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In this article we first present the foundations of ultrafast photoacoustics, a technique where the acoustic
wavelength in play can be considerably shorter than the optical wavelength. The physics primarily involved in
the conversion of short light pulses into high frequency sound is described. The mechanical disturbances
following the relaxation of hot electrons in metals and other processes leading to the breaking of the mechanical
balance are presented, and the generation of bulk shear-waves, of surface and interface waves and of guided
waves is discussed. Then, efforts to overcome the limitations imposed by optical diffraction are described. Next,
the principles behind the detection of the so generated coherent acoustic phonons with short light pulses are
introduced for both opaque and transparent materials. The striking instrumental advances, in the detection of
acoustic displacements, ultrafast acquisition, frequency and space resolution are discussed. Then secondly, we
introduce picosecond opto-acoustics as a remote and label-free novel modality with an excellent capacity for
quantitative evaluation and imaging of the cell’s mechanical properties, currently with micron in-plane and sub-
optical in depth resolution. We present the methods for time domain Brillouin spectroscopy in cells and for cell
ultrasonography. The current applications of this unconventional means of addressing biological questions are
presented. This microscopy of the nanoscale intra-cell mechanics, based on the optical monitoring of coherent
phonons, is currently emerging as a breakthrough method offering new insights into the supra-molecular
structural changes that accompany cell response to a myriad of biological events.

When sufficiently short light pulses are absorbed in a material, the
spatio-temporal characteristics of the acoustic waves generated no

1. Introduction

Shortly after their development, pulsed lasers were used to generate
acoustic waves in liquids or gases, making it possible to analyze the
optical absorption spectrum of these media and learn about their
composition. Meanwhile, the development of instruments to measure
ultrasonic displacements at the surface of reflective materials favored
applications that benefited from the possibility of generating and
detecting ultrasonic waves without contact and with high spatial reso-
lution. Analysis of the propagation of these acoustic waves has led to the
development of laser-ultrasonics, a remote method applied mainly to the
non-destructive control and evaluation of solids. In parallel, the ab-
sorption of light by biological matter, [1] for example hemoglobin, has
made it possible to image vascular networks at depths accessible by the
light wave [2]. Using spectroscopic applications of photoacoustics, it is
now possible to image specifically addressed exogenous chromophores
and to image and characterize the nature of endogenous chromophores
[3].
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longer depend on the duration of the pulses. The dynamics are limited
temporally by the characteristic times of the energy transfer of the
photons towards the medium, typically of the order of a picosecond, and
spatially by the volume in which this transfer takes place, currently
limited by the optical penetration [4]. Thus, by using the absorption in
strongly absorbing media of so-called pump laser pulses, with a duration
of less than a picosecond, coherent acoustic waves can be produced,
with a very broad spectrum extending to extreme frequencies beyond
THz. The detection of a mechanical disturbance on such a bandwidth
can, to date, only be done optically using short laser pulses, called probe
pulses, to read the transient reflectivity of the medium. Picosecond ul-
trasonics (PU) is therefore a pump-probe technique that uses a
controlled delay between pump and probe pulses to achieve optical
sampling of ultrafast transient mechanical response. Developments of
the technique have chiefly been driven by research on ultrafast phe-
nomena in the fields of nanoscale solid-state physics. Ultrafast dynamics
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have mainly been studied in metals, semiconductor or dielectric mate-
rials used in sub-micrometric films, multilayered structures and other
nanostructures. One major application field of ultrafast photoacoustics
is the micro-electronics industry, which requires an accurate means of
measuring thicknesses [5-7] and controlling bonding [8-11] and elec-
tron transport [12] at a nanometer scale, which the PU technique can
provide.

As H. Maris predicted in 1998, in a general article presenting the
picosecond ultrasonics technique, [13] the possibility of tackling a va-
riety of applications to the cellular medium quickly emerged. While the
first measurements in a liquid, water in this case, were carried out in
2005, [14] the possibility of detecting picosecond acoustic waves in cells
was demonstrated in 2008 [15]. Advances in experimental devices then
favored the extension to cell imaging, and to the quantitative evaluation
of changes in the mechanical properties of cells in response to external
biological stimuli.

The purpose of this article is twofold. First, for readers who are not
familiar with picosecond acoustics, we describe the foundations of this
technique by presenting the main physical phenomena involved. We
also introduce some recent advances that have made it possible to push
the limits of the field of application. And second we present some of the
pioneering and current applications of the technique to the imaging of
acoustic properties and to the structural characterization of biological
media at the space-scale of picosecond ultrasonics.

The outline of the paper is thus as follows. First we focus on the ul-
trafast photoacoustic conversion. The basic phenomena are described
for the most commonly used materials. Then we present the generation
of acoustic waves with transverse polarization, the breaking of the limits
imposed by optical diffraction, and the generation of waves guided by
interfaces or layers. Next, we introduce the measurement of the dynamic
response by means of detecting transient reflectivity changes of the
sample. We describe the detection of the acoustic displacement of the
interfaces as well as the detection of the acoustic strain during its
propagation in an opaque or transparent medium. A section is then
dedicated to some of the major advances in experimental devices, which
have made it possible to overcome the intrinsic limitations of the orig-
inal devices and have opened the way to imaging acoustic waves with a
better resolution than that limited by optics. Finally, the state of the art
concerning the applications of picosecond acoustics to cell mechanics is
described briefly. The striking results regarding the demonstration of
capabilities for cell imaging and the study of cell nanostructure will be
mentioned in the fifth section of this article.

2. Ultrafast photoacoustic transduction

In this section, we describe the physics primarily involved in the
conversion of light into high-frequency sound with the help of the main
basic equations. For a fuller description of the physical mechanisms of
coherent acoustic phonon generation by ultrafast laser action the reader
should refer to the review article by P. Ruello et al. [16] Although the
interfaces must be considered in most practical cases, for the sake of
conciseness, the boundary equations are not stated below, but they can
be found in the articles we refer to in this section. In the following the
disturbances caused by electron relaxation in metals and by deformation
potentials in semiconductors, are presented. Other processes leading to
the breaking of the mechanical balance in the medium are also
mentioned, for instance those related to changes in molecular confor-
mation in polymer materials. Next, the generation of bulk acoustic shear
waves, surface and interface waves, and guided waves is discussed.
Finally, we present several instances where the lateral size of the
photo-elastic source is smaller than the diffraction limited optical spot
size.

2.1. Introduction for metals, the two-temperature model

The emission of coherent acoustic phonon relies on the absorption of
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light by a material. We begin by describing photoacoustic transduction
in a metal half-space with a free surface in the plane x; = 0 of a Carte-
sian frame. A pump pulse of duration 7 and incident fluence I is focused
at a normal incidence on the medium surface on a spot of lateral width y.
Calculation of the electromagnetic Poynting vector in the medium yields
the expression of the absorbed energy density:

Q(X’ t) = ﬂl(l 7R)g(x2>x3)f(t)e’/}”' a

where g(x2,x3) and f(t) are Gauss functions of full width at half
maximum y and 7, respectively and 5! is the optical penetration depth
in the solid medium. Note that in most experimental situations for
metals the spot width is large with respect to the absorption length,
suggesting that the energy density is uniform in plane (xz,x3) and the
problem becomes 1D in space. We now describe how the absorbed
electromagnetic energy is partly converted into acoustic waves.

The basic physics of the generation of non-equilibrium coherent
acoustic phonon upon the absorption of short light pulses in a solid was
described early in the seminal works by Thomsen et al. [4] We consider a
general lattice where the mechanical vibrations are with the discrete
wave vector k. The absorption of photons modifies the electron and
phonon distributions n.(k) and np (k) by én.(k) and émp,(k), respec-
tively. These equilibrium disturbances deform the lattice and thus pro-
duce stress as in:
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where o;; and 7;; are components of the stress and strain tensors, Exis the
energy of an electron and wy the frequency of a phonon of wave vector k.
In Eq. 2 Awg, with 7 the Planck constant, is the energy quantum
exchanged between a phonon of frequency wx and wave number k and
the crystal. A detailed description of the diffusion and relaxation of the
non-equilibrium electrons in metals was given by Gusev et al. [17] The
electron-phonon interaction potential (?y¢ and the Griineisen tensor
@yl 118].
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that describe changes in the energy of an electron with respect to the
crystal deformation, and changes in the frequency of a vibration mode of
a crystal with respect to its volume change, respectively, are introduced
in Eq. 2:

Q5= — Z(Z)y“Ekﬁne(k) - Z(2>y’ha)k5n,,h(k) (C))
X X

Assuming thermodynamic equilibrium the electrons and phonons
states are described by the Fermi-Dirac and Bose-Einstein distributions,
respectively [19]. Eq. 4 is then written with the electron T* and lattice
temperatures T' as:

Qg = — (2)7rceTe _ (z)y’C’T’ 5)
where C¢ and C! stand for the heat capacity of the electron and the lat-
tice, respectively. Eq. 5 shows that the time and space dynamics of the
stress induced by the absorption of photons by the electrons is, in the
context of this two-temperature modeling, related to the evolution of the
electron and lattice temperatures. Disregarding the thermal dependency
of the heat capacities on temperatures, T¢ and T' satisfy a system of
coupled linear diffusion equations: [20].

,OT* o) e e _ i 0T e _ i
ccﬁzv_( K¢ VT¢) — (T 7T)+Q(x,t)CE:g(T -1 (6)
with @k¢ the tensor of electronic heat conductivity, g the coupling
constant and Q(x, t) the source term corresponding to the absorption of
the incident photons by the electrons, Eq.1. Note that in Eq. 6 the
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diffusion of the thermal phonon was disregarded for simplicity. The
electrons absorb the energy of the photons in characteristic time typi-
cally less than a picosecond [21] and the over heated electron transfer
their energy to the lattice. The lattice absorbs the energy of electrons in
characteristic time 7! = C!/g through electron-phonon collisions. This
rise-time of the lattice temperature is typically of the order of ~ 5 ps.

The sudden heating generates transient acoustic displacement, so-
lution of the following wave propagation equation:

2
p(;lel - V.(UC:Ovu) = - OAvT - @yrCevTe %)
where p stands for the mass density, u is the displacement vector at any
position and time, and ) C denotes the fourth order stiffness tensor. %4

= @®C: g is the thermal rigidity tensor in which @ is the thermal
expansion tensor [22]. The second term on the right in Eq. 7 is the
contribution of the fast electron dynamics to the acoustic source. Thus
the upper limit of the frequencies generated by this electronic expan-
sion, 1/7°, is higher than THz. The rise-time 7' of the lattice temperature
limits the range of frequencies generated by the macroscopic expansion
of the source. This influence of the lattice temperature on thermoelastic
generation appears in the first term on the right in Eq. 7. The dynamics
of waves induced by the photo-elastic expansion can also be limited by
the source volume of which the smallest characteristic size is generally
along depth, Eq. 1, with an optical penetration depth in metals of
~ 10 nm or less. This source size can be increased by fast diffusion of

over-heated electrons over a distance of (Kﬁl/g)l/ 2 because electrons
may diffuse across a significant distance before they lose their energy.
This can lead to a limitation to reach frequencies in the THz range,
which can be overcome by using thin-layered structures to achieve the
transduction [23]. Thus, for a large number of experimental situations,
and especially when acoustic frequencies in the GHz range are sought,
one can assume that macroscopic equilibrium is reached instanta-
neously and the evolution of the temperature T, and thus of the source
term in the wave equation, is merely governed by a parabolic heat
diffusion equation:

or

== V.(PxVT) = Q(x,1) (8)

e

where C, denotes the specific heat and @k is the thermal conductivity
tensor [22].

These assumptions, and consequently this equation, are widely used
in the literature. The macroscopic heat diffusion in Eq. 8 generally yields
an asymmetry [24] of the acoustic pulses, and it can also be disregarded
for qualitative descriptions of the acoustic transients. One can also note
that the dissipation of ultrafast particle motion could yield heat sources
in the right-hand side in Eq. 8, but which are negligible in experiments
performed at room temperature.

2.2. Opto-acoustic transduction in semi-conducting materials

A non-thermal and efficient generation process takes place in semi-
conducting materials when the energy E of each incident photon is
greater than the semiconductor energy band-gap Ej. Electrons are then
extracted from the valence band of the crystal to the conduction band,
and electron-hole pairs are generated. For simplicity we do not disso-
ciate the dynamics of electrons and holes. The time and space de-
pendency of plasma density N is governed by the electron diffusion and
by non-radiative electron-hole recombination. Assuming that Auger
recombination is the dominant recombination mechanism, the corre-
sponding diffusion equation is: [25].
ON 1 0(x,1)

G v (%VN) foN=

ot TR E ®

Here ®A stands for the ambipolar carrier diffusion tensor. In Eq. 9,
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the non-radiative Auger recombination is taken into account by the third
term in the left-hand side. There, 7z represents the lifetime of charge
carriers, the so-called Auger recombination time. Since recombination
occurs over a long time-scale (ns-ps) this term can be ignored in the
plasma diffusion equation, Eq. 9, when short time-scale dynamics are
studied [24,26]. The right-hand side of Eq. 9 describes the
photo-generation of charge carriers; it expresses that each photon cre-
ates one electron-hole pair. Note that the interaction of temperature or
phonons with charge carrier density is ignored in this equation. Note
also that for the same reason as in metals, the diffusion of charge carriers
may result in broadening of the acoustic response [27].

The temperature rise results from both opto-thermal and opto-
electronic effects. It satisfies the following diffusion equation:

or o(x,t) E

pC,Efv.((Z)KVT):(Eng) E +T—:N 10

As already mentioned, each photon brings one electron from the
valence band to the conduction band. It immediately drops to the
minimum of the conduction band. The energy released for thermaliza-
tion is then E — E,. The first term in the right-hand side of Eq. 10
therefore quantifies the amount of incident energy that is directly
thermalized. The last term describes crystal heating from the energy
released by the charge carriers that recombine during Auger time. The
left-hand side of Eq. 10 is similar to that of the classical parabolic Fourier
diffusion equation but the hyperbolic diffusion equation in either of its
form could be preferred [28].

The acoustic wave equation accounting for thermoelastic and elec-
tronic deformation mechanisms, is written as:

du

Pop V.(PC: V) = - @vT - PDVYN an

The coupling between plasma density and stress is introduced by
mean of the tensor of electroacoustic coupling @D = W : @d, [29]
accounting for the difference in deformation potential of the conduction
and valence bands. Parameter ?'d quantifies the changes with stress of
the band gap energy E,. The components for tensor ¥d are:

0E,

di= ——2%
v 60,:,'

12)

The contributions from the two source terms in the right-hand side in
Eq. 11 may have different signs. Usually, the temperature rise produces a
negative stress, whereas the electronic strain caused by carriers diffusion
can be of either sign. For instance, it can be positive for silicon thus
electronic strain produces contraction. For suitable pump wavelength
and fluence this strain can be larger in absolute value but with opposite
sign than the thermal strain. It results to an overall contraction of silicon
upon pump absorption [26,30].

2.3. Other physical mechanisms allowing light conversion into acoustic
short pulses

A variety of physical mechanisms allowing photoacoustic trans-
duction have been reported in the literature. Along with the above-
mentioned photo-elastic coupling, driven by hot carriers and elec-
tronic deformation potential, other mechanisms have been revealed.
Piezoelectric coupling can be the dominant generation process in ma-
terials - semiconductors, [31] ferroelectrics [32] - where the presence of
built-in electric fields allows the efficient generation of acoustic waves
due to the laser-induced inverse piezoelectric effect. It accompanies the
spatial separation of electrons and holes following absorption of optical
radiation in piezoelectric semiconductors. In addition, electrostriction
was notably shown to be efficient as a phonon generation mechanism in
polymers in the glassy state and in liquids [33,34].

Although experiments with cis-polyacetylene were reported in the
pioneering article in 1984 by Thomsen et al. [4] the opto-acoustic
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transduction in polymers has not been studied much since. However, the
possibility of obtaining efficient transduction with polymers containing
chromophores was investigated recently. In addition to the thermal
expansion resulting from electron relaxation, efficient film deformation
can be expected if polymers are selected with an absorption band, for a
cis-trans isomerisation, that matches the pump laser wavelength. In this
regard, the use of an azo group was shown to be very promising. Large
reversible thin film deformation was obtained by inducing photochem-
ical trans-cis isomerization under UV irradiation in azobenzene [35,36].
The change in shape between the cis and trans conformation requires an
increase in the free volume of the polymer matrix. These volume
changes have been observed on the picosecond time scale, on which
molecular rearrangement takes place, using nano-scale azo-compound
materials [37]. The low acoustic impedance of such a polymer trans-
ducer shows great promise for improving acoustic transmission in
studying soft matter objects in general and for picosecond cell ultraso-
nography in particular.

2.4. Seeking shear waves

The laser generation of picosecond acoustic waves in opaque thin
films is generally considered as a one-dimensional problem because the
size of the laser spot, typically microns, is large with respect to the
sample thickness, thus experiments are carried out in the acoustic near
field; and in this near field, the source directivity is great because this
spot size is much greater than the acoustic wavelengths in play. There-
fore, a single phonon wave vector direction is considered, and it is along
the normal to the interface where optical absorption occurs underneath.
Thus, for isotropic media, these experiments address only one of the
acoustic polarizations, the longitudinal one.

However, generation of the shear wave would also greatly extend the
field of picosecond laser ultrasonics. For instance, for an isotropic me-
dium where the two shear modes are degenerated one would access both
the shear and tensile stiffness, and the relaxation dynamics. Also, the
shear wave velocity is lower, particularly for soft matter, leading to a
shorter wavelength for a given frequency which would be advantageous
for nanoscale probing.

The above-mentioned limitations can be overcome in two main
ways. Firstly, the one-dimensional character can be broken, still with a
phonon wave vector along a single direction, when the symmetry of the
physics involved in the generation is somehow broken. For this, aniso-
tropic materials are very helpful. When the absorbing material is
anisotropic, with principle axes of symmetry off the sample interface,
the photothermal relaxation may yield shear stresses. Whether it does or
not, thermal dilatation launches both quasi-longitudinal and quasi-
transverse waves in the anisotropic opaque material as they are
coupled when the wave vector is off the crystal principle axis of sym-
metry [38,39]. Such anisotropy was proven beneficial to quasi-shear
waves generation when the photo-elastic transduction was achieved
with the inverse piezoelectric effect [40] or in ferroelectric materials
[41]. Still benefitting of the symmetry breaking with anisotropy,
quasi-shear waves can also be obtained using an isotropic absorbing
transducer in contact with a transparent crystal. With the normal to the
interface off the transparent crystal axis of symmetry, refraction of the
longitudinal phonon at the absorbing transducer-transparent crystal
interface allows transmission of quasi-longitudinal and quasi-transverse
waves with their relative amplitude depending on the crystal orientation
with respect to the interface [42]. Note that for all the above cases, the
Poynting vector of the quasi-shear waves lies off the normal to the
interface and the projection of their group velocity along this normal
equals the phase velocity.

Secondly, by reducing the width of the laser spot on the surface, the
opto-acoustic source is less directive and, because of the presence of the
surface, pure shear waves can be diffracted in an isotropic half-space in
the far field of the acoustic source [43,44]. If the generation was ach-
ieved in a film, reflection at the interfaces is either with or without mode
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conversion, and successive echoes of waves propagating back and forth
through the plate provide observation of the acoustic field at increasing
travel distances from the source. From the near field to the far field,
amplitude of the shear wave increases. However, as the spot focusing is
limited by optical diffraction, with pump wavelength in the visible
range, acoustic diffraction is efficient mainly in the lower side of the
hypersound frequency spectrum. The shear wave amplitude can be
magnified by measuring signals for several respective pump-probe dis-
tances and using delay and sum methods [45,46]. Diffraction of the
shear wave was also observed in thick anisotropic samples and their
frequency was controlled by patterning the sample surface with dots of
various sizes and resonance frequencies [47].

2.5. Surface and guided waves

By focusing the pump and probe spots at a distance along a medium
surface, the surface waves propagating along this surface can be
measured. Because the wavelength of surface waves is basically moni-
tored by the size of the optical spot the frequencies are generally limited
to ~ 1 GHz, although surface waves at ~ 10 GHz have been detected at
the free surface of highly ordered polygraphite micro-layers [48]. This
limitation can however be overcome using nanostructures etched on the
sample surface and by exploiting the plasmon-polariton resonances of
the nanostructures for the acousto-optic detection [49,50].

To illustrate the wide variety of potential uses of the GHz surface
acoustic waves, let us mention just a few of their applications. The
complete elastic characterization of a medium, both longitudinal
modulus and Poisson’s ratio, was possible by recording the skimming
longitudinal and the Rayleigh wave propagating along the surface [51].
Regarding inhomogeneous materials, grains orientation was determined
by mapping the refraction of surface waves through the interface be-
tween crystallites on the surface of a sample [52]. The micro-patterning
of two-dimensional phononic crystals on the sample surface has
permitted demonstration of the mastering of phonon propagation on the
surfaces. It enabled, for instances, the observation of caustics, [53] of
negative refraction, [54] or the guiding of ultrasound waves along
micron guides in rows of lacunas in two-dimensional phononic crystals
[55].

Measurement of the dispersion of guided waves propagating in free-
standing [56] and sustained [57] films of sub-micron thickness was
demonstrated. Guided waves in general and zero-group velocity (ZGV)
Lamb waves in particular are highly sensitive to thin layer thicknesses,
material elastic constants, notably Poisson’s ratio, and interfacial stiff-
ness between bonded layers. ZGV were measured at GHz frequencies
with Q factors of ~ 10° in a silicon-nitride plate coated with a titanium
film [58].

The generation of surface and guided waves is favored when the
shape of the pump laser spot on the sample surface is not a disc but made
instead of periodically spaced optical lines, thus concentrating most of
the input energy into controlled phonon wave vectors along one direc-
tion on the surface. Suitable transient gratings can be obtained by
shaping the pump pulses with optical masks, creating two-beam inter-
ference on the surface, or by using electrically-addressed spatial light
modulators [59,60]. This technique was used to characterize thin liquid
and solid films and it could also be used to generate bulk shear waves
[61].

2.6. Breaking the optical diffraction limit

The above-mentioned results were achieved by converting the light
pulses in coherent acoustic phonons thanks to the absorption of pump
pulses in the medium of interest or in an adjacent medium. Acoustic
phonons are launched in the direction normal to the interface with
wavelength defined by optical penetration and, if applicable, by hot
carrier diffusion. These wavelengths are much smaller than optical
wavelengths thus providing outstanding capability for in-depth space
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resolution. The lateral extent of the opto-acoustic source is however
restricted by light focusing, and hence by the optical diffraction limit.
This places limitations on the in-plane imaging resolution, limits the
capability for acoustic diffraction, and bounds the upper frequencies of
the generated surface and interface waves.

This optical diffraction limit was overcome using scanning near-field
optical microscopes (SNOM). In SNOM, a single mode fiber tip is pulled
down to a diameter of ~ 100 nm and coated with aluminum. A lateral
resolution of that size was demonstrated for photothermal and for
photoacoustic imaging. The technique however requires the fiber tip to
be brought very close to the sample surface, within 10-20 nm [62,63].

Alternatively, picosecond ultrasonic experiments were carried out
with a similar saturation technique to the stimulated emission depletion
used for fluorescence imaging [64]. As mentioned above, transient
strain is produced in piezoelectric materials due to the screening of a
built-in piezoelectric field by photo-excited charge carriers. For a large
carrier density the screening field produced by the photo-carriers can be
larger than the built-in piezoelectric field and then, saturation occurs. A
pre-injection laser pulse is then used to produce a dense
doughnut-shaped carrier distribution. The diffraction-limited pump
pulse is then injected and produces higher strain at the center of the
doughnut where the screening is not saturated. With this technique
acoustic waves could be generated with a spot size of ~ 100 nm in the
optical far field [65].

2.7. Indirect transduction: use of optically excited nanostructures to
launch acoustic waves in the supporting or surrounding medium

Using pump-probe set-ups it is possible to detect vibrational modes
of various confined single nano-objects whose frequencies are in the
range reachable in PU experiments and to assess the elastic properties of
the nano-objects. A review of ultrafast spectroscopy of the vibrational
landscape of single nanoparticles can be found for instance in Ref [66].
Interestingly, absorption of pump pulses by the nano-objects can excite
vibrational modes that couple with the supporting or surrounding me-
dium and then launch acoustic phonons that propagate in this medium.

With two-dimensional phononic crystals made of aluminum nano-
cube lattices on an aluminum under-layer, collective modes resulting
from the coupling between cubes inside the crystal were excited using
ultrafast acoustics [67]. These modes can be at lower frequencies than
individual resonances of the cubes and result from the displacement of
one object with respect to the other, similar to an acoustic phonon in an
atomic crystal. They yield information on the propagation of guided
acoustic waves along the under-layer at frequencies up to =~ 8 GHz,
greater than that accessible with a pump focused on the aluminum film
free of nano-cubes.

Rayleigh surface acoustic waves at frequencies of several GHz were
generated with a one-dimensional array of absorbing nanostructures
[68]. This consisted of equally spaced gold nano-lines of sub-micron
lateral sizes deposited on a transparent substrate. This geometry pro-
vides a sharp directional response and reduced amplitude decrease by
geometrical scattering. It is thus promising for sensing applications of
molecular adsorption between lines, for instance. Going deeper into
miniaturization, the generation of Rayleigh surface waves at ~ 10 GHz
by light absorption in a single line with sub-100 nm lateral sizes was
demonstrated recently [50].

Bulk acoustic waves can also be emitted in the supporting medium
from the light-absorbing nanostructure. To this aim, gold discs of a
diameter down to 0.3 ym were lithographed on a 160 um thick silicon
substrate. Focusing the pump beam on a single disc provides efficient
transduction and bulk longitudinal and shear waves at a frequency of
~ 3.5 GHz could be detected at the silicon plate surface opposite to that
where the disc was lithographed. The opposite surface was coated with a
metal film to optically detect the transient arrivals [47]. Recently,
acoustic waves generated by optical absorption in a single copper
nanowire in contact with the surface of a 10 ym thick silicon membrane
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Fig. 1. Reflection of the probe pulse at the surface of an absorbing layer.

were detected on the rear metallized side of the membrane [69]. How-
ever, the propagation of coherent acoustic phonons along their path
from a nano-optoacoustic transducer can be detected in a transparent
material through the acousto-optic interaction [70]. A single gold
nanorod dropped on the surface of a silica substrate was used as an
acoustic source. Acoustic eigen modes of the nanorod at GHz frequencies
are then optically excited on a picosecond time-scale. A part of the eigen
mode energy is transmitted to the substrate through the
nanorod-substrate contact. The acoustic wave generated in this way
produces a refractive index perturbation in the substrate that propagates
at the acoustic velocity in the supporting medium. As presented below, a
coherent phonon whose frequency matches the Brillouin frequency shift
fp can then be detected along their propagation length in a time-resolved
fashion. For a probe wavelength of 750 nm their frequency is 23 GHz in
silica. When the breathing mode of the nanorod matches this frequency,
which occurs for a gold nanorod diameter of ~ 50 nm, the sample
reflectivity reveals large phonon-photon interaction. Phonons generated
by the nanorod, of wavelength of 260 nm, were detected in silica up to a
depth of ~ 20 pm. Interestingly, the maximum in the reflectivity signal
is not at the beginning of the signal, as observed when phonon are
excited by an impulsive opto-acoustic source, but occurs after a certain
delay, see Fig. 6 in Ref. [70]. The rise-time of the reflectivity signal fits
the lifetime of the excited eigen mode of the nanorod revealing the
energy transfer from the nanorod surface vibrations toward the acoustic
wave detected in silica.

3. Detection

In this section, we describe the detection of the coherent acoustic
phonon with probe light pulses. Again, the very basics are described
with simple equations without going into details of their derivations
which lead to representations of the experimental results. For a more in-
depth description of detection in picosecond ultrasonics, the reader
should refer to the review articles by Matsuda et al. [71] and Gusev et al.
[72].

3.1. Changes in optical reflectivity of an absorbing sample

We consider the simple one-dimension problem of the probe beam at
normal incidence to the sample surface. The sample, medium 1, is first
modeled as an optically and mechanically isotropic layer of thickness d,
see Fig. 1. It is made of a material, e.g. a metal, that strongly absorbs the
probe light, k//; > ki, where k} and ks, are real and imaginary parts of
the probe wavenumber, respectively, and the layer thickness is greater
than the probe penetration depth, 2k//;d >> 1. This is a standard situ-
ation where the absorption of a pump pulse at the sample surface has
induced acoustic pulses that partly reflect at the layer-substrate interface



B. Audoin

5
x10

o X107 (a)

5L
L)
P
<

-5
-10 Time (ns)

0 0.05 01 015 0.2 025 03

Photoacoustics 31 (2023) 100496

fx106) b)
2
x
8¢ A
-2
4 T|me(ns)
0 0.05 01 015 02 025 03

Fig. 2. Relative changes in reflectivity calculated with pump focused at the substrate-layer interface and with the probe at the free surface of a metal film of thickness
200 nm on a substrate. (a) titanium film on sapphire and (b) tungsten film on silica.

and are bouncing back and forth through the layer.

Letro; be the reflection coefficient for the probe at the sample surface
at rest. After absorption of the pump pulse, probe reflection is perturbed
firstly because of the displacement u;(0,t) of the sample free surface
caused by thermal dilatation and acoustic displacement. It leads to a
change in phase of the probe light reflected at the free surface, shown
with label A in Fig. 1. As the displacement is small with respect to the
probe wavelength, the probe reflection disturbance caused by the sur-
face motion can be linearized as:

6I’A(f) = 2jk0r0|u1(0, f) 13)

where kg stands for the probe wavenumber in vacuum.

Secondly, the sample reflectivity changes because the refractive
index below the surface is sensitive to changes in temperature and to
acoustic strain. Because local perturbation of the refractive index, shown
schematically with a dashed line in Fig. 1, is small one can consider that
it depends linearly on strain #; (2, t) and on temperature changes T;(z,t)
as:

on, on,
6"1(Z7 ) a ”I(Z t) dT (Z7 t) (14)
where on; /0y, and on; /0T; denote the complex photo-elastic and photo-
thermal constants at probe wavelength, respectively. The small reflec-

tion of light, locally at the sample transient is:[24].
rs = jkoon (z,1) (15)

As we are interested in detecting the acoustic transients, we disre-
gard the contribution of the temperature rise to the disturbance of the
refractive index. Thus, integrating along the depth one obtains changes
in sample reflectivity caused by strain:

0 d o
dr5(1) :J"Olfmkoa*z]/ m(z, 1)e?"dz (16)
1J0

where ty; and t;9 stand for transmission coefficients at the vacuum-
sample and sample-vacuum interfaces, respectively. For absorbing ma-
terials, which we are considering in this section, the integral in Eq. 16 is
small because strain is null at the free surface of the sample and because
the integral is along the skin depth only. This especially holds when the
acoustic wavelengths are large with respect to the optical penetration
depth, as is the case with photoacoustic experiments in the MHz range.
Then the phase of the reflection coefficient depends on ér(t) only, Eq.
13, and optical interferometers allow for the direct measurement of the
surface acoustic displacement u; (0, t) or of its velocity [73,74]. We will
discuss in the next section measurement of the phase of the reflection
coefficients with optical interferometers in picosecond ultrasonic
experiments.

The changes in the reflected light intensity are, at first order,

Absorbing layer (1)
0
Andex .
transient
Probe D C E
z Transparent sample (2)

Fig. 3. Changes in optical reflectivity of a transparent sample.

AR = 2Relro; *6rg(t)], not dependent on 6r4 (t). Acoustic pulses that may
propagate back and forth through the layer are thus revealed by the
integral of strain along the skin depth, Eq. 16. Many different situations
have been documented in the literature. To illustrate this we show in
Fig. 2 the relative changes in the reflectivity of the metal film on sub-
strate, Fig. 1, calculated with the physical parameter given in appendix,
and assuming the pump is focused at the substrate-layer interface with a
fluence of I = 160 pJ/cm?. For this opposite pump and probe focusing
and for such thickness of the metal layer, i.e. 200 nm, the thermal
contribution to the changes in reflectivity, Eq. 14, can be disregarded.
When the acoustic impedance of the transparent substrate is greater
than that of the absorbing film, as for titanium on sapphire, Fig. 2(a), the
strain pulse generated by light absorption is mono-polar. It is detected
along skin depth at the free surface of film before and after its reflection
at the mechanically free surface. This gives the bipolar shape of the
reflectivity changes. The following acoustic echoes are of less magnitude
and n-shifted owing to the successive reflections at the free surface.
Amazingly, for the reverse case where the acoustic impedance of the
transparent substrate is less than that of the absorbing film, as for
tungsten on silica, the strain pulse generated by light absorption is bi-
polar. This yields the more intricate shape of the detected reflectivity
changes shown in Fig. 2(b). The successive echoes have decreasing
amplitude but are not n-shifted because the reflection coefficient for
strain is negative also at the film-substrate interface.

3.2. Changes in optical reflectivity of a transparent sample

Next, we consider a usual situation, Fig. 3, where a transparent
sample, medium (2) such that k7, << ki, is in contact with an absorbing
material, medium (1) where the pump light absorption launches
acoustic pulses that are transmitted to the transparent material. The
probe light is assumed incident at the transparent-absorbing medium
interface, Fig. 3, and the transparent sample is considered as a semi-
infinite medium, i.e. its thickness is larger than the probe pulse length,
typically 30 pm for 100 fs pulse duration. The origin for the phase is at
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Fig. 4. Relative changes in reflectivity calculated with pump at the free surface of metal film and probe at the interface between transparent substrate and metal film

of thickness 200 nm. (a) titanium film on sapphire and (b) tungsten film on silica.

the interface. The following description of the changes in the sample
reflectivity was first given by Lin et al. [75].

Changes in the probe’s reflectivity are caused firstly by changes in
the reflectivity of the absorbing layer (1) caused by strain and heating in
this material. This can be described along the same lines as mentioned in
the previous section, thus it will not be mentioned further. Rather, we set
out the changes in probe reflectivity in relation to the acousto-optic
effect in the transparent medium (2).

Let ry; be the reflection coefficient of the probe at the transparent-
absorbing material interface. The probe light reflected at the interface,
shown with label C in Fig. 3, is transmitted twice through index transient
thus its reflection coefficient is rp;(1 + r,;)2 ~r21(1 + 2r5). The reflec-
tivity change caused by strain is therefore:

. 0}12 +00
orc = 2]7'2]](0@/ 7[2(27 l)dZ a7
2J0

where 1, (2, t) and dnz /dn, denote strain and photo-elastic constant in the
transparent medium (2), respectively. Thus this change provides infor-
mation on the displacement u; (0, t) of the interface as:

ony

(37‘(7 = — 2jr21k0
on,

u(0,1) (18)

or of changes in the thickness of the transparent sample if it was finite
[76].

Following the same steps as for the calculation of érg(t), Eq. 16, it is
straightforward to derive the integral expressions for érp and 6rg:

. anz oo —2jkrz . 2 ()nz oo ikrz
0rp = jko=—= (2, t)e ¥ dz, Sre = jra*ko=— 1, (z, 1)e¥%dz
on, Jo o, Jo

19

In view of the integrals in Eq. 19 it is tempting to substitute strain by
its integral Fourier transform in space. After some calculations, one
obtains:

on,...

. . on,_
Srp = — ko=, (q = 2k, 1), Srx = — 2j7ra ko=—ily (g = — 2ky, 1)
on, on,
(20)

Eq. 20 shows that érp and érg are commensurate with the Fourier
component of strain for phonon wavenumbers q = 2k, and ¢ = — 2k,
respectively. It refers to the conservation of momentum and shows that
&rp and érg result from the anti-Stokes or the Stokes Brillouin scattering,
respectively. This resulted from the calculations because of the phase
shifts in the integrands in Eq. 19, see Fig. 3. However, when ry; is weak,
the anti-Stokes interaction contributes mainly to reflectivity changes.

The relative changes in reflected light intensity, which do not depend
on the incident probe intensity, are:

2
% = %M[kog—z [11,(q = 2ky, 1) |sin(2koz + @ + W) (21)
where ¢ is the argument of the reflection coefficient ro; and y is that of
N5(q = — 2ka, t). It is worth noting that for a perfectly reflecting
interface the above change in light reflectivity is null, no such Brillouin
oscillations are detected [75].

Keeping in mind that z denotes the position of the acoustic wave-
front, propagating at sound velocity V, AR/R is an oscillating signal at
frequency fg = 2n,V/A. To illustrate this, in Fig. 4 we plotted the relative
changes in the intensity of the reflected light calculated for the probe
beam focused at the substrate-metal interface, and assuming the pump is
focused at the free surface of the film for the same materials as for Fig. 2.
The acoustic echoes bouncing back and forth through the film are visible
owing to the probe penetrating the metal film. The acousto-optic
contribution in the transparent medium, Eq. 21, is overlaid showing
so-called Brillouin oscillations in the time domain. Their respective
amplitude depends on acoustic transmission at the film-substrate
interface, the optical reflection coefficient at the substrate-film inter-
face and the piezo-optic coefficients. These oscillations are at the fre-
quency of the Brillouin shift, typically 7.9 GHz in water, [77] 34 GHz in
silica, [78] and 77.4 GHz in sapphire [98] with probe wavelength of
512 nm.

The measurement of this frequency for several probe wavelengths
has been used to probe the sample mechanics, both elasticity and
dissipation, for a large bandwidth in the GHz frequency range [79].
Moreover, as the Brillouin frequency shift can be measured in a
time-resolved fashion using the PU technique it becomes possible to
measure sound velocity locally with a theoretical in-depth resolution of
half the optical wavelength, thus allowing notable applications to depth
profiling [72].

3.3. Changes in optical reflectivity of a multi-layered sample

When thickness of the transparent material (2), Fig. 2, is less than the
probe pulse length the interface between vacuum and medium (2) plays
an important role in the detection mechanism. Because of the internal
reflection of probe light at this interface, it will introduce additional
interactions of the probe light with the acoustic wave front. Moreover,
an optical cavity is built which the transmission coefficient will infer on
the sensitivity to changes in the reflectivity of the absorbing layer (1)
caused by strain and heating in this material. Finally, the reflectivity of
the optical cavity strongly depends on its length therefore to the periodic
displacement of the interfaces caused by acoustic pulses bouncing back
and forth in the layer. This introduces a periodic modulation of the
recorded time-trace [80,81].

From the considerations above it appears that prediction of the
reflectivity changes caused by strain in a stacking of transparent and
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partly absorbing layers can be complex and difficult to handle. Analyt-
ical descriptions, accounting for contributions from surface and inter-
face motion as well as changes in refractive index in the bulk of the
layers were proposed based on the transfer matrix method for propa-
gation of the electromagnetic and acoustic fields[82,83]. Derivation of
the Green function provided a compact formalism that could be used to
predict light disturbance in an arbitrary multi-layered structure subject
to an inhomogeneous perturbation in its dielectric constants [82].

Multi-layered structures can constitute super-lattices of increasing
interest because of the outstanding behavior one may expect while
coupling photonic and phononic nano-structures. Progresses and ap-
plications of these structures will however not be treated in this
manuscript.

3.4. Oblique photon-phonon interaction and shear wave detection

When wave-vectors of the interacting photon and phonon are not in
the same direction but instead lie at an angle, as occurs for instance
when probe light is at a non-normal incidence with respect to the
interface where coherent phonons are generated, then the wavelength of
probed phonons can be controlled with the angle. Notably, measure-
ment of changes in the Brilllouin frequency with the incidence angle has
made possible the reconstruction of the strain profile, [84] or the mea-
surement of both the sound velocity and refractive index in a single run
experiment [72].

Importantly, in these situations where coherent acoustic phonons
and probe photons are at an angle, the one-dimensional description, on
which the previous sub-section relies, does not hold. Nor would this
description suit for general directions of the transparent material, if it
were birefringent. Thus perturbation of the refractive index by strain is
no longer described by the simple Eq. 14. Instead, one must account for
the more general linear relationship between the perturbation of the
second order permittivity (?e(x, t) tensor at any position x in space, and
the strain ®)g(x, t) tensor:

@se(x,1) = VP : Pg(x,1) (22)

where (P stands for the fourth order photo-elastic tensor. For symmetry
reasons, the scalar components of (/P depend on only two independent
parameters in the case of an isotropic material. This relation allows one
to describe the perturbation of the electromagnetic properties of the
medium by an acoustic disturbance and thus deduce how the electro-
magnetic wave will be changed in terms of amplitude, phase and po-
larization. Calculations, not given here, would illustrate that the
acoustic shear wave cannot be detected in an isotropic material if photon
and phonon wave vectors lie in the same direction. Conversely, the
oblique interaction that supports the reflectivity changes allowing
detection of shear waves has been fully described for plane [38,85] and
divergent [86] wavefronts in transparent and absorbing materials. As
the acoustic strain can induce transient anisotropic perturbation of the
refractive properties of the transparent material, Eq. 22, polarization of
the probe light reflected by the sample can change. Thus transient
femtosecond ellipsometry has shown great sensitivity to the acoustic
strain, notably that associated with shear strain pulses [87-89].

4. Some instrumental advances

In this section we describe the basic features of the experimental set-
up and mention several advances in the field that have resulted in the
initial limitations being overcome. While interferometric detection has
been implemented rapidly and has been steadily improved, recent ad-
vances in devices make it possible to significantly improve the time
required to perform the optical sampling of the transient response, to
concentrate the frequency spectrum of the phonons generated and
improve the spectral resolution, and also to drastically improve the
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spatial resolution for imaging applications.

The PU technique is based on a time-resolved pump-probe setup
using ultra-short laser pulses as delivered, for instance, by a Ti:Sa laser.
For such a laser, typical wavelength, pulse duration, energy per pulse
and repetition rate are basically 780 nm, 100 fs, 10 nJ, fj = 78 MHz,
respectively. The probe pulse is delayed with respect to the pump pulse,
up to a few nanoseconds with a temporal accuracy of a few tens of
femtoseconds by means of a variable and mechanically controlled op-
tical path. To improve the signal to noise’ ratio, the pump beam, for
which the length of optical path remains constant during the experi-
ment, is modulated at a given frequency f>, with fo < f1/2, by an
acousto-optic modulator. A lock-in amplifier synchronized with the
modulation frequency is used to extract the signal from a photodiode.
This lock-in detection makes it possible to shift the data acquisition at
frequency f, where laser noise and technical noises are generally low.
Such an arrangement allows for the measurement in the time domain of
changes in the sample reflectivity in the range [107%1077] with an
upper bandwidth boundary limited by pulse duration. Despite these
outstanding capabilities this system has the following limitations: it
gives access to the real part of the complex reflection coefficient only;
because the mechanical delay line is used, acquisition of a single signal
takes a long time, thus preventing the production of images by scanning
the sample, especially for living matter; frequency resolution is limited
by the repetition frequency fi; in-plane space resolution is limited by
optical diffraction. These limitations have remarkably been overcome
thanks to the striking advances mentioned in the following.

4.1. Interferometry

Several techniques were developed early to measure the phase of the
reflection coefficient changes, Eq. 13. This provides an interesting
alternative for detecting hypersound in materials with small piezo-optic
coefficients, as is the case for example for copper at the standard probe
wavelength of 780 nm. Overall, it gives access to the acoustic surface
displacement, and is thus of notable interest for the study of surface and
interface waves in the low GHz range.

Femtosecond interferometry was initially developed to resolve the
laser-induced modification of the complex refractive index of a sample,
[90] and later applied to picosecond ultrasonics [91,92]. Double path
interferometers were the first to be used in the field, notably the
Mach-Zehnder [91] and Michelson interferometers [93] where the po-
sition of a reference mirror is controlled with an active feed-back loop.
Common-path interferometers of the Sagnac type were later in wide-
spread use [92,94,95]. Depending on the temporal delay between the
reference and probe pulses at the sample, either the surface displace-
ment or its derivative is measured. Recently an alternative approach was
proposed where the beam splitter used in a Sagnac interferometer to
create the reference and probe beams was replaced by a birefringent
crystal which generates a pair of phase-locked pulses with orthogonal
polarizations [96]. The temporal delay between the reference and probe
pulse is then imposed by the birefringence of the crystal and by its
thickness. When used in reflection mode this single path interferometer
with a single birefringent crystal is extremely stable, easy to align and
does not need stabilization [97,98].

The use of an optical Fabry-Pérot to enhance the signal detected in
picosecond ultrasonic experiments was also investigated. In this method
areflector is placed above the sample surface so that an air optical cavity
is formed between the reflector and the sample. Accurate spacing close
to the optical resonance is required to access a signal amplification by
two orders of magnitude [99].

4.2. Ultrafast signal acquisition
The original experimental method relies on optical sampling with a

conventional femtosecond pump-probe setup, where the pump and
probe pulses are delivered by the same laser and the probe pulse is time
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delayed with respect to the pump pulse by using moving mirrors
mounted on a motorized translation stage. This mechanical motion
shows several intrinsic drawbacks, such as fluctuation of the beam
pointing, modification of the size of the focal spot on the sample and
long acquisition times for pump-probe delays ranging over several
nanoseconds.

To circumvent these drawbacks, the asynchronous optical sampling
technique (ASOPS) was adopted for picosecond ultrasonic experiments
[100]. In this alternative scheme, two different optical combs are used
for pump and probe pulses. A slight difference Af; between their pulse
repetition rates f; creates the pump-probe delay, thus the mechanical
delay line is no longer needed. Pump-probe delays from zero to the in-
verse of the repetition rate, 1/f;, are scanned during one beating period
between pump and probe asynchronous pulse trains, 1/Af;, typically in
the millisecond range [101]. Such a technique where the sampling is
performed at a distinct rate with respect to the excitation is also called
equivalent time sampling. Stroboscopic stretching enables the transfer
of optical time scales, femtosecond to nanosecond, to electronic time
scales, which makes the signal directly recordable by an oscilloscope.
Thanks to such ultrafast sampling, low reflectivity changes can be
detected by averaging over very large number of time-scans, thus
dispensing with the use of lock-in amplification.

ASOPS systems with repetition rates in the GHz range are ideally
suited for investigating the propagation of coherent acoustic phonons
with frequencies ranging from a few tens of GHz [102] to several THz
[103]. The drawback of such ASOPS setups with high repetition rates is
that they do not offer a sufficient frequency resolution to investigate the
propagation of coherent acoustic phonons in the low- or sub-GHz fre-
quency range. For such investigations, lower repetition rates, typically
of fi~ 50 MHz [57] or fi~ 80 MHz [101,104], offer convenient fre-
quency resolution of that order. In these two-laser systems the slight
difference in their repetition rates is actively stabilized with a feedback
loop. The temporal resolution of the setup is limited by the jitter be-
tween both laser pulse trains, possibly up to several hundred fs.

Recently, a system was demonstrated where a single laser cavity was
used to produce two pulse trains with a repetition rate difference [78,
105]. A birefringent crystal is inserted in the laser cavity so that the
modes with orthogonal polarizations are delayed independently. The
system is free-running, since no piezo-electric and electronic stabiliza-
tion systems are required to control Af;. The latter is dependent on the
difference in wave speed and on the length of the optical path in the
crystal and is intrinsically stable, thus decreasing laser jitter. These ad-
vances, introduction of the equivalent time sampling and free running
dual comb laser, have not only drastically reduced signal acquisition
time, but they have also significantly reduced the complexity and cost of
the systems.

4.3. Frequency control

Through opto-acoustic transduction in the absorbing material a
single acoustic pulse is periodically generated in the time domain.
Owing to its very short monopolar or dipolar nature, this pulse is very
broadband in frequency. There are however a myriad of applications
where the excitation of acoustic signals with narrower bandwidth
around a controlled frequency is desired, although at the cost of a lower
time resolution.

Thin film acoustic resonances of the transducer itself can be used for
this purpose. Hence, relaxation in amorphous solids was studied with
the measurement of phonon attenuation in polymers. For instance,
attenuation in PMMA was measured at frequencies up to 320 GHz using
thin NiTi films of thickness down to 35 nm as transducer [106]. How-
ever, this method lacks versatility because it requires one sample design
for each selected central frequency.

Alternatively, optical pulse sequences were produced by inserting a
specifically designed pulse-shaper along the pump path. This optical
system included partly reflecting mirrors mounted on a translation
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stage. The period of the sequence can be tuned continuously thus
concentrating the acoustic energy at the controlled reciprocal frequency
[107]. Narrow band acoustic attenuation measurements could then be
achieved in vitreous silica at frequencies ranging from 20 GHz to
400 GHz [108].

With the same aim, the length of the laser cavity can be finely tuned
so that the laser repetition frequency f; matches the frequency of the
desired acoustic excitation. Thus acoustic modes of a free-standing
semiconductor membrane were measured with high laser repetition
frequencies in the range [0.8-1] GHz [109].

Besides the abovementioned achievements to adequately control the
central frequency of a narrow band acoustic generation, attention has
been paid to improving the intrinsic frequency resolution. In standard
experimental set-ups, the frequency spectrum of the signal comes out
multiplied by a frequency comb with a periodicity f;, reciprocal to the
pulse period. Therefore, the best frequency resolution one can expect is
limited and is equal to f;. This can be insufficient for several applica-
tions, such as the accurate measurement of the Brillouin frequency in
transparent media, acoustic resonances with high Q, or the dispersion
curves for surface and interface waves. This can be circumvented by
varying the laser repetition rate [109] but for low repetition rates,
50-80 MHz, this implies significant changes in length for the laser
cavity, which is difficult to implement in practice.

Another solution was demonstrated by taking advantage of lock-in
detection at a modulation frequency f, [110]. This is inherently pre-
sent in the set-ups that use delay lines for optical sampling and can also
be introduced in systems using ASOPS. The abovementioned frequency
limitation can be overcome by taking advantage of the sidebands at
frequencies fi + f», and of the complex signal provided by the lock-in
detection. Modifying the modulation frequency f, thus allows arbi-
trary acoustic frequency control.

4.4. Space resolution

If a probing technique were demonstrated that would read out the
motion of the sample surface, combining nanoscale spatial resolution
and picosecond temporal resolution, this would offer outstanding per-
spectives for nanoscale mechanical characterization. In addition to the
techniques mentioned above in Section 2.6 to overcome the optical
diffraction limit, using a fiber tip in a SNOM [62,63] or piezoelectric
saturation [65], several remarkable achievements have allowed the
detection of sound waves with a better lateral resolution than optics. In
the following we mention few of them.

A noticeable step towards this goal was achieved with near-field
microscopy using a plasmonic nanofocusing probe. In this technique
the probe laser is converted into a surface plasmon at the surface of an
AFM probe, by etching a diffraction grating on the surface of the probe
to couple the incident light and the surface plasmon. The evanescent
light was concentrated at the nanoscale apex of the probe and produced
a bright local optical source. The optical detection of broadband ultra-
sound with a frequency of up to 135 MHz was achieved with a similar
spatial resolution to the AFM probe tip radius [111].

The excitation of bulk and surface acoustic waves following light
absorption by 1D and 2D arrays of metal nanoparticles, and by a single
metal nanoparticle, has been highlighted in Section 2.7. Conversely, the
optical detection of vibrational modes of 2D and 1D arrays has also been
used to detect optically generated surface acoustic waves. Opto-
mechanical coupling of the mechanical vibrations of Au nanoparticles
and their optical response, due to collective electronic oscillations, has
led to the detection of surface acoustic waves by such metallic nano-
antenna. The reflectivity changes induced by this plasmonic response
have made it possible to detect surface acoustic waves at frequency
~ 10 GHz propagating along the surface of a glass substrate using lines
made of Au and of width ~ 65 nm [50].

Another mean of detecting surface acoustic waves consists in
measuring changes in the optical diffraction of light by an array of
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Fig. 5. Pump and probe positions with respect to the sample. (a) Both pump and probe are focused on top of a bulk metal transducer through the cell. TDBS signal is
detected in cell. (b) Pump and probe are focused on each side of a thin metal transducer. TDBS signal is detected in cell and acoustic echoes propagating back and
forth in the thin metal layer can also be detected because of reflectivity changes at the metal-cell interface. (c) Both pump and probe are focused at the bottom of a
thin metal transducer. Acoustic echoes propagating back and forth in the thin metal layer are detected because of reflectivity changes at the substrate-metal interface.

reflectors spread on the material surface, with a period of the array
matching the acoustic wavelength in play. The optical diffraction of
extreme ultraviolet light (EUV), of wavelength ~ 30 nm, has permitted
the detection of surface acoustic waves at a frequency of ~ 80 GHz. For
this the EUV beam was focused on a 2D array of period 45 nm made of
Co/Pd nano-pillars on a Si substrate [112]. Measurement of the velocity
of surface acoustic waves of such small wavelength with the diffraction
of an EUV beam was used to assess the elastic moduli of ultrathin films
with thicknesses down to 11 nm [113].

Besides this 1-2D geometries, acoustic communication between two
single Au particles, one used for opto-acoustic generation, the other for
detection was also achieved recently in the same frequency range [114].
The modulation of localized surface plasmon resonances of the single
receptor, of either the rod or disk shape, was detected in these experi-
ments. These achievements with single nanotransducers are opening up
perspectives for the nondestructive evaluation at the nanoscale, notably
for soft and biological matter, bearing in mind that such Au nano-
particles could be optically printed at the sample surface [115].

Going further in the acousto-optic space resolution may demand
implementing other mechanisms than optical interferometry or plas-
monic resonance disturbances. Exploiting the detection of changes in
molecule fluorescence due to acoustic disturbances in the molecular
surrounding is a direction that was recently suggested [116].

5. Applications to the nanoscale investigation of cell mechanics

Fluorescence microscopy is the current gold standard cell imaging
modality as it provides real-time and spatially resolved information on
biological structures and internal pathways. Multiple fluorescent dyes
can be used with specific proteins and antibodies to highlight structures
within the cell. Conversely, opto-acoustic microscopy does not involve
the addition of exogenous labels or other contrast agents since it can
provide cell imaging with the endogenous mechanical characteristics as
the contrast mechanism. Thanks to its outstanding time or frequency
resolution, it allows for the quantitative evaluation of the mechanical
properties with sub-optical axial resolution.

Cell mechanics is involved in several fundamental biological pro-
cesses such as adhesion maturation, migration, differentiation and ma-
lignant transformation. In addition, as it is intimately related to the
fibrous and supra-molecular structures of cell organelles cell mechanics
reveals the structural changes continuously occurring during cell cycles.
The research effort for studying the mechanics of single cells and sub-
cellular components has thus been growing rapidly with significant re-
sults and vast implications for biotechnology and human health.
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However, current experimental techniques are facing two fundamental
limitations: living cells react to the active means used to take mea-
surements, changing their mechanical behavior; and resolving the
biomechanical interplay between cell organelles requires their me-
chanical properties be evaluated independently.

Picosecond opto-acoustics, as a remote label-free modality, shows
excellent capacity for the quantitative evaluation and imaging of the
intra-cell mechanical properties, currently with a micron in-plane and a
sub-optical in-depth resolution. Although most experiments to date have
been achieved with fixed cells in air or in liquids, the capacity to image
live cells has been demonstrated. In the following we first describe the
material and methods used for time domain Brillouin spectroscopy
(TDBS) in cells, on one hand, and for cell ultrasonography on the other.
Then the applications of these opto-acoustic imaging modalities to
address biologic questions are presented. However, the future chal-
lenges for further developments in applications of the technique to
biology will not be developed extensively here.

5.1. Time domain Brillouin microscopy in cell organelles

The absorption of fs pump pulses over the nanometric skin depth of
the biocompatible metal transducer on which the cell was grown, Fig. 5,
launches an acoustic wavefront in cell. Its propagation along the cell
thickness is detected with probe light in cell through the Brillouin
acousto-optic interaction, Section 3.2 [15]. The pump beam can be
focused at the cell-metal interface, Fig. 5(a), then a bulk transducer can
be used, or at the bottom interface of a thin metal layer sputtered on a
transparent supporting substrate, Fig. 5(b). In the latter case, the
hypersound is partially reflected and partially transmitted to the cell
owing to the acoustic impedance mismatch. Titanium was used as a
bio-compatible metal, and sapphire [117] or silicon [118] as a sup-
porting transparent medium as their high thermal diffusivity minimizes
heat accumulation at the metal-cell interface. Two distinct improve-
ments have been brought to the design of the thin metal transducer. A
composite transducer was made of thin alternating layers of two mate-
rials, one with a high optical absorption, the other with a high thermal
conductivity and thermal expansion coefficient. Optically induced
heating of the thin layer diffuses into neighboring layers and, within a
time less than 1/fz, produces their large expansion resulting in the
enhanced generation of coherent acoustic waves [119]. Using another
approach, where both pump and probe lasers were focused at the bottom
of the structure, Fig. 5(c), a three-layered transducer was designed to
produce an optical cavity where the pump is absorbed and the probe is
transmitted through. This enables the TDBS signal to be detected with
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Fig. 6. Relative changes in reflectivity measured with a fixed macrophage cell on a 300 nm thick titanium film on a sapphire substrate. The pump beam was focused
at the sapphire-titanium interface. In (a) the probe is focused at the cell-titanium interface. The time domain Brillouin scattering reveals propagation in cell of
phonons at frequency fg ~ 16.5 GHz. The arrow shows time when the phonons reach the cell surface. In (b) the probe was at the transparent substrate - metal film

interface. Arrows point out echoes bouncing back and forth through the metal film.
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Fig. 7. (a) Top view image of a macrophage under white light illumination. The cell shows a typical early telophase or late anaphase nuclear morphology of bi-lobed
structure, a single nucleus dividing into two daughter cells of approximately 15 um in diameter. (b) Map of Brillouin frequency. (c) 3D map of cell thickness. Adapted

from J. Biophotonics. 2019; 201900045 with permission of John Wiley and Sons.

minimum laser intensity in cell [120].
The recorded signals allow for measurement of the frequency fz of
the time-resolved Brillouin oscillations and of their lifetime 7. This fre-
quency is typically in range [5-20] GHz depending on probe wavelength
and cell hydration. Given the refractive index in cell, the sound velocity
at the Brillouin frequency can be calculated, as mentioned in Section 3.2.
From the general equation governing acoustic propagation in a visco-
elastic medium, the complex modulus M can be expressed by:

2

M =M +jMn = pV? +j&

e (23)

with the real and imaginary parts describing the longitudinal storage
and loss moduli, respectively. TDBS measurements can therefore be used
to assess the complex modulus, given the known mass density, p, and
optical refractive index, n, of the sample [121]. Note, however, that the
loss tangent, tané = Mr//M/, that characterizes acoustic dissipation in
cell, does not depend on p nor on n.

For the purpose of illustration the signal detected with the probe
focused at the film-cell interface, Fig. 5(b), is shown in Fig. 6(a) for a
macrophage cell, on a 300 nm thick titanium film on sapphire. The cell
is fixed, dehydrated and experiments are performed in air. Large Bril-
louin oscillations reveal propagation of coherent phonons at fz ~ 16.5
GHz in the cell nucleus.

The presence of a stepwise signature in the measured waveform, as
labeled with an arrow in Fig. 6(a), marks the moment when the coherent
acoustic phonons reach the top surface of the cell nucleus. With the pre-

11

determined sound velocity, one can thus simultaneously obtain the
nucleus thickness. This measurement however requires that the cell
thickness be less than the phonon propagation distance, typically in
range [3-5] um at frequencies in play. For the thinner parts of the cell,
typically the cytoplasm surrounding the nucleus, thicknesses can be
assessed measuring the acoustic resonance frequencies of the thin cell
layer. This 3D mapping of cell morphology has been compared with
measurement performed by AFM on a same fixed macrophage cell in air
[122].

Fig. 7 shows the Brillouin frequency map and thickness map of a
macrophage cell. The nuclear morphology, Fig. 7(a), indicates that the
cell is mitotic, typically in early telophase or late anaphase. The Bril-
louin map, Fig. 7(b) shows with high contrast the mechanical landscape
of the nuclei. The image unravels two distinct regions near the pole of
each daughter nucleus that cannot be observed from the optical image in
Fig. 7(a): an orange part with Brillouin frequencies around 18 GHz
enclosed by a green part with lower Brillouin frequencies around
15 GHz, measured with a probe wavelength at 515 nm. This in-
homogeneity possibly arises from the chromosome segregation and
remodeling occurring in the late anaphase, in which chromosomes are
drawn to opposite poles of the nucleus and reach their maximum
condensation to help chromosome segregation and the re-formation of
the nucleus in the telophase. Fig. 7(c) shows the 3D cell morphology
measured with the acoustic data. The thickness map suggests that cell
thickness is maximum, approximately 2 um, around the center of each
daughter nucleus rather than at the pole side, where the Brillouin fre-
quency is at its maximum. This comparison is worthy of note since it
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Fig. 8. Signal amplitude at the Brillouin frequency in bovine endothelial (a-c)
and mouse adipose (d-f) cells at increasing distances from the metal transducer.
Reproduced from Appl. Phys. Lett. 106(16) (2015) 163701 with the permission
of AIP Publishing.

Fig. 9. (a) Optical image of the live 3T3 cells. (b) Map of the Brillouin fre-
quency shift with probe wavelength at 780 nm. Sections at distance of (c) 1 ypm
and (d) 1.8 um from the transducer. Thin filopodia (marked by white circle,
square) are resolved axially as the section moves deeper into the cell. Repro-
duced from Scient. Reports 6 (2016) 39326.

suggests the Brillouin frequency, a gauge for chromatin condensation, is
independent of the cell thickness [123].

Because the Brillouin oscillations are time-resolved, changes in
either the signal amplitude or the Brillouin frequency shift with time, i.e.
with coherent acoustic phonon propagation in depth, can be measured.
For this, the phonon velocity measured with the Brillouin frequency shift
is used to convert the sub-picosecond time scale into a sub-micrometer
scale in depth, z. The in-depth resolution is then limited by the acous-
tic wavelength A/2n, with n the refractive index for cell, see Section 3.2.
This depth profiling of the signal amplitude at the Brillouin frequency-
shift was achieved with bovine endothelial, mouse adipose[124] and
mouse 3T3[125] fixed cells in buffer solution. Fig. 8 shows amplitude of
the signal at the Brillouin frequency for endothelial and fat cell. In this
figure slices of the signal amplitude are at a distance of 1/2n ~ 150 nm.
The ultrasonic attenuation in the endothelial cell is clearly greater than

12

Photoacoustics 31 (2023) 100496

6 4 2 0
ACOUSTIC STRAIN (arb. units)

Fig. 10. (a) Images of the nuclear region (a) and lamellipodium (b) of a human
mesenchymal stem cell migrating upward. The first row shows top view white-
light images for comparison. Raw acoustic images of the amplitude of the first
echo reflected at the transducer-cell interface in the nuclear region (c) and in
the lamellipodium (d). Adapted from Scient. Reports 5 (2015) 1038.

that of its surroundings, whereas attenuation in the fat cell is similar.
The spatial dependence shows evidence of inhomogeneity of the
acoustic dissipation inside the cells [124].

The depth profiling of the Brillouin frequency-shift, shown in Fig. 9,
was demonstrated with live 3T3 mouse fibroblasts[126]. The contrast as
shown in the Fig. 9(c-d) was obtained by calculating the Brillouin fre-
quency along a time window of six acoustic cycles giving a slice thick-
ness of 840 nm. The cell morphology and extent are shown to change as
the section is shifted through the cell. For instance, the filipodial
structures, highlighted with circle and square in Fig. 9(c-d), are shown to
be thinner as the distance increases [126].

5.2. Single cell ultrasonography

Alternatively, a pulsed opto-acoustic microscope was demonstrated,
where both the pump and probe beams are focused at the bottom of a
metal monolayer transducer, Fig. 5(c). In this situation the transparent
medium that supports the film acts as a heat sink, and the layer thickness
is designed to ensure that the cell remains thermally isolated [117]. This
inverted microscopy leaves the cell undisturbed from laser radiation and
laser heating. This architecture of the opto-acoustic modality leaves
room for simultaneous fluorescent microscopy of the cell from top.

The focusing of low-energy femtosecond pump laser pulses at the
bottom of the metal film produces an ultrafast thermal expansion and
launches a longitudinal acoustic pulse in the metal film, with a broad
spectrum extending up to 100 GHz. The transient changes in the probe
optical reflectance allow measurement of the amplitudes of echoes
bouncing back and forth through the film, as shown in Fig. 6(b). Fig. 10
shows images of a fixed human mesenchymal stem cell, hMSC on a thin
titanium layer [127]. The cell is highly polarized as it undergoes
migration, and the nucleus region and the lamellipodium were selected
for the acoustic imaging. The top-view white-light image, Fig. 10(a),
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Fig. 11. Map of the mass density (g/cm®) measured in the nucleus of the
mitotic macrophage shown in Fig. 7. Adapted from J. Biophotonics. 2019;
€201900045. with permission of John Wiley and Sons.

suggests that the cell height is at a maximum in the nuclear region and
decreases dramatically in the peripheral ruffles. Bundles of actin fila-
ments appear as darker stripes perpendicular to the cell edges in Fig. 10
(b). This contractile structure is continuously remodeled to allow
displacement of the cell in treadmill-like motion. Fig. 10(c, d) are maps
of the amplitude of the acoustic echoes reflected at the transducer-cell
interface. The very high acoustic contrast reveals the cell morphology
and that of the cell components. The thin cytoplasm at the cell periphery
and the structure of the nucleus are clearly shown in Fig. 10(c). The actin
network and the fine details of the leading edge of the lamellipodium are
distinctly resolved in Fig. 10(d) [127].

The reflection of acoustic waves at the interface between the tita-
nium film and an acoustically thick cell is dominated by the mismatch in
acoustic impedances. The contrast in the acoustic images in Fig. 10 is
related to spatial variations in the cell impedance Z., caused by rigidity
and mass density fluctuations within the cell. However, acoustic
contrast that depends on frequency indicates that other mechanisms,
inherent to ultrasonography at a nanoscale, need to be accounted for. In
analogy to conventional pulse echo experiments,[128] changes in the
acoustic reflection coefficient with frequency can be attributed to cell
adhesion. The balance between the adhesive and repulsive forces
maintains the cell at equilibrium. The high-frequency acoustic
nano-pulses impinging on the surface disrupt this equilibrium. This
spring-like interface gives a frequency dependence of the acoustic
reflectance. Therefore by processing the changes with frequency, in
range [10-100] GHz, film-cell interfacial stiffness K can be measured
[129].

Variations in Z. across the cell are attributed to rigidity and density
fluctuations within the cell, whereas variations in K are related to
interfacial intermolecular forces and to the nano-architecture of the
trans-membrane bonds [129]. Notably, maps with a micron in-plane
resolution of the impedance and interfacial stiffness were produced in
cell nuclei and in the lamellipodium of a migrating hMSC [127].

Dual-probe architecture was demonstrated where the probe beam is
split into two to build two arms for probing the sample from the bottom
and top simultaneously [123,130]. This combines the set-ups shown in
Fig. 5(b) and Fig. 5(c) into a single one, with one pump beam and two
opposite probe arms aligned along the same axis. As the acoustic pulses
are partly reflected at the metal-cell interface, cell ultrasonography is
achieved with the bottom probe arm; and as they are partly transmitted
to the cell, the TDBS imaging of the cell is made possible simultaneously
with the top probe arm. For each individual pixel in the image,
opto-acoustic signals are acquired from each channel in a single run
measurement at a single spatial location. Therefore the physical data of
experimental access are cell impedance and adhesion stiffness, with the
bottom probe arm, and cell thickness and hypersound velocity and
attenuation, calculated with the time-domain Brillouin signals,
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measured with the top probe arm. According to the current state of the
art a uniform refractive index is the only unique input. However, the
contrast in the opto-acoustic images [123] is still greater than the in-
homogeneity of the refractive index one may expect for a biological cell
[131]. With these data in hand, notably the acoustic impedance,
acoustic velocity and dissipation, one can merely extrapolate and map
the complex stiffness modulus and the mass density in cell with an op-
tical resolution. This is a noticeable step forward given that maps of
these latter physical parameters are easier to interpret biophysically
than hypersound velocity or acoustic impedance. For instance, we show
in Fig. 11 the map of mass density we measured with the dual probe
architecture in the nucleus of the mitotic macrophage shown in Fig. 7. It
reveals two distinct regions in opposite correlation with maps of the
Brillouin frequency Fig. 7(b). This suggests that the mass density of
dense chromosome network at poles is less than mass density of the
nucleoplasm [123].

5.3. Contributions for biomechanics

In this section we shine a light on the inputs that opto-acoustic mi-
croscopy can provide to help investigations in biomechanics and con-
nections with biology. The strengths and weaknesses of the technique
with respect to state of the art alternative methodologies are not
developed but they can be found in the literature we refer to in this
section. Unless explicitly mentioned, the above reported results have
been achieved with fixed cells.

Cell 3D morphology, nucleus roughness. Cell morphological analysis
has long been used in cell biology and physiology for abnormality
identification, early cancer detection, and dynamic change analysis
under specific environmental stresses. In such investigations, cell bi-
ologists usually use cell images provided by optical microscopy.
Although this approach delivers detailed information about cells’ inner/
outer structures, it offers only planar two-dimensional information. A
few interferometric imaging techniques provide access to the in-depth
information. However, the axial resolution is limited, generally
ranging from a few microns to sub-microns. In addition, dispersion in
cell thickness, i.e. nano-scale cell roughness, is an interesting indicator
of the cell’s state of health. It can be altered by a modification of the
membrane ultrastructure, [132] or by a disorganization of the nucleus
microstructure, as observed for cancer cells [133].

Picosecond opto-acoustic microscopy shows unique capabilities to
provide cell 3D morphologies. Thicknesses in the range [10-50] nm
were mapped in between microtubules in the thin leading edge of a
migrating hMSC, thus solving microtubules and showing typical cell
morphological structures of migrating cells such as arches [127]. TDBS
was also applied to provide the entire 3D morphology of an osteosar-
coma cell, the roughness of which is known as biologically relevant. It
was also obtained using AFM as a reference mean for contact thickness
measurement. The good agreements of the measured profiles and mean
thicknesses confirmed accuracy of the remote technique for measuring
cell thicknesses as small as 1/7. In addition, the in-plane definition of
~ 1 um, as limited by optical diffraction, was shown to be convenient for
performing relevant roughness analysis. A sensitivity to nucleus
roughness of the order of 1/10 was demonstrated. This is a remarkable
input since nucleus roughness is an important morphological phenotype
for cancer cells [134].

Cell adhesion. Cell adhesion plays an integral role in several biolog-
ical processes such as migration, mechanosensing, morphogenesis or
differentiation [135,136]. When placed on a surface, a cell attaches to
discrete specialized areas called focal adhesions, [137] where the cell
anchors to the surface by providing mechanical bondings, formed by
nanoscale clustering of a tremendous number of trans-membrane pro-
teins [138]. The cell-substrate mechanics are thus highly heterogeneous
and unraveling the mechanics of cell adhesion requires sub-cell char-
acterization. Research in these fields requires techniques to characterize
cell adhesion in order to better understand, control and optimize it with
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various types of substrate.

Picosecond acoustic ultrasonography has shown its capability to
measure the cell-surface adhesion stiffness, currently with an in-plane
resolution limited by the optical diffraction limit. The uniform adhe-
sion of monocytes was first measured [129] and the adhesion stiffness
microscopy later unraveled strong isolated adhesion sites scattered at
the surface underneath the nucleus of mitotic macrophage-like cells
[123]. Advances in the technique have since made it possible to acquire
a larger number of pixels for each cell and to perform this set of ac-
quisitions for a large number of cells from the same sample [139]. The
resulting finding has demonstrated a tendency in endothelial cells to
develop a larger number of sites of strong adhesion when cells are in
contact with each other than when isolated on the transducer surface, as
if a cell was developing trans-membrane adhesion proteins when sensing
the presence of another cell. This shows that picosecond acoustic ul-
trasonography can reveal active processes involved in cell adhesion and
can dissociate them from passive processes [140]. Moreover, this active
adhesion was shown to be correlated with changes in the elastic ho-
mogeneity of the nucleus.

Nucleus compressibility and elastic homogeneity. The interior of the
nucleus has a complex composition that consists mainly of DNA mole-
cules packed in compacted histone-DNA complexes to form chromatin
fibers. Through epigenetic regulation, chromatin can be packaged into
different conformations and compactions that modulate gene expression
and access of transcription factors to their binding sites [141,142].

Chromatin fiber has been identified as the major load-bearing
element of the nucleus, [142] and the chromatin condensation state
dictates the nuclear stiffness [143]. It forms supra-molecular conden-
sates in the nucleus in which chromatin is physically constrained and
solid-like, thus forming a solid scaffold [144]. As the phonon wave-
length in TDBS experiments, 1/2n, is longer than the characteristic fiber
and interstice diameters homogenization theory applies to describe the
mechanical behavior probed by TDBS. In this context, the measured
effective storage modulus, Eq. 23, depends primarily on chromatin
compaction and conformation [145] and the loss modulus reveals
dissipation due to fiber flexibility or to scattering by in-homogeneities of
a size close to the phonon wavelength.

In the following we give examples where the cell response induces
changes in chromatin organization and we mention the achievements
regarding the probing of these changes with the picosecond ultrasonics
technique.

Many studies on stem cell differentiation have shown that mechan-
ical cues, both external like shear stress and substrate stiffness, [146]
and internal such as the cell’s cytoskeleton tension, [147] influence the
commitment of stem cells to certain lineage. Strain transfer to the nu-
cleus and subsequent deformation of the nucleus have been proposed as
a direct link between mechanical inputs from the microenvironment and
gene regulation [148]. This link is mediated by the cytoskeleton forming
a mechanically continuous network within the cell allowing the trans-
mission of extracellular mechanical signals to the nucleus. This network
favors transfer of mechanical signals to the chromatin. The influence of a
pre-tensed cytoskeleton on chromatin compaction and gene expression
has been illustrated [148,149]. These studies show that changes in
cytoskeleton organization impact on how cell sense and respond to
mechanical signals.

The interplay of internal nuclear nanostructure with the intracellular
micro-environment was probed with TDBS measurements in cells
treated with nocodazole, a chemical agent known to disrupt microtu-
bules [150]. The expected increase in the Brillouin frequency confirmed
that the intra-nuclear mechanics can be affected by the cytoskeletal
behavior [151].

Another illustration of the probing of cell mechano-transduction
with picosecond ultrasonics was found from statistics of measurements
obtained from human microvascular endothelial cells cultured for two
different times on the metal transducer before fixation. It was shown
from acoustic data that the larger number of adhesion sites underneath
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the nucleus was correlated with the dispersion of nucleus impedance
data, with the latter revealing the mechanical inhomogeneities arising
from the multiplicity of local conformations within the nucleus [140].
These experiments illustrated the relevance of the combined study of
cell adhesion and elasticity, as provided by picosecond ultrasonography.

By using the dual probe architecture mentioned above maps of the
acoustic impedance and of the mass density of macrophage cells in the
mitosis phase were produced. The nucleus had the characteristics of a
telophase with the chromatin, which seems of low mass density, being
grouped at two poles while the microtubules and the actin filaments, of
greater mass density, work to split the nucleus, Fig. 11 [123].

Gene integrity is continuously challenged by DNA lesion, caused by
normal metabolic activities or by environmental factors. In the event of
a DNA break, the cell activates DNA damage response pathways that
allow detection and repair of the lesion. Failures to repair are important
sources of genome instability, giving rise to chromosomal aberrations
and severe biological consequences including tumorigenesis and cell
death [152,153]. However, DNA damage and repair lead to the activa-
tion of different biochemical pathways and to nuclear chromatin reor-
ganization [154,155].

The possibility of measuring the storage and loss moduli inside a cell
nucleus is an advance offered recently by PU microscopy. It gives access
to the nucleus nanostructure and compaction and rigidity of chromatin
fibers, composed mainly of histones and DNA [156]. After DNA damage
was induced in osteosarcoma nuclei by either chemical or physical
means, the measurement of the complex moduli of the nucleus interior
was achieved. After double strand breaks have been induced, the drop in
measured stiffness and dissipation revealed the decompaction of the
chromatin network, facilitating the access of signaling and repair
proteins.

Opto-acoustic microscopy of cell is a newly developed method to
explore the cell mechanics, and recent achievements have raised the
technique to a high level of maturity. Future developments concern, on
the one hand experimental devices whose simplicity has been increasing
and whose cost can be expected to decrease still. On the other hand, as
with any laser microscopy technique, efforts are continuously main-
tained to reduce the exposure time to lasers. Although the doses
absorbed by the cell are lower than for many other optical modalities,
avenues for progress can be found by developing devices that can
improve the compromise between the search for efficient opto-acoustic
transduction and minimum heat-induced cell stress. Moreover, a large
number of applications, particularly in diagnostics, concern measure-
ments with fixed cells and require high data acquisition speed and data
throughput. The development of new imaging strategies, for example
using multi-channel acquisition systems, is one way that could be
considered.

6. Conclusion

The basic physics involved in picosecond ultrasonics has been pre-
sented in this paper. By using short laser pulses in highly absorbing
materials one can master coherent acoustic pulses with unequaled fre-
quency bandwidth. In a pump-probe experimental arrangement their
remote detection is achieved by measuring the perturbation of short
light pulses by the acoustic transients. The advances in this field have
raised the technique to a high level of development that has been partly
described in this article.

With the development of suitable methods and devices it is now
possible to demonstrate the ability of this technique to image the
properties of individual cells. Image resolution can be better than
standard optics and contrast comes from the endogenous mechanical
properties of the cell. Another major feature of opto-acoustic microscopy
is that it can probe the internal mechanical properties of organelles. The
strong sensitivity of the technique to changes in mechanical properties
measured inside the nucleus makes it possible to probe changes in the
compaction of chromatin fibers, their flexibility or the formation of
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Table 1
Physical data used for simulations. Values for piezo-optic coefficients are esti-
mates from fittings of experimental results with calculated signals.

Sapphire Titanium Silica Tungsten
n (@515 nm) 1.75 1.78 + 2.05j 1.5 3.78 + 2.72j
n (@1030 nm) 1.75 2.95 4 4.10§ 1.5 3.78 + 2.72j
1 (@515 nm) 20 18.5
71 (@1030 nm) 20 18.5
on/dn 0.08 10 +9j -0.43 51+2.0j
x(W.m™ L K™ 35 21.9 0.8 174
Cp Jkg LK™ 761 528 700 132
a(107°K™) 5.8 9 11 4.5
p (g.cm™>) 3.98 4.5 2.52 19.3
C (GPa) 481.58 220.57 84 308

aggregates. It was possible to measure the supra-molecular changes in
these quantities that accompany processes induced by chemical or
physical means.

Picosecond opto-acoustic microscopy is thus currently a mature
technique, although not yet fully explored, which is providing new
vistas on cell mechanics. Its ability to provide complementary insights
into cell response to biological cues was demonstrated and it can now be
applied to various other fundamental biological cellular processes. From
a translational perspective, the mechanical phenotypes that this tech-
nique can help identify could be applied to early stage diagnostics of
diseases.
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acoustic microscopy of single cells, an imaging modality where the mechanical properties
is the contrast mechanism.

18



	Principles and advances in ultrafast photoacoustics; applications to imaging cell mechanics and to probing cell nanostructure
	1 Introduction
	2 Ultrafast photoacoustic transduction
	2.1 Introduction for metals, the two-temperature model
	2.2 Opto-acoustic transduction in semi-conducting materials
	2.3 Other physical mechanisms allowing light conversion into acoustic short pulses
	2.4 Seeking shear waves
	2.5 Surface and guided waves
	2.6 Breaking the optical diffraction limit
	2.7 Indirect transduction: use of optically excited nanostructures to launch acoustic waves in the supporting or surroundin ...

	3 Detection
	3.1 Changes in optical reflectivity of an absorbing sample
	3.2 Changes in optical reflectivity of a transparent sample
	3.3 Changes in optical reflectivity of a multi-layered sample
	3.4 Oblique photon-phonon interaction and shear wave detection

	4 Some instrumental advances
	4.1 Interferometry
	4.2 Ultrafast signal acquisition
	4.3 Frequency control
	4.4 Space resolution

	5 Applications to the nanoscale investigation of cell mechanics
	5.1 Time domain Brillouin microscopy in cell organelles
	5.2 Single cell ultrasonography
	5.3 Contributions for biomechanics

	6 Conclusion
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix
	References


