introducing the parameters a = λ f1
2t , b = f2

f1
a and A = 8n2t2

λ2 the previous
equation can be written as:

(
x
a
)2 + (

y
b
)2 = A2 − m2 (A.11)

that is the equation of an ellipse.
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